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Abstract

Gas6 is a vitamin K-dependent, secreted protein that amplifies platelet
aggregation and secretion in response to platelet agonists. Gas6”" mice are protected from
experimentally induced lethal venous and arterial thromboembolism. This protection has
been attributed to defective aggregation in platelets from Gas6” mice. However, this
platelet phenotype was only observed when platelets were challenged by one agonist,
ADP, and only at a concentration of 5.0 uM. This subtle platelet abnormality resulting in
a rather dramatic clinical phenotype raises the possibility that Gas6é from a source other
than platelets contributes to thrombus formation. We hypothesize that Gas6 derived from
the vasculature plays a role in venous thrombus formation. Gas6” mice are
protected against venous thrombosis induced by 0.37 M FeCls in the inferior vena cava
(IVC). Bone marrow transplantation experiments generating mice with selective ablations
of Gas6 from either the hematopoietic or vascular compartments demonstrate an
approximately equal contribution by Gas6 from both compartments to thrombus
formation. Platelet depletion in wild type or Gas6™ mice followed by reconstitution with
platelets from either WT or Gas6™ mice confirm that Gas6 from compartments other than
the platelet contribute to thrombosis development. Furthermore, Gas6” mice are
hyporesponsive to FeCl; mediated tissue factor induction in venous endothelium, as
observed by immunofluorescence micoscopy and further validated by a functional assay.
In addition, in vitro, Gas6” endothelial cells are hyporesponsive to thrombin mediated
tissue factor mRNA induction. Taken together, these results suggest that vascular

derived Gas6 contributes to thrombus formation in vivo and can partially be explained by


http://ash.confex.com/ash/2011/webprogram/Paper44624.html

the ability of Gas6 to promote endothelial tissue factor induction. We also begin to
explore the involvement of the FOX family transcription factor FoxO1 as a downstream
mediator of Gas6 induced expression of VCAM-1 during endothelial activation. These
findings support the notion that vascular Gas6 may play a pathophysiologic role in

venous thromboembolism.

Sommaire

Gas6 est une protéine vitamine-K dépendante, sécrétée qui contribue a
I’agrégation des plaquettes. Les souris déficientes en Gas6é (Gas6™") sont protégées contre
les thromboses artérielles et veineuses. La résistance a la thromboses des souris
déficientes en Gas6 était attribuée a une réponse plaquettaire défectueuse. Cependant, la
phénotype plaquettaire était observée uniquement avec le traitement des plaquettes avec
une concentration faible de I’ADP (5.0uM). Cette observation indique la possibilité
d’une contribution de Gas6 d’une source distincte des plaquettes. Nous faisons
I’hypothése que Gas6 dérivé d’une source vasculaire contribue & la formation d’une
thrombus. Les souris Gas6” sont protégées contre la formation des thromboses dans la
veine cave inférieure induite par 0.37 M FeCl;. En utilisant des greffes de moelle
0sseuse, nous avons génére des souris avec les déficits de Gas6 soit dans le compartiment
vasculaire ou hématopoiétique. La formation des thromboses dans les souris chimériques
était intermédiaire entre les deux groupes contréles. L’épuisement des plaquettes dans
les souris WT, suivi de la reconstitution avec des plaquettes Gas6™ a confirmé les

résultats obtenus par les greffes de moelle osseuse.



En outre, I’induction du facteur tissulaire était atténuée dans les cellules
vasculaires des souris Gas6™. Additionellement, in vitro, les cellules endothéliales
étaient aussi hypo réactives en ce qui concerne I’induction du facteur tissulaire. Nos
résultats suggeérent que Gas6 derivé d’une source vasculaire contribue a la formation in
vivo d’une thrombose, en partie di a I’induction du facteur tissulaire. Nous avons
commencé a examiner 1’hypothése a savoir si la protéine FoxOl est impliquée dans
I’induction de VCAM-1 parmi les cascades de signalisation de Gas6. Donc, en guise de
conclusion nos résultats soutiennent 1’idée que Gas6 vasculaire peut jouer un role

physiopathologique dans la thrombose veineuse.

Preface

This dissertation was written in accordance with the Guidelines for Thesis
Preparation from the Faculty of Graduate Studies and Research at McGill University. It is
written as a manuscript-based thesis. Chapter 1 will serve as a general review of the
literature and introduction to the field as a whole. Chapter 2 represents a completed study
which has been accepted for publication (Robins et al., Blood 2012). It contains
additional experiments that were omitted from publication as well as an expanded
discussion with connecting text to Chapter 3, which at the time of writing remains a work
in progress that will be submitted for publication in the following year. Chapter 4
includes a general discussion and conclusions. At the end is a list of references for all

four chapters.
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CHAPTER I:

GENERAL INTRODUCTION TO
VENOUS THROMBOEMBOLISM AND GAS6

1.1 Venous Thromboembolism (VTE)

Venous thromboembolism (VTE) represents an important cause of morbidity and
mortality that occurs in approximately 900,000 people annually in North America. VTE
comprises deep-vein thrombosis (DVT) and pulmonary embolism (PE), whose
complications can lead to the post-thrombotic syndrome (PTS), pulmonary hypertension
and death [1]. DVT, as the name implies is the formation of a blood clot (thrombus)
within a deep vein, usually in the leg. PE, the second manifestation of VTE occurs when
the thrombus formed within the deep vein dislodges and travels via the blood stream to
the pulmonary artery, causing blockage. Approximately 30% of those afflicted with VTE
will die within 30 days of disease onset [2]. The recurrence rate among VTE survivors is
approximately 30%. The incidence of VTE has reportedly changed very little in the last
three decades, despite the introduction of improved prophylaxis, the use of effective and
safe prevention methods. These include pharmacological and mechanical interventions
such as heparin [3] and compression stockings [4], respectively. The apparent
consistency in the reported incidence of VTE could be the result of an increase in size of
the population at risk (higher average age), exposure of new risk factors or

underutilization of available prophylaxis [5].



There are numerous factors that can predispose one to VTE. These include age (it
is predominantly a disease of older age), male gender, surgical intervention, trauma,
prolonged immobility, malignancy, weakness or paralysis from neurologic disorder and
varicose veins. Risk factors exclusive to females include pregnancy, oral contraception
and hormone replacement therapy [5]. The predisposing factors to VTE are rooted in the
triad originally proposed by German physician Rudolf Virchow. Virchow proposed that a
thrombotic event could be initiated as the result of one of the following: changes in
amount or activity of the soluble clotting proteins, disruption of the vascular wall or stasis
of blood flow (Fig.1-1) [6]. We have since come to understand the molecular and cellular

mechanisms that underlie these alterations.

Virchow's Triad
Potential Causes of Thrombosis

|
| ! !

Blood Coaguability Changes in the Vessel Wall Stasis
Clotting Factor Elevation Loss of Antithrombotic Immobility
Mechanisms
Inflammation
& @
Chronic? Acute?

Figure 1-1. Virchow’s Triad. The potential factors that predispose one to a thrombotic
event. The triad presented here is modified to include the effects of inflammation.
Chronic low levels of inflammation is more of a factor for arterial thrombosis, while
acute inflammation does in fact increase venous thrombosis [7].



Anatomically, it is believed that venous thrombosis begins at the level of the
venous valves, which are important for maintaining blood circulation within the legs.
Proper function of venous valves ensures blood flow toward the heart. Autopsy and
phlebography studies suggest that the venous valvular sinus is an important location of
thrombosis initiation. Less commonly, a thrombus will develop in other sites including

retinal veins, intra-abdominal veins, upper limbs and the central nervous system (CNS)

[8].

A reduction in the overall incidence of VTE will require improvements in the
recognition of those at risk and reduction of risk exposure. Additionally, the development
of new prophylaxis as well as its widespread and safe usage should reduce the incidence

of VTE [5].

1.2 Hemostasis and Laminar Blood Flow

Hemostasis is the physiological process that halts bleeding. Thrombosis is a
disorder of hemostasis that increases coagulation.  Hemostasis results in the
transformation of blood components from liquid to solid, which in turn is the result of a
complex network of enzymatic activators and inhibitors. Over the course of time, blood
coagulation has evolved into a highly sophisticated defence mechanism that detects

bodily injuries and prevents exsanguination. Considering that the average individual is



injured roughly 4000 times over the course their life [9], it is necessary that hemostatic
mechanisms act quickly and are localized specifically to where there is a breach in
vascular integrity. Interestingly, the evolution of hemostasis can be traced back to over
350 million years by examining the primitive coagulation system of invertebrates such as
Limulus (Horseshoe crabs) [9]. Primary hemostasis is the phenomenon of platelets
binding to exposed collagen of the subendothelial matrix and is the first line of defence
following vascular injury. Primary hemostasis is characterized by the formation of a so-
called platelet plug, a process that is conserved among early vertebrates [10]. The second
line of defence, or secondary hemostasis, involves tissue factor (TF) and the activity of
thrombin and fibrin formation [11]. Data from in vivo studies on thrombus formation do
however show that the accumulation of platelets and the generation of fibrin occur

simultaneously [12].

Proper hemostasis depends on laminar blood flow. The normal condition for
blood flow throughout most of the circulatory system is laminar and is characterized by
concentric layers flowing in parallel through the vessel (Klabunde, R.E). Laminar flow is
required for proper hemostasis in the following ways. Laminar flow produces shear
stresses that are maximal at the vessel wall, ensuring proper endothelial cell morphology
and function. The expression of endothelial anticoagulant molecules such as nitric oxide
(NO), prostacyclin (PGI;) and tissue-type plasminogen activator (t-PA) are all shear
dependent. The prothrombotic and proinflammatory endothelial cell markers such as TF,
von Willebrand factor (vWF), endothelin, ICAM-1 and VCAM-1 are also shear

dependent. Shear dependent endothelial cell reactivity ensures that platelet adhesion and



fibrin deposition are confined to areas of endothelial injury. Laminar flow also
concentrates platelets near the vessel wall, ensuring that upon vessel injury, they are well

placed to interact with vVWF and molecules of the subendothelium [13].

1.3 Virchow’s Triad

1.3.1 Abnormal Flow (Stasis)

To reiterate, the initiation of DVT occurs within the lower extremities of the
body. Initiation of DVT is usually at the level of the venous valves, which are abundant
in these areas. The function of venous valves is to guide the direction of blood flow and
prevent its reflux. Venous valves are most numerous in the lower extremities because it is
here that blood return works against oxygen tension. When standing, the venous valves
have been shown to open and close roughly 20 times per minute [14]. The flow of blood
through these valves creates vortices within the valve pockets that force blood to move in
the appropriate direction. When a person is immobilized, there is less venous blood flow
in the lower extremities. This onset of blood stasis is maximal within the venous valve
sinus pockets, thus serving as common initiation sites for thrombotic events (Figure 1-2)
[14]. Leukocytes and platelets have a tendency to become trapped within valve pockets
and stasis promotes the interaction between platelets, leukocytes and coagulation
enzymes [15, 16]. In the case of DVT, the component of Virchow’s triad describing

abnormal blood flow usually implies stasis of flow [17].



At a molecular level, the endothelial lining of the venous valves have been shown
to express several of the well-established anticoagulant molecules. The expression of
these anticoagulant proteins is sensitive to the microenvironment and any changes, such
as in the case of hypoxia or inflammation, could potentially lead to their downregulation
and the initiation of a thrombotic event [7, 18, 19]. The pockets of the venous vales are
prone to hypoxia. Blood within venous valve pockets rapidly become hypoxic under
experimental conditions of immobility. The oxygen content of blood within venous valve
pockets rises to that of the lumenal blood under experimental conditions mimicking
mobility, suggesting that the endothelium covering valve cusps depends on pocket or
lumenal blood for oxygen. Endothelial cells of the venous valve pockets will therefore
become hypoxic under conditions of immobile blood flow [20]. Additional mechanisms
explaining stasis induced venous thrombosis have also been proposed. One possibility
has to do with the ratio of endothelial cell surface area to blood volume among the
different vascular beds. Blood is exposed to approximately 1000 times more endothelial
cell surface area while passing through the microcirculation than it is in larger vessels.
This means that as blood travels from the larger vessels into the microcirculation, the
efficacy of the natural anticoagulants present on endothelial cells increases dramatically.
When stasis of blood occurs, such as from a period of prolonged immobility, the amount
of time blood spends in the larger vessel is increased. Consequently, blood is less
exposed to the high concentration of anticoagulants in the microcirculation, increasing

the risk for development of a thrombotic event [7, 21]. It is generally well accepted that



reducing stasis in the legs reduces the risk of VTE. Regular exercise and the avoidance of

immobility serve to reduce the risk of both venous and arterial thrombosis.
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Figure 1-2. Development of DVT. (A) The veins of the lower limbs under normal
conditions. Veins of the lower limbs contain high numbers of valves. (B) The valves
cycle, and under normal conditions, stasis is reduced within the valve pockets. (C) Stasis
and/or loss of vascular integrity can lead to TF-dependent thrombus formation [14].



1.3.2 Coagulability of Blood

The second predisposing mechanism for development of a thrombotic event as
proposed by Virchow is a change in the coagulability of blood. The blood coagulation
cascade has traditionally been viewed as two processes that both culminate in the
generation of fibrin [22]. The extrinsic (contact) and intrinsic pathways merge at the level

of blood coagulation factor Xa (common pathway) [9].

1.3.2.1 The Extrinsic Pathway

The extrinsic pathway (TF dependent pathway) plays the major role in initiating
thrombus formation following vascular injury. The extrinsic pathway begins with TF, an
integral membrane glycoprotein that is expressed by cells of the subendothelium, a
critical component of the vessel wall. In the event of vascular injury, TF, which is
normally sequestered from blood, becomes exposed to, and serves as the receptor for
blood coagulation factor (f) VII (or VIla), which circulates in low concentration. TF and
fVII form a 1:1 complex, in a calcium dependent manner. Once bound to TF, zymogen
fVII can be converted to active fVIla by the cleavage of a single peptide bond (facilitated
by various serine proteases), uncovering its intrinsic serine protease activity. The
TF:fVIla complex on the damaged cell membrane can then mediate the conversion of

zymogen fX to the active fXa. Factor Xa in turn mediates the cleavage of prothrombin to



thrombin, the key enzyme of the coagulation cascade [23]. The amount of thrombin
initially produced by the activity factor of fXa is relatively low (0.1-1.0 nM). Thrombin
will then go on to convert fibrinogen to fibrin. This will be discussed in more detail
within the context of thrombus resolution. The TF:fVIla complex can also activate fIX

and the intrinsic pathway (Fig. 1-3).

1.3.2.2 The Intrinsic Pathway

The intrinsic pathway of blood coagulation (fVIII dependent) serves to amplify
the generation of fXa from the extrinsic pathway. The intrinsic pathway is in fact 50
times more efficient at activating fX. In the intrinsic pathway, fX is activated by a
membrane bound complex of activated fVIIla and fIXa (Figure 1-3). The complexes
formed in both the extrinsic and intrinsic blood coagulation cascades are highly

dependent on exposure to phosphatidylserine on cell membranes [15].
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Figure 1-3. The Blood Coagulation Cascade. The intrinsic and extrinsic pathways of
blood coagulation merge at the level of fXa (common pathway), resulting in fibrin
formation at a site of vascular injury. The term “Waterfall sequence” has been used to
described these events [24].

1.3.2.3 Thrombophillia

Changes in the composition of blood, as described by Virchow are usually the
result of genetic abnormalities. The genetic risk factors for VTE involve the genes that
encode for proteins involved in the blood coagulation cascades or those that regulate it.
The earliest reports of families with predispositions to thrombotic events were published
during the first part of the twentieth century. Advancements in our understanding of the
pathophysiological mechanisms that underlie development of VTE have led to the

general consensus that approximately 60% of the risk for development of VTE lies in
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genetic factors. The predisposition to development of VTE from genetic factors has been
termed ‘thrombophilia’. The blood coagulation cascade involves the sequential activity of
numerous serine proteases (Fig. 1-3). The activities of these proteases are in turn
regulated by a group of proteins that are referred to as the natural anticoagulants. The
main natural anticoagulants include antithrombin (AT), protein C (PC) and protein S
(PS). A genetic deficiency in any one of these natural inhibitors of coagulation increases

one’s risk of VTE onset [8].

1.3.2.3.1 Antithrombin (AT)

AT is a member of the serpin (serine protease inhibitor) family of proteins. AT, as
the name implies, principally downregulates thrombin activity. At the molecular level,
AT exerts its action by forming equimolar complexes with its substrates, thereby masking
the substrate’s active site [25]. The physiological targets of AT are mainly the proteases
involved in the intrinsic pathway of blood coagulation. AT exerts its effects on the
activated factors Xa, IXa, Xla, XIla and to a greater extent flla (thrombin) [26].
Interestingly, AT 1is also capable of causing the dissociation of the factor TF:fVIla
complex and prevents its reformation. In terms of published findings, AT was the first of
the natural anticoagulants to be identified as an inheritable risk factor for thrombosis. A
heterozygous deficiency of the AT gene is sufficient to increase one’s risk for VTE.
Women and men are affected equally and a homozygous deficiency in the gene encoding

AT is not only exceedingly rare but is presumed to be incompatible with life. The gene
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encoding AT is located on chromosome 1g23-25 and has several exons. The first
mutation linked to AT deficiency was identified in 1983 and since then the identification
of numerous other mutations revealed the heterogeneous nature of AT deficiency. AT
deficiency has been subdivided into type I and type II. Type I refers to low plasma levels

of AT while type II is the presence of an AT variant in plasma [8].

Central to the activity of AT are the heparins, sulfated polysaccharides that
represents the initial choice anticoagulant for treating and preventing thrombotic events.
Heparins are the therapeutic derivatives of the naturally occurring heparans. Heparins are
injectable polymers that range in molecular weight [27]. In vivo, AT circulates in an
inactive form until it binds heparan side chains expressed on endothelial cells [28]. The
unfractionated form of heparin (i.e. 18 saccharide units) forms a ternary complex with
AT and thrombin which results in the inactivation of thrombin. In contrast, the low
molecular weight heparins (LMWH) bind AT, changing its substrate specificity to factor

Xa [29].

1.3.2.3.2 Protein C (PC) and Protein S (PS)

The anticoagulant role of PC was first identified in 1960 [30]. The protein C
anticoagulant pathway represents a significant mechanism for controlling thrombosis.
The enzymes comprising this anticoagulant pathway include PC, PS, thrombin,

thrombomodulin (TM) and the endothelial cell protein C receptor (EPCR). During the
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process of blood clotting, the concentration of thrombin in the affected area increases. A
significant amount of this thrombin will bind to TM on the surface of endothelial cells.
The thrombin-thrombomodulin complex then serves to activate protein C (In this
particular reaction, thrombin activates PC while TM acts as cofactor). Activated protein
C (APC) generation is 20-fold higher in vivo when PC is bound to EPCR. The enzymatic
function of APC is to inactivate the blood coagulation factors Va and VIlla. PS has no

enzymatic activity but rather serves as a cofactor for activated PC [31].

In the 1980’s, Griffin et al. were the first to recognize genetic deficiencies in PC
and PS as inheritable risk factors for VTE. It is now firmly established that loss of
function mutations in the PC gene on chromosome 2ql13-14 is a cause of VTE. PC
deficiency is also subdivided into type I and type II. Type I PC deficiency refers to
inadequate amounts of the protein, whereas in type II, protein activity is reduced [32].
The human genome contains two PS genes (PROSI and PROS2). PROSI encodes the
active protein while PROS?2 is a pseudogene. Loss of function mutations in PROSI is

another well established risk factor for VTE [8].
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Figure 1-4. Protein C pathway. In addition to causing fibrin formation and activation of
endothelial cells and platelets, thrombin can also bind to thrombomodulin (TM). Once
bound to TM, thrombin rapidly activates PC, a process that is further enhanced by EPCR.
Activated protein C (APC) dissociates from TM and inactivates factors Va and VlIila
[31].

1.3.2.3.3 Factor V Leiden

Thus far, the genetic abnormalities discussed are those involved in anticoagulant
pathways. Mutations in the active enzymes of the coagulation cascade proper have also
emerged as inheritable risk factors for VTE. A mutation in the factor V gene (G1691A in
exon 10) was discovered as a risk factor for venous thrombosis that is present among the
general population. This genetic mutation corresponds to a change in the primary amino
acid sequence of factor V at position 506, where the normal arginine residue is replaced
by glutamine [33]. This particular mutation in fV differs from those related to PC, PS or
AT in that it is more common and is caused by a single mutation (i.e. no heterogeneity).

This mutation has been named factor V Leiden, after the city in the Netherlands where it
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was discovered in 1994. The mutation confers resistance to inactivation by PC, thus
causing a hypercoagulable state [34]. Factor V Leiden is a low risk inherited mutation
with high prevalence. This became apparent during some initial laboratory studies which
showed that resistance to APC was high among patients with venous thrombosis, but also
quite frequently observed among healthy control subjects. This means that additional
environmental or genetic factors are required for thrombosis initiation when factor V

Leiden is present [7, 35] .

The factor V Leiden mutation has been established as the most common
inheritable disorder associated with venous thrombosis. In addition, factor V Leiden
cosegregates with other inheritable thrombotic risk factors such as AT deficiency [36],
PC deficiency [37] and PS deficiency [38]. These observations show that the presence of

double or multiple defects in hemostatic genes increases the penetrance of thrombosis.

1.3.2.3.4 Prothrombin G20210A

Prothrombin (factor II) is the precursor form of the active enzyme, thrombin. A
common genetic risk factor for DVT is a polymorphism located in the non-coding region
of the prothrombin gene. The G20210A mutation results in enhanced mRNA stability of
the transcribed gene and elevated levels of plasma prothrombin. This mutation is present

almost exclusively in Caucasians [39-41]. Prothrombin mutation G20210A is a common
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but mild risk factor for venous thrombosis. Prothrombin G20210A is sometimes

coinherited with carriers of factor V Leiden [42].

1.3.2.3.5 Additional Mutations

In addition to the thrombophilia conferred by mutations in PC, PC, AT, fV and
prothrombin, numerous other genetic abnormalities have been reported that predispose to
VTE. These emerging candidates include fXIII (accelerates fibrin cross-linking), EPCR,
TM (although very little evidence exists), and elevated levels of plasma fVIII. There are
some genes that are not directly involved in hemostasis that may enhance one’s risk for
VTE. Such is the case in patients with hyperhomocysteinemia, where blood levels of
homocystein increase. This has been observed as a predisposing factor to venous

thrombosis, albeit a weak one [7, 35].

1.3.3 Disruptions in the Vascular Bed

Virchow proposed that disruptions in the vascular bed contribute to the onset of a
thrombotic event. The endothelial cell has been referred to as the ‘Master Regulator’ of
the hemostatic balance and has already been discussed within the context of Virchow’s
other predisposing factors. Endothelial cells display a number of properties that can
directly or indirectly influence the hemostatic balance in a given vascular bed.

Endothelial cells possess the ability to express both anticoagulant and procoagulant
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molecules, adhesion molecules and substances that affect vasomotor tone. Endothelial
cells are often described as existing in one of two states: quiescent or activated [6]. This
is an oversimplification. It must be noted that the so-called states of activation and
quiescence among endothelial cells vary greatly among the different vascular beds in the
body [43-45]. For the sake of simplicity, quiescent and activated endothelium will
henceforth be defined as follows: quiescent endothelium refers to a state in which the
cells provide a surface that is anticoagulant, antiadhesive and vasodilatory. Contrarily,
activated endothelium provides a surface that is procoagulant, proadhesive and

vasoconstricting (Fig. 1-5) [6].

The term endothelial ‘activation’ was coined by Willms-Kretschmer in the 1960s.
Prior to this, the endothelium was viewed as simply the inner lining of the blood vessel
that remained essentially inert. The term describes the change in both function and
morphology of the cells. Two stages of endothelial activation exist. Type I activation
refers to the initial stimulation of the cell and generally does not involve de novo protein
synthesis or increased gene transcription. Rather, type I activation is characterized by
endothelial cell retraction, expression of P-selectin and the release of vWEF. Type II
activation requires more time to occur following initial stimulation of the cell. Type II
activation is characterized by enhanced gene transcription and protein synthesis of

proinflammatory and prothrombotic molecules [46].
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Figure 1-5. Endothelial cell activation promotes formation of a venous clot. Healthy,
quiescent endothelium on the left expresses high levels of the anticoagulant molecules
and provides an antithrombotic phenotype. Under pathological conditions (on the right),
activated endothelial cells express TF and adhesion molecules that promote thrombus
formation [47].

Proper spatial and temporal expression of the anti- and procoagulant molecules
will ensure that proper hemostasis does not become pathological thrombosis. Endothelial
activation induced by hypoxia or inflammation can alter the expression profile of these
molecules. Important among the anticoagulant molecules expressed by quiescent
endothelial cells include TM, t-PA, tissue factor pathway inhibitor (TFPI) and heparan
sulphate, In general, activated endothelial cells will express induced levels of TF, vWF,
plasminogen activator inhibitor-1 (PAI-1) [48] and the protease activated receptors

(PARs), the latter being the receptor for thrombin [6].
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Except in the case of surgery, direct injury to the venous endothelium of the deep
vascular beds is rare. Changes in the integrity of the endothelial linings of the vascular
bed are much more commonly a consequence of stasis, hypoxia or inflammation. Among
the different vascular beds in the body, venous endothelium has a greater capacity to
mount an inflammatory response than arterial. This can lead to induction of E- and P-
selectin which enhances interactions between endothelial cells and leukocytes. Hypoxia
has also been demonstrated to alter the overall transcription activity within cultured

endothelium [49].

It is widely accepted that the major contributor regarding the onset of venous
thrombosis derived from the vasculature is TF. TF is required as the initiator of the
coagulation response. The exact source of TF however, has been a source of some
controversy mostly as the result of different experimental model systems used. For
example, there exist in vitro model systems which show that TF associated with
leukocytes or microparticles (i.e. derived from the blood) is involved in initial thrombus
formation [50]. In contrast, experiments with mice expressing low (1% of normal) TF in
the blood show that following stasis, it is TF derived primarily from the vessel wall that
is required for thrombus formation [7, 14, 51]. TF will be discussed in greater detail

within the context of in vivo thrombus formation.

Virchow’s triad states that a thrombotic event can arise as the result of changes in
the blood composition, alterations to the vascular wall or by stasis of blood flow. It

should be made clear that the initiation of venous thrombosis requires more than a single
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abnormality in the triad. The etiology of most VTE is multifactorial. Interactions can
occur when two risk factors in combination produce an effect that exceeds the sum of
their separate effects. While the individual risk factors (acquired or inherited) for VTE
discussed thus far surely fall within Virchow’s triad, many authors do agree that these

factors work dynamically and that venous thrombosis is a multicausal disease [52].

1.4 Diagnosis of DVT

There are three categories of tests commonly used to assess the probability of
DVT. The first is clinical probability which is an assessment based on the patient’s
history and clinical findings. Second are D-dimer assays. The third category comprises
imaging studies which include venous ultrasonography and less frequently, venography,
CT scan or MRI. Testing often requires more than one assessment in combination and

choosing one strategy over another should ultimately benefit the patient’s outcome [53].

DVT refers to thrombus formation within the deep veins of the body (i.e. in the
calf or thigh). Local and systemic complications are frequent in DVT patients. A
common complication of DVT is the post-thrombotic syndrome (PTS), formerly known
as the post-phlebitic syndrome, which is characterized by swelling and chronic pain in the
affected limb, and an overall lower quality of life [54]. Diagnosis of DVT has evolved
over the years. Prior to 1995, patients with a suspected DVT underwent serial testing via

compression ultrasonography. The lack of compressibility by ultrasonography of the
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venous segment in question was the diagnostic criterion used. This test was repeated in
the patient one week later if results were negative. The results of these serial tests were
usually negative and only 10-25% of patients suspected of having DVT actually had the
disease. This method had technological limitations in that, depending on the imaging
center, sonographic imaging was limited to the proximal veins. Approximately 70-80%
of DVTs involve proximal veins, therefore if the suspected DVT involved the distal calf

veins which were not scanned, results were negative and serial testing was required [55].

Diagnostic D-dimer testing is based on endogenous fibrinolysis. The D-dimer
antigen is a unique degradation product of fibrin and is formed by the sequential actions
of three enzymes. The first enzymatic step is thrombin cleavage of the fibrinogen
molecule which exposes a polymerization site for homodimerization (or dimerization
with a single fibrin molecule). The second step is covalent cross-linkage of fibrin
monomers by fXIIla. The third and final step in D-dimer formation is its release from
cross-linked fibrin molecules by the action of plasmin on specific residues (Fig. 1-6) [56].
In healthy subjects, it is uncommon to detect fibrin degradation products (D-dimer,
fragment E complex) in circulation, whereas high molecular weight fragments that
contain D-dimers are detectable in patients with disseminated intravascular coagulation
(DIC) and other thrombotic disorders. D-dimer assay kits are available commercially. D-
dimer testing has been accepted clinically when used in conjunction with clinical

judgement as a means of selecting patients for ultrasound imaging [57].
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Figure 1-6. D-dimer formation. Thrombin first converts fibrinogen into fibrin
monomers. Thrombin remains associated with fibrin and activates factor XIII, which
circulates bound to fibrinogen. Formation of the D-dimer antigen is the result of the
sequential enzymatic activities of thrombin, factor XIIla and plasmin and is detectable by
commercially available assays [56].

Objective testing for DVT is critical in making a diagnosis. Clinical assessment

alone is unreliable and a misdiagnosis can result in fatal PE.

1.5 Survival and Recurrence following Deep Vein Thrombosis

and Pulmonary Embolism

Patients must be followed closely after the first incidence of DVT or PE. In one

study, the risk of death in patients following PE was reported as being 18 fold higher than
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those with DVT alone. The time frame for first recurrence of VTE can range from one
week to ten years. The diagnosis of a clinically suspected recurrent venous thrombosis is
often more difficult to diagnosis than the initial episode. Patients who survive the initial
DVT are prone to chronic swelling and pain in the leg, since the valves in the deep veins
can become damaged as a consequence of the thrombotic process, resulting in venous
hypertension. Ulcerations of the skin can occur as well as impaired mobility, significantly
reducing quality of life. Among early descriptive studies of the post-thrombotic
syndrome, the incidence was recorded in approximately 50% of patients with venous
thrombosis. This number has shrunk over time, likely as a result of improved initial

anticoagulation [58].

1.6 Treatment of DVT

The treatment of DVT must be considered both in the short and long term. In the
short term, the goal is to prevent the extension of the thrombus and development of PE.
In the long term, therapy will ideally prevent recurring events. The initial therapy
involves therapeutic doses of unfractionated heparin or low molecular weight heparin
(LMWH). The introduction of LMWH for home treatment has changed DVT from a
traditionally in-patient disease to an out-patient disease. Statistical analyses since the
clinical introduction of LMWH reveal fewer deaths, hemorrhages and recurrent VTE[59].
For long term treatment, LMWH used in conjunction with vitamin-K antagonists such as

Warfarin is proven to be effective in the prevention of recurrent thrombotic events.
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Oral anticoagulants were first introduced in the 1940s and to this day, vitamin-K
antagonists remain approved for long term use in the prevention and or treatment of most
thrombotic disorders. In addition to LMWHs, there are fXa inhibitors such as Apixaban
and direct inhibitors of thrombin such as Dabigatran etexilate. Thus, various participating
enzymes of the coagulation cascades have been targeted for anticoagulant therapy [59].
The clinical effectiveness of oral anticoagulation therapy is assessed by laboratory tests
including the Prothrombin time (PT) and the activated partial thromboplastin time
(aPTT). The PT is used most often to monitor the effects of Warfarin-based anti-
coagulant therapy on patients with DVT or other thrombotic disorders. The aPTT is

commonly used to monitor the effects of unfractionated heparin therapy [60].

The duration of long term therapy will vary depending on the nature of the initial
DVT. Some additional interventions exist as well. Usually reserved for cases with a
massive DVT is systemic thrombolysis, the use of pharmacological agents designed to
dissolve a clot, such as recombinant tissue plasminogen activator [61]. The downside to
this intervention is the increased risk for major hemorrhage and other more severe
complications. It is also possible to insert an inferior vena cava filter. This method has

been shown to prevent PE, but increases the risk of recurrent DVT [55].

1.7 Thrombus Formation in vivo
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VTE which comprises DVT and PE is a disorder of hemostasis, the process that
halts bleeding from the damaged blood vessel. Injury to the blood vessel wall and
subsequent extravasation of blood initiates a series of events in the wall itself and in
blood that culminate in the cessation of bleeding [11]. Venous thrombi are intravascular
deposits that are composed of fibrin and erythrocytes, with variable amounts of platelets
and leukocytes [58]. The contributions to in vivo thrombus formation from both the

hematopoietic and vascular compartments will be discussed.

1.7.1 Role of Platelets

Central to thrombus formation are blood derived platelets. The hemostatic role of
platelets was first identified in the 1880s by Bizzozero [62]. Platelets are produced from
megakaryocytes in a process called thrombocytopoesis. The megakaryocyte precursors
differentiate from hematopoetic stem cells (HSCs) that receive specific growth factor
signals. HSCs differentiate and proliferate into progenitor cells which then undergo
polyploidization via endomitosis, cytoplasmic maturation, platelet formation and release.
During the stage of cytoplasmic maturation, the granules specific to platelets are formed.
In 1996, the bone marrow was identified as a major source of thrombopoetin, a growth
factor that specifically regulates megakaryocyte differentiation. Thrombopoetin also
induces morphological changes of megakaryocytes and begins proplatelet formation (Fig.

1-7) [63, 64].
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Figure 1-7. The roles of Thrombopoietin in platelet production. Thrombopoietin
increases the number and size of megakaryocytes in the bone marrow as well as
influencing their maturation [65].

Platelet membranes express a number of mobile transmembrane receptors that
are critical for their function. They include a number of integrins, (allbf3, a2p1, a5p1,
a6B1 and aVP3), glycoproteins (Ib, IX and V), Toll-like receptors, thrombin receptors
(PAR-1 and PAR-4), ADP receptors, TXA2 receptors and receptor tyrosine kinases
(RTKSs). The primary function of platelets is in hemostasis and is carried out via proper

function of the aforementioned transmembrane receptors. Increasing evidence shows that
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platelets are involved in other processes such as inflammation, tumor growth, metastasis
and immunologic defence of the host. The intracellular make up of platelets is composed
of a cytoskeleton, a tubular system, mitochondria, peroxisomes and the a- and d-storage
granules. Upon platelet activation, the contents of these granules are released promoting
further activation and adhesiveness. The contents of the a-granules include vVWF,
fibrinogen and P-selectin. The contents of the d-granules include ADP, ATP, histamine
and serotonin. The dynamic process of thrombus formation must also be subject to
negative regulation to ensure that growth of the thrombus at the site of vascular injury is

limited [66].

The formation of a platelet plug at a site of vascular injury occurs in three phases
that must be properly coordinated in time and space. Hemostasis begins with the
initiation phase which requires the initial binding of platelets to exposed subendothelium.
Platelets initially become tethered to the damaged vessel wall via membrane receptors
that function in the absence of cellular activation. This allows for rapid interactions that
overcome the constraints on bond formation that is imposed by blood flow [67].
Therefore, the initial recruitment is of unstimulated platelets and only a subgroup of these
will become activated during thrombus formation [11]. Following initiation is the
extension phase that is characterized by the recruitment and activation of addition
platelets from the circulation. These additional platelets are recruited to the growing
hemostatic plug in a process called aggregation. The alIf3 integrin on platelets is critical
in mediating aggregation. During the extension phase, a monolayer of activated platelets

is created that is firmly attached to the vascular lesion. This occurs within seconds [67].
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The third and final stabilization phase prevents premature dissolution of the platelet plug
and ensures that wound healing is allowed to occur. The stabilization phase has been
described as dynamic in that continuous signalling between platelets is required in order

to prevent dissolution [66, 68].

“Inside-out” and “outside-in” are terms used to describe the bidirectional nature
of signalling through integrin receptors. allbB3 is the platelet integrin that mediates
aggregation and the ability of these cells to form stable thrombi in vivo depends on both
inside-out and outside-in signalling. The ability of platelets to bind fibrinogen is critically
regulated by intracellular signals, the so called “inside-out” signals that induce
conformational changes in allbB3 required for extracellular ligand binding of fibrinogen.
Once the extracellular domains of allbB3 are bound to fibrinogen, it is believed that the
integrin generates additional signals to their short cytoplasmic tails, termed “outside-in”,
that are important for thrombus stability. The bidirectional signals are thought to be
carried out by protein-protein interactions between the cytoplasmic tails of integrins and

several adapter proteins [69].

1.7.2 Role of the Vascular Wall

The blood vessel wall is composed of the inner endothelial cell lining which
makes contact with blood. Subendothelial layers are comprised of smooth muscle cells
and a layer of adventitial cells which express TF [70]. Under normal conditions the

endothelial cell layer provides a thromboresistant surface. As previously mentioned, it
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does so through the expression of molecules such as NO, PGI, and CD39, which inhibit
platelet aggregation. When a lesion disrupts the integrity of the vessel wall, TF and other
components of the extracellular matrix (ECM) become exposed to blood, initiating
thrombus formation. The ECM constituents that platelets come into contact with will
depend on the depth of injury. In general, the main components of the basement
membrane that become exposed to blood following a superficial disruption of the

endothelial lining are proteoglycans, collagen type IV, laminin and fibulin [67].

The collagens make up approximately 40% of the blood vessel wall. Collagen
molecules form insoluble scaffolds essential for tissue integrity and provides a surface for
the adhesion of vascular cells. At least 25 types of collagen have been identified.
Collagen types I, I1I, IV, V and VI are widely distributed and can be found in the vessel
wall. Again, collagens are not typically exposed to blood. Upon vessel injury, blood
flows over subendothelial structures including connective tissue which contains a high
amount of collagen. Collagen represents the only matrix constituent that mediates both

platelet adhesion and activation [71].
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Figure 1-8. Collagen Binding to Platelets. Upon vascular injury, exposed collagens of
the ECM come into contact with and activate platelets via platelet glycoprotein (GP) 1b.
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Collagen initiates platelet adhesion and activation while TF initiates the
proteolytic blood coagulation cascade which culminates in thrombin generation and fibrin
deposition. TF can also contribute to platelet activation. The dominating pathway
(collagen or TF) to platelet activation will depend on the particular injury or disease.
Platelet adhesion to collagen occurs via molecular interactions between platelet
glycoprotein VI with collagen and the platelet glycoprotein Ib-V-IX with vWF factor
(bound to collagen) (Fig. 1-9). In addition to its role in mediating adhesion, glycoprotein
VI is also critical for the initial platelet activation and granule release. Thrombin
dependent platelet activation occurs independently of glycoprotein VI and vWF. In this
instance, thrombin forms a complex with the active fVIla. This complex in turn activates
factor IX which leads to thrombin generation. Thrombin activates platelets by cleavage of
PAR1 (PAR4 in mice) on the platelet surface. This in turn causes platelets to release
ADP, serotonin and TXA?2 activating additional platelets, amplifying thrombus formation

[67].

1.7.2.1 Tissue Factor
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Tissue Factor has been recognized as a major initiator of blood coagulation for
over a century. In 1972, Macfarlane found that TF activates fX in the presence of fVIla.
Two individual groups subsequently purified human TF in the mid 1980s [72, 73].
Following its purification, it was sought to isolate the TF gene. This was accomplished
near simultaneously by four individual groups in 1987 who reported their findings on
cDNA clones for human TF [74-77]. A few years later, murine TF cDNA clones were
isolated [78, 79]. The TF gene is located on human chromosome 1p21-p22 and the
complete sequence was published in 1989 by Mackman. The TF gene is approximately
13 kilobases long and is comprised of six exons and five introns. The 5’ end of the gene
contains CpG islands [80]. The transcribed product is a 47 kDa transmembrane
glyprotein composed of 263 amino acids. 219 of these comprise the enzyme’s
extracellular domain, 23 the transmembrane domain and 21 the cytoplasmic tail. TF
belongs to the Class II cytokine receptor superfamily and its extracellular domain shares
homology with the interferon receptors. TF is also subject to posttranslational
modifications such as N-linked glycosylation on three separate asparagine residues that
affect the overall charge of the enzyme but not its capacity to initiate blood coagulation.
The extracellular domain has two disulphide bridges between Cys49-Cys57 and Cys186-
Cys209, the latter of which is essential for TF activity. The initial view of TF was that it
formed an extravascular ‘envelope’ that surrounded blood vessels and came into contact
with the soluble plasma coagulation proteins following disruption of the vessel wall.
When this was first visualized histologically, TF positive staining was found

predominantly within the adventitia and much less so within the media. Within the
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media, TF is inducible on smooth muscle cells by growth factors and TF induction on
endothelial cells has been demonstrated both in vivo and in vitro by various stimuli and
disease models, respectively. Among the various organs, TF expression is non-uniform.
In mice, high levels of TF are found in the brain, lung, heart, kidney, uterus, testis, skin
and placenta. Mouse organs that express lower levels of TF include the liver, spleen,
skeletal muscle and thymus. In humans, high levels of TF are found in highly
vascularized organs such as the brain and placenta. At the cellular level, the various cells

expressing TF include astrocytes, alveolar cells, and cardiomyocytes [81, 82].

Following disruption in integrity of the blood vessel, the coagulation cascade is
initiated by the binding of blood coagulation fVII (or fVIIa) to TF. The aberrant
expression of TF can trigger intravascular thrombosis, the consequence of disease states
such as cancer, sepsis and atherosclerosis. [70]. In 1996, publications from three
laboratories demonstrated that knocking out the murine TF gene results in extremely high
rates of embryonic lethality [83-85]. These findings revealed the importance of TF in
vascular development. The targeted disruption of the TF gene caused the death of
embryos as a result of severe embryonic bleeding. The vasculature of the yolk sacs were

also disorganized in TF - embryos [70].

Having described the roles of vascular TF in hemostasis and thrombosis, it is
noteworthy that TF can also be found in the circulation. It was first proposed by Giesen et
al. that the circulating pool of TF may contribute to thrombosis by sustaining the

propagation of a thrombus whose growth was initiated by vascular TF [47, 50].
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Circulating TF has been found in peripheral neutrophils and monocytes but the major
source are small, negatively charged membrane vesicles called microparticles (MPs) [50,
86]. Leukocytes are the only blood cells known to actually synthesize TF and leukocyte
associated TF has been detected in human thrombi [51, 87]. An interesting reaction
occurs between leukocytes and platelets whereby TF is transferred from leukocytes to
platelets in a reaction that depends on MPs and P-selectin [88]. Platelet specific
expression of TF remains an area of debate and various groups have produced conflicting
results. Early publications that sought to resolve the issue showed that TF was detectable
in platelet a-granules [89] but was later challenged when Butenas et al. failed to detect

measurable TF activity in platelets challenged with collagen [90].

Membrane coated MPs are shed from almost all cells during apoptosis. MPs have
been shown to contribute to intravascular thrombin formation by the exposure of
phosphatidylserine and TF [91]. Elevated levels of procoagulant MPs have been detected
in patients with the antiphospholipid syndrome and a history of venous thrombosis [92].
Other pathological conditions whose prognoses correlate with plasma levels of TF
include angina and acute myocardial infarction. It had been proposed that the pool of TF
in the circulation has the capacity to contribute to thrombogenesis in vivo, possibly by
sustaining propagation of a thrombus via the continued production of thrombin on the its
surface. Vascular TF will eventually be sequestered from the blood during the thrombotic
process due to rapid deposition of platelets and fibrin on the exposed vessel, thereby
physically separating it from circulating blood factors [51]. Blood derived TF is capable

of supporting thrombus formation in vitro [50] although a series of in vivo experiments
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designed to explore the functional role of blood derived TF revealed that it is primarily

TF from the vascular wall that contributes to thrombus formation [51].

TF also exists as an alternatively spiced or soluble form which is capable of
mounting a procoagulant response in the presence of phospholipids. The alternatively
spliced form of TF is still a recent discovery and it remains to be seen if it has a role in
the pathogenesis of VTE [93]. TF also has the capacity to initiate downstream signalling
events. The 21 amino acid cytoplasmic tail of TF contains two phosphorylation sites that
are recognized by Protein kinase C and the proline-directed kinase. The processes
regulated by TF dependent signalling are broad, including effects on gene transcription,
protein translation, apoptosis and reorganization of the cytoskeleton. At the plasma
membrane the phospholipid content of microdomains can regulate fVIIa:TF dependent
signalling as evidenced by the fact that it is modulated by lipid rafts and caveolae [94].
Some clinical applications for TF include maxillofacial surgery and the induction of gel

formation of platelet-rich plasma (PRP) in bone preparation [82].

1.8 Negative Regulation of Thrombus Growth

Endothelial cells form a barrier between tissues and blood and have numerous
roles in proper hemostasis. The group of molecules known as the endothelins are released

primarily from endothelial cells and participate in hemostatic vasoconstriction [95]. The
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growth factors released by endothelial cells such as VEGF are involved in vascular repair
by promoting cell proliferation [96]. Another endothelial derived factor of utmost
importance in the formation of a hemostatic plug is vVWF which is absolutely required for
platelet binding through glycoprotein Ib-IX. The endothelial cell provides a
thromboresistant surface with expression of TM (Protein C pathway), heparin sulfate and
tissue factor pathway inhibitor (TFPI) which as the name implies regulates TF dependent
blood coagulation. TFPI regulates the initiation of coagulation by inactivating active fXa
and the complex of TF:fVIla on phospholipids membranes. About 80% of TFPI that is
produced by endothelial cells remains associated with their membranes. The plasma
concentration of TFPI is around 2.5 nM. Protein S is a vitamin K-dependent plasma
protein that was previously discussed as having a critical role as cofactor in the activated
protein C pathway. Protein S also serves as cofactor for TFPI in the inhibition of fXa [95,

97].

Endothelial cells also provided an anti-platelet surface. Endothelial cells and
smooth muscle cells produce prostacyclin (PGI,), a multifunctional molecule. PGI,
initiates a series of events that lead to platelet production of cAMP with subsequent
inhibition of platelet activation. The inhibition of platelet aggregation can be achieved at
the level of the membrane receptors or by blocking intracellular signalling pathways.
When exploiting this ability pharmacologically, inhibition at the level of platelet
receptors offers higher specificity, while inhibition of signal transduction is more
effective. NO is also well established for its anti-platelet activity. NO is synthesized by

endothelial cells and has a vasorelaxant effect on vascular smooth muscle as well. NO is
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secreted into the blood vessel lumen for interaction with blood cells [98]. The target of
NO within platelets is the heme moiety of the soluble guanylyl cyclase (SGC) enzyme

which increases the intracellular levels of cGMP [99].

Healthy endothelium expresses molecules with anticoagulant and antiplatelet
properties. Under certain pathologic conditions, endothelial dysfunction can occur.
Endothelial cell dysfunction is usually the result of excessive stimulation by cytokines or
microbial agents. Under conditions of endothelial dysfunction the expression of the
anticoagulant and anti-platelet molecules will decrease, resulting in these cells losing
their thromboresistant properties. This could lead to inappropriate activation of platelets

and thrombosis as well as myocardial infarct or stroke [100].

1.8.1 Fibrin Clot Formation and Fibrinolysis

The formation of a hemostatic thrombus requires the cleavage of fibrinogen to
fibrin by the serine protease thrombin that is generated during blood coagulation.
Fibrinogen is a 340 kDa protein that is present in high concentration within plasma. The
exact mechanisms that form the basis of fibrin formation have been determined from
studies that involved the addition of exogenous thrombin to purified fibrinogen.
Fibrinogen consists of pairs of three different disulfide-linked polypeptide chains. The
chain of events that lead to fibrin aggregation begins with thrombin mediated cleavages

of fibrinogen N-terminal peptides. The structure of a fibrin clot formed in vitro will
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depend on pH, and the concentrations of calcium, fibrinogen and thrombin. Studies in
vivo have shown that the relationship between fibrin structure and the thickness of a clot
is highly complex and depends on a number of variable properties of the fibrin fibers
themselves. These include thickness, length, density, degree of branching and extent of
cross-linking. Fibrin functions as both a cofactor and substrate for the fibrinolytic
enzyme, plasmin. Therefore, the structure of a particular fibrin clot will influence its

susceptibility to fibrinolysis [101].

Under physiological conditions, the processes of coagulation and fibrinolysis are
precisely regulated by their respective control mechanisms. Both processes are co-
ordinated in such a way as to maintain blood fluidity without loss of blood. The major
fibrinolytic protease is plasmin. The active enzyme plasmin is cleaved from the
circulating zymogen plasminogen by tissue-type plasminogen activator (t-PA) and
urokinase-type plasminogen activator (uPA) (Fig. 1-8). Endothelial cells are the major
source of t-PA and expression is mostly found in blood vessels of small diameter (i.e.
postcapillary venules and vasa vasorum). The endothelial lining of larger vessels such as
the femoral artery and vein express much lower levels of t-PA. The release of t-PA from
endothelial cells is regulated by a number of different mediators such as thrombin,
histamine and shear stress. It is the major intravascular activator of plasminogen. The
urokinase plasminogen activator is expressed by endothelial cells, macrophages, renal
epithelium and some known tumor cells. Plasminogen has a much higher affinity for t-
PA than for uPA. The reactions catalyzed by the plasminogen activators are subject to

positive feedback. Plasmin is capable of cleaving both t-PA and uPA, converting them
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from single-chain to double-chain polypeptides with higher enzymatic activity. Fibrin,
the main substrate of plasmin is capable of regulating its own degradation by the
simultaneous binding of plasminogen and t-PA to its surface, accelerating and localizing
plasmin generation. In fact, the affinity of t-PA for its substrate plasminogen is much
higher in the presence of fibrin. There are no published clinical examples of a complete
deficiency of either tPA or uPA in humans [102]. Plasmin participates in the process of
thrombus resolution by catalyzing the degradation of fibrin clots. The process of
resolution of DVT resembles that of wound healing and also involves leukocyte invasion

[103]. Plasmin activity is negatively regulated by the serpin family of proteins[102].
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Figure 1-9. The Fibrinolytic System. The Zymogen plasminogen is converted to the
active serine protease plasmin. This is achieved by the two-chain (tc) forms of t-PA and
uPA, which can both be inhibited by plasminogen activator inhibitor-1 (PAI-1). Plasmin
activity is regulated by the major 02-plasmin inhibitor (a2-PI) [102].
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1.9 Murine Models of Venous Thrombosis

The Surgeon General’s Call to Action to Prevent Deep Vein Thrombosis and
Pulmonary Embolism stated in 2008 that “the disease disproportionately affects older
Americans and we can expect more suffering and more deaths in the future as the
population ages-unless we do something about it”. The use of animal models will be
invaluable if this trend is ever to be averted. Humans are in fact the only species with the
propensity to spontaneously develop VTE. The use of murine models of DVT allows
investigators to study the biological mechanisms that underlie the development of DVT
as well as evaluate potential new therapies for its treatment. Mice do not spontaneously
develop thrombosis and thus a thrombus must be induced experimentally [104]. There are
numerous ways investigators have gone about this. Historically, the development of in
vivo thrombosis models can be traced back to Virchow who published work on a canine
model in 1846, triggering interest in the development of models that would mimic the
human disease. The initial thrombosis models were developed and performed in larger
mammals until the beginning of the era of transgenic mice, when these models began
being adapted for use in the small rodents. The advantages of using mice for studies on
thrombosis (as well as numerous other diseases) include the low maintenance cost, ease
of manipulation and importantly, the existence of several genetically manipulated strains.
Another advantage is the fact that it is usually impossible to obtain samples from a site of
DVT in a human patient. Noteworthy differences between mice and humans that must be
taken into account when analyzing experimental data obtained from murine models

include body size, life span, genetic differences and blood vessel size. Despite these
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differences, murine thrombosis models have greatly expanded the understanding of the
disease. Large vessel models mostly involve the inferior vena cava (IVC) and the types of
data one can obtain include thrombus size, immunohistochemistry and protein activity
(i.e. TF). Some of the major large vessel models will be briefly discussed as well as their

various advantages and disadvantages [105].

1.9.1 IVC Ligation

In this particular model, a non reactive proline suture is looped around the IVC
(and major side branches) immediately caudal to the renal veins to produce complete
stasis of blood. It is believed that thrombosis by this model is induced by a combination
of stasis induced injury to the vessel wall and enhanced TF expression on endothelial
cells and leukocytes. The IVC ligation model is useful for obtaining high yields of
thrombus and vein wall tissue and for studies on the interactions between the thrombus
and vein wall. A major limitation of this model regards the use of systemically injected
therapeutic agents, whose effects will be greatly diminished due to the lack of blood flow

to the affected area [105, 106].

1.9.2 Photochemical Injury
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The photochemical injury model makes use of a systemically injected or topically
applied photosensitizing dye called Rose Bengal (4,5,6,7-tetrachloro-2'4'5',7'-
tetraiodofluorescein). Rose Bengal is well documented for its ability to produce reactive
oxygen species which are thought to be potent contributors to endothelial cell damage
leading to thrombosis. The dye is inert until activated by a green light laser (543 nm). To
induce thrombosis at a particular vascular site, the laser is shone on the vessel where the
desired injury is to occur. The green light induces singlet oxygen radical formation at the
target site. Rose Bengal is a useful tool. It has high photochemical efficiency and low

systemic toxicity [107, 108].

1.9.3 Systemic Collagen/Epinephrine

The intravenous injection of a mixture of collagen and epinephrine induces
widespread activation of platelets. Mice usually die within minutes as a result of
extensive pulmonary embolism. This model has been used to evaluate the effects of
antithrombotic agents and to study the consequences of knocking out different platelet

receptors [82].

1.9.4 Mechanical Injury Models
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There are several methods for the physical injury of a vessel in mice that lead to
thrombosis. One such method already discussed involves ligation. Additional methods
include perivascular electrical injury, placement of polyethelene cuffs, wire injury and
mimicking mechanical injury by ferric chloride (FeCls;) which will be discussed in detail

in a subsequent section [108].

1.10 Gasé6

1.10.1 Identification and Characterization of Gasé6

In 1988, Schneider et al. published their findings on a set of genes induced during
GO, a state of growth arrest in cells that can be initiated in the G1 phase of the cell cycle
by removal of growth factors or serum from the growth medium. These GO specific genes
were negatively regulated by serum and growth factors and were henceforth known as the
growth arrest specific genes or the gas genes [109].The sixth member in this set, Gas6
was indeed originally identified by Schneider ef al., but remained uncharacterized until
1993 when Manfioletti et al. confirmed that Gas6 is induced following serum withdrawal
in both murine (NIH3T3) and human (IMR90) fibroblast cell lines. Gas6 is a member of
the vitamin K-dependent family of proteins [110] which includes the zymogens involved
in blood coagulation such as prothrombin, factor VII, factor IX, factor X, protein S,
protein C and protein Z [111]. The cDNA sequence of murine Gas6 is 2,225 nucleotides
in length and encodes a protein of 673 amino acids. The predicted amino acid sequence

was compared with the complete protein sequence data bank available at the time,
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revealing an approximate 43% amino acid homology with Protein S, one of the natural
anticoagulants. This initially raised the possibility that Gas6 was the murine homolog of
human protein S and prompted the researchers to screen a human lung fibroblast cDNA
library with murine Gas6. A partial cDNA clone was isolated and was further used to
screen a HeLa cDNA library. This screen revealed a full length cDNA clone of 2,461
nucleotides in length that encoded a protein of 678 amino acids. The protein was 81%
homologous to murine Gas6 and 44% homologous to human protein S. Therefore Gas6 is
similar to, but distinct from protein S and was officially added as a new member of the
vitamin K-dependent family of proteins [110]. Interestingly, a subsequent FISH study
revealed the chromosomal location of Gas6 to be 13q34, a region shared by other vitamin

K-dependent protein genes [112].

Gla 4 x EGF 2x LG
(SHBG)

Figure 1-10.The domain organization of Gas6 and Protein S. Both of these proteins
are composed of an N-terminal domain containing several y-carboxyglutamic acid (Gla)
residues. This is followed by four EGF-like repeats and a C-terminal domain that shares
homology with the human sex hormone-binding protein [113].
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The very amino terminus of Gas6 contains a conserved region of hydrophobicity
that resembles a signal peptide for a secreted protein (i.e. protein S). Also within this
region of the protein is the y-carboxyglutamic acid (Gla) domain, characteristic of all
proteins of the vitamin K-dependent family. In general, the Gla domains of the blood
coagulation factors (and Gas6) are responsible for Ca’-dependent binding to
phospholipid membranes. Four epidermal-like growth factor (EGF) repeats are present in
Gas6. This region contains select hydroxylated residues that bind calcium ions with high
affinity. Near this region in the homologous Protein S is a small span (Leu-Arg-Ser) that
represents two thrombin sensitive cleavage sites. This consensus is absent in both human
and murine Gas6, excluding it from thrombin sensitivity and a direct role in the blood
coagulation cascade. It is also this region of Gas6 that shares the least homology to
protein S (16%). Toward the carboxy terminal of Gas6 is a region that shares homology
with the human sex hormone-binding protein (SHBP). This region is extensive in length,

but Gas6 has not been shown to bind to any steroid-derived molecules (Fig. 1-10).

The expression of Gas6 mRNA can be found in a number of human tissues. They
include lung, intestines, bone marrow and endothelial cells. Gas6 mRNA is expressed in
numerous mouse tissues including heart, lung, stomach, kidney, muscle, brain, spleen,

liver and testes [110].

1.10.2 Gas6 Receptors: TAM Receptor Tyrosine Kinases
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Receptor Tyrosine Kinases (RTKs) are an important class of cell surface receptor
that possess intrinsic protein-tyrosine kinase activity. The intracellular domains of RTKs
possess the intrinsic tyrosine kinase activity and become activated once their extracellular
domains are bound with ligand and undergo dimer- or oligomerization. The
phosphorylated tyrosine residues can be bound by a variety of intracellular signaling
molecules, activating a myriad of downstream signaling cascades. Following the
completion of the human genome project, approximately 90 genes were identified as
having protein tyrosine kinase activity. 58 of them encode for RTKs [114]. RTKs can be
subdivided into 20 families based on structural characteristics. They all share a
homologous domain that catalyzes tyrosine kinase activity. All known RTKs contain a
single transmembrane domain that separates the intracellular catalytic domain form the
extracellular receptor binding domain The extracellular moieties of RTKs share a variety
of homologous regions such as immunoglobulin (Ig)-like or epidermal growth factor
(EGF)-like domains. The catalytic domain of each RTK contains an ATP-binding pocket
that catalyses autophosphorylation of the receptor and downstream phosphorylation of

RTK substrates[115].

To summarize, the sequence of events leading to RTK activation are as follows.
First, a monomeric RTK is bound by ligand in its extracellular domain. This is followed
by a series of conformational changes that result in receptor dimerization (or
oligomerization) and stabilization. Following this event is receptor autophosphorylation

of the intracellular domains. Specific phosphorylated tyrosine residues on the receptor are
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recognized by proteins that contain Src homology 2 (SH2) and phosphotyrosine binding
(PTB) domains. These binding partners link RTKs to downstream signaling cascades

[115].

RTKs are termed orphan receptors if their molecular ligands have yet to be
identified. A family of three RTKSs initially identified in the rat nervous system were
designated Tyro 3, Tyro 7 and Tyro 12 [116]. Full length cDNAs encoding these RTKs
have since been characterized. Tyro 3 has been named and will be henceforth referred to
as Sky [117]. Tyro 7 has been named and will be henceforth referred to as Axl [118].
Finally, the human version of the third orphan, Tyro 12 has been named and will be
henceforth referred to as Mer [119]. Together these RTKs are known as the TAM family
(an acronym for Tyro3, Axl and Mer). They display differential expression patterns.
Receptor based detection and affinity purification were used to identify the ligands for
Axl and Sky as both Protein S and Gas6. In terms of Gas6 binding affinity for the TAM
family of RTKs, the order is Axl > Sky > Mer. [120, 121]. The interaction between Gas6
and its receptors is unique in that Gas6 shares homology with the blood coagulation

factors rather than growth factors that are the typical ligands of RTKs [122].

The TAM family of RTKs are structurally related. They are characterized by an
extracellular domain that bears homology to cell adhesion molecules, with two
immunoglobulin-like (IG) domains. This is followed by two fibronectin type-3 like

domains (Fig 1-11).
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Figure 1-11. Domain organization of RTKSs. The leftmost TAM receptors contain two
Ig-like and two fibronectin type-3 (FNIII) like domains and share homology with other
RTKs [113].

Gas6 mediated signalling depends on precise structural changes within the Gas6-
receptor complex. To illustrate the importance of these structural changes is the example
of the Gas6/Axl interaction. The site at which Gas6 binds to AxI is located wholly within
the C-terminal domain of Gas6. Gas6 binds Axl with nanomolar affinity and 1:1
stoichiometry. Crystal structural analysis revealed that there are both major and minor
contacts made between Gas6 and Axl and that both are required for receptor activation

[122-124].

Following the identification of the Gas6/Axl interaction, the functions of Gas6

began to emerge. First, Gas6 was shown to be able to protect NIH3T3 fibroblasts from
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apoptosis following serum withdrawal. It is also noteworthy that this pro-survival activity
occurred independently of Gas6 mitogenic activity [125]. The mitogenic effects of Gas6
are not limited to fibroblasts. A role for Gas6 as well as its expression has been observed
in numerous tissues. These roles will be discussed within the context of the particular

TAM receptor involved.

1.10.3 Gas6/Axl Signalling

Axl is also known as UFO, ARK and Tyro7. Axl remained an orphan receptor
until 1995, four years after its initial discovery [120, 126, 127]. The removal of orphan
status can be attributed simultaneously to Varnum et al. and Stitt ef al. They were the first
to identify Gas6 as a molecular agonist of the Axl receptor. Varnum et al. purified an Axl
stimulating factor from several cell types. The purified protein caused phosphorylation
and downregulation of Axl. In addition, crosslinking studies revealed that the agonist
bound to Axl with nanomolar affinity. A sequence analysis of the agonist ultimately
revealed it as Gas6. Stitt et al. used receptor based affinity purification and arrived at the
same conclusion. The findings from both groups were published within eight days of
each other in 1995 [127]. Human AxI is composed of 894 amino acids and has a mass of
140 kDa. The distribution of amino acids on each side of the plasma membrane is
roughly equal. The pattern of structural elements that make up the extracellular domain of
AxI is also similar to several known cell adhesion molecules [127]. The downstream

effects of Axl activation are diverse. Axl is involved in oncogenesis, cell survival,
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spermatogenesis, immunity, platelet function and renal pathology [122]. Binding
proteins of the Axl intracellular domain include Nck2, SOCS-1, C1-TEN and RanBPM

[128].

The Gas6/Ax] interaction quickly became a candidate system for the regulation of
vascular function when Gas6 was detected and purified from the conditioned medium of
vascular smooth muscle cells [129]. Another clue to the importance of the Gas6/Axl
interactions in vascular function came from the cloning of Axl from balloon-injured rat
carotid arteries. Both Gas6 and AxI were upregulated in the injured carotids [127]. It was
subsequently shown that the Gas6/AxI system is activated in VSMCs following treatment
with hydrogen peroxide. This has implications for the vascular response to injury caused

by reactive oxygen species [130].

A well recognized downstream consequence of the Gas6/Axl interaction is
cellular protection from apoptosis [127]. In endothelial cells, the protection offered by the
Gas6/Ax] interaction involves different intracellular signaling pathways. Of particular
importance is the involvement of Akt. Akt is activated following phosphorylation of Ser-
473 and Thr-308 and has been observed to mediate the antiapoptotic effects of VEGF and
angiopoetin. The p65 subunit of NF-kB has also been found to participate in mediating

cell survival downstream of Gas/AxI1 [131].
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The Gas6/Axl interaction is involved in various other cellular and pathologic
processes. Gas6 bound to Axl mediates the aggregation of 32D myeloid cells in culture,
independently of AxI’s tyrosine kinase activity. This is a heterotypic intercellular
interaction between plasma membrane bound Gas6 and an Axl receptor on an adjacent
cell. This study provided the first evidence that Gas6 can mediate cell-cell interactions
[132]. Gas6 can act as a chemoattractant for primary VSMCs of human and rat origin.
The chemotactic effect of Gas6 on VSMCs was attenuated by the addition of purified Axl
extracellular domain to the experimental system, highlighting the specificity of Gas6/Axl
binding in this context [133]. The type 5 early region IA gene (E/A) and its encoded
protein, E1A, is the first viral gene expressed in a cell following infection by an
adenovirus. EIA is a known immortalization oncogene, although it cannot immortalize
cultured cells single handedly. E1A has tumor suppressing effects that can partially be
explained by the fact that it mediates transcriptional repression of the transforming AxI.
This effect is abrogated when Gas6 is added to the system and binds Axl [134]. This
particular study was followed up with the observation that Akt is required for the
Gas6/Ax] mediated protection from apoptosis induced by E1A [135]. Axl was first shown
to be expressed by human endothelium in a study that implicated Gas6/AxI signaling in
the pathogenesis of rheumatoid arthritis [136]. As will be discussed shortly, Gas6 has
emerged as a target in various diseases of the kidney. One example would be in a model
of experimental glomerulonephritis, where it was demonstrated that the Gas6/Axl
signaling pathway regulated proliferation of mesangial cells [137] in part through the

STATS3 transcription factor [138].
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Within human plasma, Gas6 is present in concentrations of approximately 0.2
nM, which is a thousand-fold lower than plasma levels of Protein S. Within plasma one
can also find a soluble form of the AxI receptor. Axl, as well as Mer can be cleaved at the
plasma membrane, yielding soluble molecules that consist of their respective
extracellular portions. Interestingly, soluble Axl (sAxl) circulates in a complex with Gas6
in human serum and plasma. One can find sAxl in concentrations of 0.6 nM in serum and
plasma, and apparently all plasma and serum Gas6 is bound to sAxl. From the standpoint
of functionality, the existence of this soluble complex is likely to inhibit the ability of
circulating Gas6 to activate TAM receptors [139]. Regardless, circulating levels of Gas6
and sAxl have been used as biomarkers in patients with severe sepsis, infection, systemic
inflammatory response syndromes [140], large abdominal aortic aneurysms [141], critical
limb ischemia [142] and systemic lupus erythematosus [143]. The levels of circulating

Gas6 and sAxI positively correlate with disease severity in most cases.

1.10.4 Gas6/Sky Signalling

Sky is also known as Tyro3, Rse, Brt, Tif, etk2 and Dtk [144]. The structural basis
for the Gas6/Sky interaction is similar to the interaction of Gas6 and AxI discussed above
[145]. Gas6 was identified as a ligand for Sky in 1995 [146]. This interaction has been
implicated in the stimulation of osteoclast function. Sky shows strong expression in
primary osteoclasts [147] and it was later determined that the mechanism whereby Gas6

stimulates osteoclast function through Sky involves downstream activation of the
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p42/p44 MAPK [148]. Sky, along with Gas6 and Axl were once implicated in the
pathogenesis of human uterine leiomyoma. Sky is normally expressed in uterine
myometrium tissues but was shown not to be involved in this particular tumor

progression [149, 150].

1.10.5 Gas6/Mer Signalling

The RTK Mer is also known as MerTK, Nyk and Tyrol2. Based on survey of the
literature, the effects of the Gas6/Mer interaction are the least characterized among the
three Gas6 receptors. It is also this receptor with which Gas6 has lowest affinity [121].
Mer has been implicated in macrophage clearance of apoptotic cells, cytokine release and
of course, cell proliferation and survival. Novel among the interactions of Gas6 and its
receptors is the finding that prolonged exposure of Mer with Gas6 induces the expression
of a partial Mer glycoform that exists in lower amounts than fully glycosylated Mer. The
partial N-glycosylated form of Mer was not found to be simply an intermediate of the
fully glycosylated enzyme, but rather imparts functional consequence on the molecule.
Gas6 influences Mer glycosylation which in turn determines the sub-cellular localization

of Mer, the first of the TAM family of RTKs to be observed in the nucleus [151].

1.11 Functions of Gas6 within Organ Systems and Disease
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Having now discussed a number of the biological effects attributable to Gas6
within the context of each one of its three receptors, it is important to also recognize the
physiological and pathophysiological effects of Gas6 within the context of the different
organ systems. In reviewing the literature, one can find relatively extensive findings on
the various effects of Gas6 within the nervous system, kidney, vasculature and in
oncogenesis. A review of these findings should serve to further emphasize the pleiotropic

activities of Gasé6.

1.11.1 Gas6 in the Nervous System

Gas6 is widely expressed in the CNS beginning at late embryonic stages and its
levels remain high into adulthood [152]. The Gas6 receptors are also expressed in the
developing nervous system [153]. Gas6 has been identified as a growth factor for human
Schwann cells [154]. In mice, the Axl homolog is known as Ark (Adhesion related
kinase) and signaling through this receptor has been shown to protect Gonadotropin-
Releasing Hormone (GhRH) neurons from apoptosis [155]. In neurons of the
hippocampus, Gas6 acts as a neurotrophic factor [144] while in cortical neurons, it can
protect against apoptosis induced by amyloid-beta proteins (commonly associated with
Alzheimer’s disease) [156] and phospholipase A,-IIA [157]. Finally, Gas6 promotes the

survival and activity of oligodendrocytes in mice and humans [158-160].
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1.11.2 Gasé6 in the Kidney

Gas6 has been reported to have effects on renal cells and has been identified as a
target for kidney disease. Gas6 has autocrine, mitogenic effects on cultured mesangial
cells. One of the features of chronic rejection following kidney transplantation is the
proliferation of mesangial cells. A rat model of chronic rejection following kidney
transplantation revealed extensive Gas6é mRNA expression in kidney tissues that was also
significantly increased in allografts. Any possible involvement of Gas6 in chronic
rejection of kidney transplantations was also likely mediated through the Sky receptor
[161]. This finding was followed up with a study on tissue samples from human renal
allografts. Gas6 was widely expressed among the different allograft cells (glomeruli,
tubules etc.) and was significantly increased in acute rejection [162]. An in vivo model of
acute mesangial proliferative glomerulonephritis in rats also demonstrated increased
expression of Gas6 and Axl in the kidney that correlated with disease severity [121]. The
vitamin-K antagonist, Warfarin, successfully inhibited the mitogenic effects of Gas6 in
vitro and disease progression in the in vivo model of glomerulonephritis. The role of
Gas6 in a model of accelerated nephrotoxic nephritis (NTN) has also been observed.
Gas6” mice are significantly protected against NTN disease progression [163]. A role for
Gas6 in human nephritis was subsequently observed [164]. Diabetes mellitus patients
often succumb to nephropathy, an early sign of which is glomerular hypertrophy. It was
determined that the Gas6/Axl pathway contributes to glomerular hypertrophy in a
streptozotocin-induced model of diabetes in rats [165]. The same authors later began to

dissect the intracellular signaling pathways involved in Gas6 mediated glomerular
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hypertrophy and found a role for the Akt/mTOR pathway [166]. In regards to human
cancers, Gas6 and Axl have been shown to have mostly oncogenic effects. Generally,
increased levels of Gas6 or Axl have correlated with disease progression and poor
prognosis. Interestingly, it seems as though increased Gas6 correlates with a more
favorable prognosis in a model of clear cell renal cell carcinoma. This seems to conflict
with the observations made in regard to Gas6 and progression of other diseases of the

kidney [167].

1.11.3 Gas6 and Cancer

Dysfunctional expression of the TAM receptors has been implicated in various
human cancers. Dysfunctional expression can arise as a consequence of mutations,
altered protein expression and gene amplifications, all of which promote the oncogenic
potential of the TAM receptors. Axl is well established as having transforming properties.
Increased expression of Axl has been observed in a wide range of human cancers
including leukemia, colon cancer and breast cancer. Axl was originally cloned from
patients with CML and had cell transforming potential when overexpressed. Axl

overexpression regulates oncogenic processes such as invasiveness and metastasis [168].

The notion of targeting the Gas6/Axl system in human cancers has yielded
conflicting results. It seems that in patients with glioblastoma or ovarian carcinoma,

levels of Gas6/Ax] correlated with poor prognosis while the opposite has been observed
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in patients suffering from renal cell carcinoma [169]. Like AxI, Gas6 is overexpressed in
a number of human cancers including gastric [170], ovarian [171], breast [172], thyroid
[173] and endometrial [150]. Interest has grown as to how Gas6 contributes to
oncogenesis. A novel process has been discovered whereby tumors promote self-growth
by educating infiltrating leukocytes to increase production of mitogenic Gas6 [174]. In
human prostate cancer, Gas6 increases the expression of Axl, which is a regulator of

metastasis [175].

1.11.4 Role of Gas6 in Disorders of the Vascular System

Following the discovery of Gas6 as the ligand for Axl [120], Gas6 was shown to
have both mitogenic and anti-apoptotic effects in VSMCs [176, 177]. This finding
fostered interest among vascular biologists as to what other effects Gas6 might have on
blood vessel function. Gas6 was demonstrated as a chemoattractant for primary VSMCs
[133]. Murao et al. then showed that Gas6 induces the expression of scavenger receptors,
the molecules that bind modified LDL on VSMCs which implicated a role for Gas6 in
atherogenesis [178]. Gas6 and Axl are expressed by endothelial cells [110]. Regarding
endothelial cell adhesiveness, Gas6 has been demonstrated to inhibit the adhesion of
granulocytes [179] but promotes interactions between platelets and endothelial cells
[180]. Gas6 expression is widespread among hematopoietic cells in general, but it does

not serve as a growth factor for these cells [181].
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1.11.4.1 Atherosclerosis

Atherosclerosis can be described as a form of chronic inflammation that results
from the interactions of lipoproteins, macrophages, T-cells and cellular elements in the
arterial wall [182]. Gas6 promotes the activation of endothelial cells and leukocytes and
promotes the migration of VSMCs. These properties can be classified as pro-atherogenic.
It was first reported in 2008 that Gas6 is detectable in all stages of both human and
murine atherosclerosis. Within the plaque itself, Gas6 is expressed by endothelium,
smooth muscle and by macrophages. Studies involving genetically modified mice
revealed that the absence of Gas6 does not affect the number or size of initial and
advanced plaques in ApoE'/' mice. The genetic ablation of Gas6 (in ApoE'/' mice) did
however, result in altered plaque composition. These plaques contained increased
amounts of smooth muscle cells and collagen. In addition, lipid cores were smaller and
macrophages were less numerous. These findings established that Gas6 promotes
atherosclerotic plaque instability by decreasing plaque fibrosis and increasing plaque
inflammation. [183]. Subsequent studies would go on to identify Axl expression as being
downregulated in human carotid plaques [184]. In human atherosclerosis, Gas6 is mainly
found in VSMCs and is secreted in human atherosclerotic plaques and reduces the

expression of inflammatory molecules [185].

1.11.4.2 Erythropoiesis
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Erythropoiesis, the process of red blood cell generation is dependent on the
differentiation of hematopoietic stem cells into erythtoblasts which mature into
circulating erythrocytes. Erythropoiesis is regulated by a number of different cytokines,
but central to the process is erythropoietin (Epo). Epo is used in the treatment of anemia
that occurs secondary to conditions such as cancer and rheumatoid arthritis. It is not
always effective, with many patients being completely refractory to treatment, even at
high doses of Epo. It was observed that the embryonic livers of Gas6” mice were
underdevelopped at E13.5. Embryonic liver is a major site of erythropoiesis in the
embryo, prompting an investigation to delineate the role of Gas6 in this process. Gas6™
mice were at a survival disadvantage in a model of acute anemia. Gas6 was found to act
synergistically with Epo in maintaining the hematocrit in models of acute anemia. This
finding lends to the possibility of using Gas6 in anemic patients who fail to respond to

Epo treatment [186].

1.12 The Role of Gas6 in Thrombosis

In 2001, a study was published that described a novel role for Gas6. Gas6
deficiency was shown to cause platelet dysfunction and protect mice from experimentally
induced thrombosis. At the time, other than sharing homology with Protein S, there were
no other observations serving as precedence for exploring the role of Gas6 in the
pathogenesis of thrombosis. Gas6 remained the only protein with a Gla domain that had

not been reported to play a role in either hemostasis or thrombosis. After all, Gas6 lacks
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the thrombin sensitive loop present in Protein S and is not directly involved in the blood
coagulation cascade as discussed above. The investigators found that Gas6”" mice were
protected from several models of thrombosis and importantly, did not present a bleeding
phenotype. Protection from thrombosis was explained by a deficiency in platelet
aggregation and secretion in response to known platelet activators [187]. The original
research presented within this dissertation is based largely on the scientific findings from

this publication and will therefore be discussed in detail.

1.12.1 Platelet Dysfunction in Gas6™ mice

The Gas6”™ mice were generated by deleting a number of critical regions from the
gas6 gene, including the translation initiation codon, and the regions encoding the signal
peptide and Gla-containing module. Regarding hemostasis, Gas6”~ mice were
phenotypically normal and bled the same amount as WT litter mates following tail
clipping. The investigators found no differences in the plasma levels of fibrinogen,
prothrombin, factors V, VIII, IX or X. Additionally, Gas6”™ mice showed no significant
differences in the prothrombin times (PT), activated partial thromboplastin (aPTT) times

or numbers of peripheral blood cells (erythrocytes, leukocytes and platelets).

The investigators used a number of thrombosis models in their study including
venous stasis induced by ligation of the IVC, photochemical denudation of the carotid

artery and platelet dependent thromboembolism induced by intravenous injection of
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collagen and epinephrine. Thrombus weight was significantly lower in both the stasis and
photoinjury models. Injection of collagen and epinephrine induces fatal pulmonary
thromboembolism. With this model, Gas6 deficiency reduced mortality. The loss of Gas6
protected these mice from the development of extensive pulmonary thromboembolism as
was observed in the WT mice (assessed by histological analysis). Taken together, these
results show that Gas6” mice do not develop thrombosis as rapidly or to the same degree

as WT mice.

A more mechanistic approach was then taken to explain the prothrombotic effects
of Gas6. The protection offered by Gas6 deficiency could not be attributed to an increase
in thrombolysis. Since platelets are known to play essential roles in venous and arterial
models of thrombosis, they sought to examine the role of Gas6 in platelet function. It is
important to acknowledge the fact that platelet count and ultrastructure are normal in
Gas6” mice. Platelet aggregation experiments revealed significant functional defects in
platelets harvested from Gas6™ mice. Platelets from WT mice successfully aggregated in
a dose-dependent manner when challenged with known platelet agonists such as ADP,
thrombin or collagen. Platelet aggregation studies such as these had been validated
previously [188]. In contrast to WT platelets, Gas6”™ platelets failed to aggregate in
response to low doses of ADP (5.0 uM). Gas6™ platelets did however, undergo the
characteristic shape change and successfully aggregated when challenged with higher

concentrations of agonists (i.e. 50 uM ADP).
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At this point, it can be argued that these observations merit further investigation.
The fact that the Gas6™ platelets failed to aggregate only at lower agonist concentrations
of ADP is a rather subtle defect, especially when compared to the dramatic thrombotic
phenotype observed in these mice (60-85% smaller thrombi). This subtle defect lends to
the possibility that other mechanisms are in play and that Gas6 from some source other

than platelets may be contributing to thrombus formation in vivo.

Challenge with thrombin successfully caused the aggregation of WT and Gas6™
platelets. However, ultrastructural analysis revealed that aggregates from Gas6™ platelets
were not as tightly packed, made fewer contact sites and were incompletely degranulated.
Degranulation results in fibrinogen release from o-granules and Gas6” platelets
displayed lower levels of surface fibrinogen and P-selectin, another marker of a-granule
secretion. Platelet degranulation also results in the secretion of ADP from dense granules,
which is necessary for the formation of stable macro-aggregates. ADP secretion from
Gas6™ platelets, as assessed by measuring the release of ATP, was significantly lower
with respect to WT levels. There is a tight correlation between platelet aggregation and
secretion. Both of these processes are impaired in the absence of Gas6, which is

necessary to amplify the effects of known agonists [187].

To further confirm these results, that the platelet dysfunction in Gas6™ mice was
indeed the direct result of Gas6 deficiency, a series of experiments were performed that
introduced the use of recombinant murine Gas6 (rGas6). In vitro, rGas6 was able to

restore the defective aggregation of Gas6™ platelets in response to low doses of ADP.
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Importantly, in vivo administration of rGas6 to Gas6” mice also rescued the defects in
thrombosis. Neutralizing antibodies directed against Gas6 protected WT mice from fatal
pulmonary thromboembolism induced by collagen/epinephrine, implicating the specific

targeting of Gas6 for the treatment of thrombosis [187].

1.12.2 Role of Gas6 Receptors in Thrombus Stabilization

The importance of not only Gas6, but the Gas6 receptors in experimental murine
thrombosis was detailed in a subsequent publication from the same laboratory. Here the
authors generated a series of knock-out mice with single deletions of Axl, Sky or Mer (as
well as a triple mutant). Having previously established that Gas6 promotes the
aggregation and secretion of platelets in response to known agonists, they sought to
explore the downstream events that occur following Gas6 binding to its receptors on

platelets.

Consistent with the observation made in the Gas6” mice, those with a triple
deficiency in Axl, Sky and Mer do not present abnormal hemostasis under baseline
conditions [189]. Here, Angellio-Scherrer et al. observed the effect of Gas6 receptor
deletion in pathological thrombosis. The three single receptor knock-out strains, Ax1”,

Sky'/ ~and Mer”™ mice, did not suffer from spontaneous bleeding, a characteristic shared
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by the Gas6” mice. However, in contrast to the Gas6”" mice, mice in each of the single
receptor knock-out groups were prone to repetitive rebleeding following periods of
transient hemostasis. In addition, a tail clipping model revealed that Gas6 receptor knock-
out mice lost a higher volume of blood overall than WT littermates. When challenged
with stasis induced thrombosis in the IVC, the average thrombus weight generated in the
receptor knock-out mice was reduced by an impressive 90% compared to WT. A model
of platelet depletion and reconstitution was used to confirm that the thrombotic
phenotype observed was indeed due to altered platelet function [190]. In vitro
aggregation experiments with Axl”, Sky” and Mer”" platelets showed that they
responded in similar fashion to Gas6™ platelets, namely failing to irreversibly aggregate
in responses to low concentrations of the agonists ADP, collagen and U46619. They did
however, aggregate in response to higher doses of these agonists. Additional experiments
were designed in order to understand exactly how, at the molecular level, the Gas6

receptors contributed to platelet activation.

One of the initial events of platelet activation is the initial binding of secreted
fibrinogen to the allbB3 integrin in a process that depends on inside-out signaling. The
initial binding of fibrinogen to allbB3 following activation was normal in Axl™, Sky'/ )
and Mer™” platelets and thus could not serve to explain the signaling defect. The binding
of fibrinogen to allbB3 actually serves to convert this integrin from a receptor with low-
affinity and low-avidity to one of high-affinity and high avidity and this phenomenon was
unaltered by single ablation of any of the Gas6 receptors. Following the initial fibrinogen

binding event is the beginning of platelet spreading and this is where defects began to

63



emerge in Axl7, Sky'/ " and Mer™” platelets. Receptor ablated platelets bound fibrinogen
coated surfaces less efficiently than WT and they did not spread out as extensively.
Importantly is the fact that the spreading was slower, not completely abrogated and
eventually spread to levels expected of WT platelets. Platelets deficient in Sky did not
secrete dense granules as efficiently as WT platelets. It was determined that the Gas6
receptors influence inside-out signaling via the allbB3 integrin. Upon ligand binding,
select tyrosine residues that make up the cytoplasmic tail of B3 become phosphorylated
and serve as docking sites for downstream binding partners. Treating WT platelets with
Gas6 induced phosphorylation at Y-773 of the B3 integrin. Phosphorylation at this
residue did not occur in platelets lacking any one of the Gas6 receptors and this could not
be attributed to decreased expression of B3 as assessed by FACS analysis. Therefore
signaling from the Gas6 receptors determines the degree to which total cell B3
phosphorylation occurs in both resting and activated platelets and this in turn has an
effect on inside-out signaling via allbB3. Gas6 induces tyrosine phosphorylation of its
three receptors, but it seems as though the receptors can influence phosphorylation of
each other. The absence of Sky prevented the ligand induced phorphorylation of Axl and
Mer. Axl or Mer deficiency produced a similar effect on the remaining two receptors,
revealing that the three Gas6 receptors cooperate in mediating their activation. The
ablation of one receptor also resulted in lower expression of the other two. Gas6 was
already known to activate the PI3K/Akt pathway and it was important to demonstrate that
this occurs in platelets. In their experiments, Gas6 successfully induced phosphorylation

of P13K and Akt in WT platelets but not in receptor knock-out platelets. Each of the
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Gasb6 receptors is independently necessary for Gas6 mediated signaling and in regard to

platelets, the PI3K/Akt pathway is involved in regulating the activity of allbB3 [190].

The thrombotic phenotype of the Gas6™" mice implicated the targeting of platelet
derived Gas6 for antithrombotic therapy in humans [190]. In an initial investigation on
Gasb6 signalling in human platelets, an anti-Gas6 antibody prevented human platelet rich
plasma (PRP) from aggregating in response to ADP and a selective PAR-1 agonist, thus
supporting the argument for clinical targeting of platelet derived Gas6 [191]. Subsequent
immunologic analyses of Gas6 in human plasma and platelets challenged this idea. While
Gas6 was once successfully detected in human plasma in the low sub-nanomolar range,
the same authors failed to detect expression of Gas6 by human platelets and proposed that
that any potential platelet amplifying ability that Gas6 had in humans would be from
Gas6 derived from the circulation [192]. Further challenging the idea was the finding that
physiological levels of Gas6 in human plasma from healthy subjects do not influence
platelet activation ex vivo [193]. The controversy surrounding the expression and function
of Gas6 in human platelets and plasma, especially when compared to the dramatic
protection from thrombosis associated with Gas6 ablation in mice suggests that the role
of Gas6 in thrombosis is complex. In order for Gas6 to ever be realized as a target for
antithrombotic therapy in humans, much additional characterization of the protein within
the context of the disease is necessary. Gas6 expression from vascular derived cells is
documented, as is the role of the vascular wall in thrombosis. We sought to explore the
role of vascular specific Gas6 in the pathophysiology of venous thrombosis to further

characterize the protein and its potential as a target for antithrombotic therapy. The
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experimental details and results of our investigation will be discussed in detail in Chapter
2. This will be preceded by a discussion on the background behind the methodologies

chosen for our study.

1.13 Methodology

1.13.1 Ferric Chloride (FeCls;) Model of Venous Thrombosis

We hypothesized that Gas6 from a source other than platelets contributes to
thrombus formation in vivo. Angellilo-Scherrer et al.[187], the authors who originally
identified the prothrombotic role of Gas6 did not explore the possibility of a contribution
from vascular derived Gas6 in thrombus formation. The objective of the present work
was to begin to answer the question as to whether or not vascular specific Gas6
contributes to thrombus formation in vivo. The initial step was the establishment of a
working mouse model of venous thrombosis in the laboratory. Angellilo-Scherrer et al.
have already demonstrated the thrombotic phenotype of the Gas6™ mice using the models

mentioned above.

We were interested in the contribution to thrombus formation by vascular Gas6,
which necessitated the establishment of a murine model that is known to involve the
vasculature. The ferric chloride (FeCl;) model of thrombosis has classically been used for
studies in the arteries of small animals. A topical solution of FeCl; was initially identified

as a potent initiator of thrombus formation in a rat arterial model by Kurz ef al. in 1990

66



[194]. Prior to the use of this form of chemical injury, researchers were accustomed to
thrombosis models that involved delivering an electric current to the vessel with stainless
steel electrodes. This model of electrically induced vascular injury successfully caused
development of occlusive thrombi. Interestingly, it was observed during the course of
these experiments that iron-containing electrodes corroded quickly, necessitating a
constant current generator to maintain a uniform current. The use of electrodes made of
other elements such as platinum, copper or brass were ineffective in inducing thrombus
formation. Taken together, these observations led to the hypothesis that iron is directly
involved in the injury of the vessel [195] and is what prompted Kurz ef al. to substitute an
electric current with application of a solution of FeCls [194]. The model of FeCls induced
vascular injury was further refined over time. The majority of studies where it was used
involved concentrations of FeCl; ranging from 10-60% which is considered high and
made it difficult to evaluate the effectiveness of potential antithrombotic agents. Dose
dependent studies in the mouse carotid artery revealed that lower concentrations of FeCl;
in the range of 2.5% were effective in creating occlusive arterial thrombi [196]. The
following year, the same laboratory that optimized the FeCl; model in mice, published an
article detailing the use of FeCls for injury of the IVC in factor IX deficient mice [197].
The usefulness of the refined model of FeCls venous injury was further exemplified by a
study to evaluate the use of the potato carboxypeptidase inhibitor, a natural small
molecular weight inhibitor of Thrombin Activatable Fibrinolysis Inhibitor (TAFI)
activity in vivo [198]. Using the protocol established by Wang et al., the FeCl; model of

venous thrombosis was successfully established and routinely used in the laboratory for
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use in the Gas6” mice (Fig. 1-12). With this model, we able to successfully reproduce the

thrombotic phenotype of the Gas6” mice as will be discussed in Chapter 2.
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Figure 1-12. FeCl; model of venous thrombeosis. Placed on the inferior vena cava is a
small piece of Whatman filter paper saturated with a FeCls solution (yellow). See
Methods section in Chapter 2 for a detailed protocol (Cook, M.J., 1965).
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The mechanism by which FeCls causes endothelial injury, platelet aggregation
and thrombus formation is thought to mimic a mechanical injury. This is because FeCl;
causes endothelial cell denudation which exposes collagen and the subendothelium. The
use of both genetically manipulated mice and pharmacologic agents have identified
components of the coagulation cascade that participate in thrombus formation following
injury by FeCls. For example, prolonged vessel occlusion times were reported in mice
deficient in fIX, fXI and fXII, or in mice pretreated with a thrombin inhibitor, indicating
roles for these coagulation enzymes in thrombus formation with this model. The
involvement of platelets became apparent as important in mediating FeCl; induced
thrombosis as mice deficient in platelet glycoproteins VI, B3, and P2Y1 had increased
times to vessel occlusion. It has been observed that the platelet adhesion following
application of FeCl; occurs more rapidly in venules than in arteries. It is likely that the
diffusible ferric ions that mediate the damage [199] travel more rapidly through venule
walls [196, 200]. TF derived from VSMCs is also critical to thrombus formation

following injury by FeCl; [51].

A significant limitation to the use of FeCl; induced thrombosis is mice, is that the
model is not necessarily reflective of heterogenous nature of thrombus development. It is
accepted that murine hemostatic mechanisms differ in a vascular-bed specific manner. In
addition, the injury to the vein wall produced by FeCl; injury is only reflective of a small

number of deep vein thrombosis cases [105].

1.13.2 Models of Gas6 Chimerism

69



After successfully establishing a reproducible model of venous thrombosis by
FeCls injury, the next step was the establishment of experimental models that would
allow for the separation of the contributions of vascular and hematopoietic derived Gas6
during thrombosis formation in vivo. We first employed a bone marrow transplantation
(BMT) strategy to observe these individual contributions during thrombus formation.
Gasb6 is secreted by both cells of vascular and hematopoietic origin. In human tissues,
Gas6 is detectable in bone marrow and endothelium [110]. To our advantage, Cui et al.
published an article detailing the optimization of BMT protocols in mice. They
performed a series of irradiation regimens in a variety of mouse strains. Certain strains of
mice are radiosensitive and were not used as recipients in their experiments. Fortunately,
radiosensitivity is not a concern when dealing with C57BL/6 mice. All WT and Gas6™
mice used in our BMT experiments, as well as throughout the study are on a C57BL/6
background, eliminating a rather significant variable likely to influence survival rates.
Using BMTs we were able to generate chimeric mice with selective ablations of Gas6 in

the hematopoietic or vascular compartments.

In addition to the BMT model, we also chose a model of platelet depletion and
reconstitution. Whereas, BMT experiments necessarily resulted in genetic manipulation
of all cells of hematopoietic origin, the rendering of mice thrombocytopenic followed by
re-infusion of platelet rich plasma (PRP) allowed us to examine the contributions of

vascular Gas6 and platelet Gas6 to thrombus formation.

70



1.13.3 Tissue Factor Activity/ Endothelial Cell Activation

TF is the major cellular initiator of blood coagulation and is an important target
molecule in our study. The rationale behind why TF was chosen as a downstream target
of Gas6 signaling will be discussed in detail in the following chapter. A variety of
methods to evaluate the expression of TF were used including immunofluorescence,
gPCR and functional assays on both cells and whole tissue. As will be discussed in the
following chapter, we have observed that Gas6 positively regulates TF, which is a marker
of endothelial cell activation. We also begin to explore the possibility of the involvement
of FoxO1 as a downstream mediator of Gas6 induced endothelial cell activation. We
chose VCAM-1 as the marker of endothelial activation and these results will be discussed

in Chapter 3
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Chapter 2:

VASCULAR GAS6 CONTRIBUTES TO
THROMBOGENESIS AND PROMOTES TISSUE
FACTOR UPREGULATION FOLLOWING
VESSEL INJURY IN MICE

2.1 Introduction

Venous thromboembolism (VTE) is a common cause of morbidity and mortality
in clinical medicine, affecting 900,000 people per year in North America. The
pathophysiology underlining VTE was first described by Virchow in 1853. Virchow’s
triad describes three mechanisms that account for VTE. VTE can be triggered by
alterations in the levels of the circulating blood clotting factors (thrombophilia), changes
in blood flow (i.e. stasis), and/or disruptions in the vascular wall [201]. Under normal
physiological conditions the endothelial surface provides a thromboresistant surface due
to the presence of various proteins, such as tissue factor pathway inhibitor (TFPI),
thrombomodulin (TM), and the endothelial cell protein C receptor (EPCR) [103].
However, physical (i.e. vascular damage) or functional (i.e. hypoxia) perturbation of the
endothelium promotes thrombosis due to reduced expression of anticoagulants and the
induction of the expression of the transmembrane procoagulant glycoprotein, tissue factor

(TF) [202].
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Gas6, the product of growth arrest specific gene 6 (gas6) is a member of the
vitamin K-dependent family of proteins which includes blood coagulation factors II, VII,
IX, and X and the anticoagulant factors, protein C and S, as well as protein Z [113].
Although Gas6 was discovered as sharing homology with protein S, it plays no role in the

generation of fibrin and its role in vivo remains incompletely characterized [120, 203].

Originally identified in fibroblasts, Gas6 is expressed in various cell types,
including endothelial cells [110], smooth muscle [129], and bone marrow cells [204].
Gaso6 is a ligand for the TAM family of receptor tyrosine kinases, which include Axl, Sky
(Tyro3) and Mer [205]. Gas6 has been shown to perform a wide range of biological
functions that is reflected by a broad tissue expression profile. For example, Gas6 is
found in plasma [140] as well as in hepatic [206], renal [207] and neural tissues [144,
156]. Gas6 and its receptors modify platelet activation and aggregation [187, 190], but
the role of Gas6 in the interplay between platelets and other cell types, such as
endothelial cells remains unclear. In vivo, Gas6 deficient mice are protected from lethal
thromboembolism suggesting a prothrombotic role for Gas6 [187]. The phenotype is the
result of a defect in platelet signalling with thrombus instability as a consequence.
Interestingly these mice did not present a bleeding phenotype. Platelets from Gas6
deficient (-/-) mice showed defective platelet signalling when challenged with 5.0 uM
ADP but not to other platelet agonists such as thrombin or collagen nor even to higher
concentrations of ADP [187]. This subtle platelet defect suggests the existence of a

discrepancy that could be explained by other mechanisms such as the contribution of
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Gas6 from the vasculature to thrombus formation. Thus, we hypothesize that Gas6 from

the vascular wall has a role in the pathophysiology of venous thrombosis.

2.2 Materials and Methods

Reagents

Human blood factors VIla, X, Xa, Protein C, thrombin and antithrombin were
from Haematologic Technologies Inc. Chromogenic substrates S-2765 and S-2236 were
from diaPharma. FAST SYBR Green Master Mix and ribosomal RNA control reagents
were from Applied Biosystems. Recombinant Tag DNA Polymerase was supplied by
Invitrogen. RNeasy Mini kit and Quantitect Reverse Transcription Kit were from Qiagen.
Custom primers for murine Gas6 PCR and tissue factor primers (human and murine) for
qPCR were from Invitrogen and Applied Biosystems respectively. 18s RNA control
reagents for qPCR were from Applied Biosystems as well. Proteinase K was from
Fermentas. DMEM, DMEM/F12, Fetal Bovine Serum (FBS), Phosphate Buffered Saline
(PBS), penicillin/streptomycin and trypsin-EDTA were from Wisent. EBM and EGM-2
were from Clonetics. Purified anti-mouse CD102 (ICAM-2) antibody was from BD
Pharmingen. Mouse monoclonal anti-TF antibody was from SantaCruz. The secondary
antibodies, anti-sheep Alexa Fluor, anti-mouse 555- were from Molecular Probes. DAPI
mounting medium was from Vector. RBC lysis buffer was from Sigma. Dynal M-450

Sheep anti-Rat beads, Dynal magnetic holder and phenol chloroform isoamyl mixture
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were from Invitrogen. Collagenase A was from Roche. Finally, Rabbit anti-mouse

thrombocyte serum was from Accurate Chemical and Scientific Corporation.

Mice

All experiments performed on mice were approved by the Animal Care
Committee of McGill University. The Gas6” mice (on a C57BL/6 background) were
donated by Dr. Peter Carmeliet (Laboratory of Angiogenesis and Neurovascular Link,
Vesalius Research Center, Leuven, Belgium). The colony was maintained by the
continuous crossing of heterozygous (Gas6 ™) mice. It has been observed that male mice
lacking all three Gas6 receptors do not produce sperm due to the progressive death of
germ cells. This is attributed to the fact that the physiological expression of Axl, Sky and
Mer by Sertoli cells is required for the trophic nurturing of germ cells. Although it has
never been explored, it is possible that this finding explains why using Gas6” males for
our breeding colony was inefficient [189]. The mice used in all experiments were male
and aged between 8 and 12 weeks. Genotyping was performed by PCR amplification of
the Gas6 gene from total genomic DNA prepared by phenol-chloroform extraction of ear

punch samples. The nucleotide sequences for the custom Gas6 primers are as follows:
Gas6 sense: 5’-GAGTGCCGTGATTCTGGTC- 3°,
Gas6 antisense: 5’-CCACTAAGGAAACAATAACTG- 3’ and

Gas6 “new”: 5’-ATCTCTCGTGGGATCATT - 3’
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Thermal cycling was performed on a Perkin Elmer GeneAmp PCR System
(2400). The thermal profile was as follows: 2 minutes at 94°C, 35 cycles of: 94°C for 30
sec, 57°C for 30 sec and 72°C for 30 sec followed by a final incubation at 72°C for 10
minutes. PCR amplified DNA was resolved on ethidium bromide stained 1% Agarose
gels (Invitrogen). A single band that migrates at 500 base pairs (bp) corresponds to a WT
mouse, while a single band of 350 bp corresponded to a Gas6™ mouse. In heterozygous

mice, both bands are present.

Venous Thrombosis Model

The ferric chloride (FeCls) model of venous thrombosis was used as previously
described [196, 198, 208]. Mice were anesthetised by inhalational isoflurane and placed
in the supine position on a heating pad set to 37°C. Following a midline laparotomy, the
intestines were exteriorized and placed to the left of the animal. A piece of gauze soaked
in physiological saline was placed over the intestines in order to prevent desiccation. A
section of IVC between the renal and left common illiac veins was cleared and separated
from the adjacent section of aorta by dissection. A piece of Whatman filter paper (2.0 X
4.0 mm) was presaturated in a solution of 0.37M FeCl; in water and placed on the surface
of the IVC such that the top of the filter paper was directly below the renal vein. The
filter paper remained on the adventitial surface of the IVC for 3 minutes and was then
removed and thrombus formation was allowed to proceed. 30 minutes following the
initial application of filter paper, the thrombus alone or the entire section of IVC was

removed for downstream processing. When the thrombus was to be weighed, it was
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dissected out directly from the IVC in the mouse, and blotted dry before weighing. In
most cases after the recording of weight, thrombi were placed in 200 pl of 100 mM TRIS
buffer (pH 7.5) supplemented with 400 pug proteinase K for overnight digestion at 50°C.
The following morning, total thrombus protein content was measured by reading the
optical densities of solutions at 280 nm [208]. Blank readings were taken as the TRIS

buffer and proteinase K alone.

Bone Marrow Transplantation (BMT) Model

A BMT protocol has previously been optimized to maximize both animal survival
and ablation of recipient marrow in C57BL/6 mice [209]. All recipient mice received a
total body radiation dose of 12.0 Gy (2 doses of 6.0 Gy with a 4 hour interval). Recipient
mice were anesthetised by intraperitoneal (i.p) injection of rodent cocktail (ketamine,
xylazine, acepromazine) at a dose of 300 ul/25 g prior to each exposure. Following each
exposure, mice were kept under a heating lamp for roughly 3 hours and were given i.p
1.0 ml injections of warm saline to aid recovery. Recipient mice were infused with donor
bone marrow cells (BMCs) 24 hours following the second exposure. The isolation of
BMCs was performed under sterile conditions. Donor mice were euthanized for
harvesting of femurs and tibias. These bones were placed in DMEM supplemented with
10% FBS and antibiotics (penicillin/streptomycin) in a Petri dish on ice. The bones were
cut at each end and flushed repeatedly (minimum 15 times) with a DMEM filled insulin
syringe. The flushed marrow suspensions were filtered through a 100 pm cell strainer to

remove cell clumps, pieces of bone and debris and collected in 50 ml falcon tubes and

77



centrifuged at 1500 rpm for 5 minutes. Erythrocytes were removed by resuspending the
pellets in 2.0 ml of red blood cell lysis buffer as per the manufacturer’s instructions. The
cell pellets were washed 3 times in serum free DMEM and reconstituted such that each
300 pl i.v injection would contain 4 X 10° BMCs. Recipient mice were housed in sterile
cages, with antibiotic containing food and allowed 1 month for recovery and hematologic
reconstitution. Success of marrow uptake was determined by Gas6 PCR from DNA
isolated from ear punch samples and peripheral blood cells [210] before and after

transplantation.

Platelet Depletion/Reconstitution Model

To deplete endogenous platelets, mice were injected with rabbit anti-mouse
thrombocyte serum (10 pL) intraperitoneally. Platelet depletion was allowed to proceed
for 4 hours, following which a few microliters of blood was drawn from the saphenous
vein of the animal and collected in EDTA primed Microvettes (Sarstedt). To confirm
successful depletion of platelets, blood samples were analyzed on a Vet abc animal blood
counter (Vet Novations). The average platelet count of mice under baseline conditions is
established [211]. Platelet depletion was considered successful if the total level of
circulating platelets decreased below 140,000 platelets per microliter of blood according
to the manufacturer of the blood counter. Mice were then re-infused with platelets
collected from a donor mouse. For preparation of plasma rich platelet (PRP), blood was
collected by cardiac puncture in syringes primed with collection buffer (38 mM citric

acid, 75 mM trisodium citrate, 100 mM dextrose) from a donor mouse. Approximately
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1.0 mL of blood was collected from each donor mouse. The blood was then diluted in one
volume of wash buffer (150 mM NaCl, 20 mM PIPES, pH 6.5) and centrifuged for 7
minutes at 60 g. The PRP was collected and centrifuged for an additional 10 minutes at
70 g. The supernatant was removed and platelets were resuspended in Walsh’s buffer
(137 mM NaCl, 20 mM PIPES, 5.6 mM dextrose, 1 g/l BSA, I mM MgCl,, 2.7 mM
KCl, 3.3 mM NaH,PO4, pH 7.4). The entire amount of PRP from a donor mouse was
injected into a single recipient via tail vein injection. 10 minutes following the re-infusion
of platelets, blood was once again collected via saphenous puncture (opposite leg) and
analyzed by the blood counter. If the new circulating platelet count successfully rose to
levels considered normal (140-600 X 10° platelets per microliter of blood) we proceeded

to challenge the mice with FeCl;.

Immunofluorescence microscopy

The venous wall with thrombi were removed, fixed in 4% paraformaldehyde for 4 hours
and incubated in PBS +30% sucrose overnight at 4°C. Samples were embedded vertically
in OTC compound (Tissue-tek, Sakura), and serial Sum frozen sections were cut using a
cryostat and transferred onto gelatin-coated slides. Nonspecific binding sites on the
tissues sections were blocked with 10% BSA for 30 minutes at room temperature.
Thereafter, sheep anti-mouse von Willebrand factor (Abcam) followed by an anti-sheep

Alexa Fluor 568-nm (Molecular Probes) secondary antibody and rabbit anti-human
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fibrinogen-FITC (Dako) were used to visualize thrombi in the inferior vena cava. Goat

anti-mouse CD31, anti-mouse a—smooth muscle actin coupled to Cy3 (Dako) or mouse

anti-mouse TF (Santa Cruz) antibodies were applied, followed by appropriate secondary

antibodies, Alexa Fluor anti-goat 488- and anti-mouse 405-nm (Molecular Probes).

Images were acquired with a Leica DM 2000 fluorescent microscope and the Infinity

Capture software. Quantifications of tissue factor positive staining were done using

ImageJ (NIH) by delimiting the signal between luminal side of the endothelial layer and

the outer side of the smooth muscle cell layer.

Endothelial Cell Isolation

Although several methods for the isolation of murine lung endothelial cells
(MLEC) have been described in the literature [212], the protocol we used is as follows.
Mice were euthanized by cervical dislocation and the lungs were harvested and placed in
RPMI containing antibiotics (penicillin/streptomycin). Under sterile conditions the lungs
were cut with scissors into the smallest possible pieces and incubated in RPMI + 0.1%
collagenase A for 1 hour at 37°C. The digested tissue suspensions were then passed
through a 16G syringe 15 times and filtered through 100 pm cell strainers before

centrifugation at 1000 rpm for 5 minutes. The supernatant was removed and the cell
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pellet was resuspended in 10 ml of culture media (50% EGM-2/50% DMEM/F12 + 20%
FBS + P/S) and plated in 75 cm® flasks precoated with 0.1 % gelatine. 24 hours after the
initial plating of cells, the media was changed after white blood cells were displaced by
firmly knocking on the flask. Cells were allowed to grow for 2-4 days until endothelial

cell like colonies appeared.

To begin the immunomagnetic selection, the magnetic beads are washed three
times (10 pl of beads/flask in 1.0 ml PBS+2% FBS) by vortexing and resuspending. To
resuspend the beads, the 15 ml tube was placed in the magnetic holder and allowed to
incubate for 1 minute for the beads to collect at the magnet. PBS was carefully removed
for a total of three washes. The washed beads were resuspended in 160 ul PBS+2% FBS
per 10 ul beads. Then, 10 pl anti-mouse CD102 (ICAM-2) antibody/ 10 ul beads was
added to the suspension. The beads + antibody mixture was placed on a rocking platform
for 2 hours at 4°C. The beads were similarly washed and resuspended in 5.0 ml of culture
media per 10 pl of beads and added to the flask of cells for incubation at 4°C for 1 hour.
On selection day 1, the cells were trypsinized and passed through the magnetic holder
twice. The cells were allowed to incubate and reach confluence once again before being
subjected to the day 2 selection, where they were passed through the magnetic holder but
once. At this point the cells were considered passage 3 and were used for experiments.

Purity of the cultured cells was assessed by morphology.

Tissue Factor Activity Assay on Endothelial Cell Monolayers
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The following protocol was used as described in [213]. Cells were seeded in 24-
well, gelatine (0.1%) coated plates at a density of 1.0 X 10° cells per ml of media (50%
EGM-2/50% DMEM/F12). 24 hours following the seeding of cells, the monolayers were
washed twice in wash buffer (10.0 mM HEPES, 0.15 M NaCl, 4.0 mM KCI, 11.0 mM
dextrose, pH 7.5) and then overlayed with 250 ul of assay buffer (10.0 mM HEPES, 0.15
M NaCl, 4.0 mM KCI, 11.0 mM dextrose, 5.0 mM CaCl,, 1.0 mg/ml BSA, pH 7.5)
supplemented with 10.0 nM fVIla. The cell monolayers were placed at 37°C for 5
minutes to allow TF:fVIla complex formation. 175 nM fX was then added to each well
and incubated at 37°C for 1 hour. The reaction was stopped by placing a 25 pl aliquot of
the reaction mixture into 50 pl of stop buffer (TBS containing 1 mg/ml BSA and 10.0
mM EDTA). 50 ul of the stopped reaction mixture was mixed with 50 pl of chromogenic
substrate S-2765 (1.7 mM). The plate was immediately placed in a microplate reader. The
reaction was monitored by a 15 minute kinetic assay at 405 nm. The final rate of
substrate cleavage values (Viax) were converted to the amount of fXa generated per
minutes with reference to a standard curve constructed from serial dilutions of a stock

solution of 1.0 png/ml fXa (18).

Quantitative RT-PCR

Endothelial cells were seeded in 100 mm dishes and grown to confluence in 50%

EGM-2/50% DMEM/F12 + 20% FBS. Cells were washed twice with PBS and incubated
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overnight in low serum free media (EBM). They were then challenged with 1.5U/ml
human thrombin for 4 hours. RNA was harvested using an RNeasy Mini Kit (Qiagen) as
per the manufacturer’s instructions with a DNA removal step. Total RNA was quantified
using a ND-1000 Nanodrop spectrophotometer (Nanadrop). 1.0 ng of total RNA was
reverse transcribed with a QuantiTect Reverse Transcription kit (Qiagen) as per the
manufacturer’s instructions. Finally, 2.0 ul of a 1:80 dilution of cDNA was mixed with
appropriate primers and SYBR green master mix. Thermal cycling was performed with a
7500 Fast Real Time PCR System from Applied Biosystems. The thermal profile was as
follows: Holding Stage: 95°C for 20 seconds, Cycling stage: 40 cycles of 95°C for 15
seconds and 60°C for 1 minute. Amplification of TF mRNA was normalized to levels of
endogenous 18s rRNA (Applied Biosystems). The primers sequences for murine TF are

as follows:

mTF Forward: 5’-CTCCTCCTCCAGGTGATCG-3’ and
mTF Reverse: 5’-GGGTTGCCACTCCAAAATTG-3’ [214]

Data was calculated using the ACt method.

TF activity assay on IVC containing thrombus

This assay has been described in detail for use on mouse carotid artery
homogenates [51, 215] and was adapted for use in IVC samples. Following FeCl; injury

as described above, the IVC containing thrombus (between the renal and left common
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illiac veins), was removed and immediately frozen in liquid-N, until processing. For
homogenization, the liquid-N; frozen IVC samples were placed in Teflon capsules with a
pestle (both liquid-N, chilled) and ground to power by placing the capsule in a Vari-Mix
IIT homogenizer (Caulk/Dentsply) set to maximum speed for 20 seconds. Tissue powder
was collected and resuspended in 200 pl of 50 mM TRIS, pH 8.0. The samples were
diluted 1:3 in TRIS and placed on ice until assayed. In 96-well plates, 30 pl of dilute
homogenate was mixed with 90 ul of TRIS buffered saline containing 1 mg/ml BSA, 3.0
nM human fVIIa, 100 nM human fX, 8.3 mM CaCl, and 0.33 mM S-2765). The reaction
was allowed to proceed for 45 minutes at 37°C. The reaction was stopped by the addition
of 50 pul of 50% acetic acid and changes in optical density (relative to a blank sample) at
405 nm were measured in a micro plate reader (SpectraMax Plus 384, Molecular
Devices). The endpoint OD-405 values were converted to amount of TF in solution with
a standard curve constructed from serial dilutions of a solution of lipidated recombinant

TF (American Diagnostica).

Activated Protein C (APC) Assay

Endothelial cells were isolated and grown as described above. Cells were seeded
in 0.1% gelatine coated 6-well culture plates and grown to confluence, at which point
they were washed twice with Hank’s Balanced salt solution (HBSS) supplemented with
3.0 mM CaCl,, 0.6 mM MgCl, and 0.5% human serum albumin. The washed monolayers
were then overlayed with HBSS containing 100 nM protein C and 10.0 nM thrombin.

Plates were incubated for 30 minutes at 37°C. The reaction was stopped by the addition

84



of antithrombin (AT) (100 nM final concentration) and EDTA (0.4 M final). It was
necessary to add AT to the reaction because thrombin is capable of cleaving the
chromogenic substrate S-2236 and would produce false positive signals when trying to
measure APC levels alone. The plates were incubated at room temperature on a gentle
shaker for 10 min. 50 pl of the stopped reaction mixture was placed in wells of 96-well
plate. To each well, 50 pl of a solution of S-2366 in ECA buffer (20.0 mM HEPES, 150
mM NacCl, 5.0 mM CaCl,, pH 7.5) was added and the reaction was read in kinetic mode
at 405 nm for 5 minutes. Standard curves were made from serial dilutions of a solution of

APC in HBSS [216].

Statistical Analysis

Data are presented as mean = SEM. Differences within groups were assessed by one-way
analysis of variance followed by a post-hoc Student Newman-Keuls test. A value of p <

0.05 was considered statistically significant.

2.3 Results

Gas6”" mice are protected against 0.37M FeCl; injury to the IVC.

The authors that originally described the role of Gas6 in thrombus formation used

3 different models to demonstrate the Gas6™ phonotype. These models included ligation
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of the IVC, photochemical denudation of the carotid artery and intravenous injection of
collagen and epinephrine [187]. We opted to use a thrombosis model that had previously
been unused in studying the Gas6” mice. We chose the model of 0.37% FeCl; injury in
the IVC for our experiments because here thrombus formation is dependent on
contributions from both vascular and hematopoietic derived factors [200]. Again, a major
objective of this study was to discern the individual contributions of Gas6 from each of
these compartments. It also seemed necessary to determine whether the same phenotype
would be observed, namely if Gas6” mice were protected against injury by 0.37M FeCl;.
Following vessel injury by 0.37M FeCls, Gas6” mice show an average 69% reduction in
thrombus weight with respect to WT mice (Fig 2-1). This value correlates strongly with
the data obtained by Angelillo-Scherrer ef al. [187]. WT mice subjected to injury by
0.37M FeCl; developed thrombi with a weighted average of 2.9 £ 0.5 mg while thrombi
produced in Gas6”" mice weighed only 0.9 =+ 0.3 mg (n=7, p<0.05). This data
demonstrates another useful and reproducible thrombosis model which can be used to
study thrombosis in the Gas6”™ mice. It effectively allowed us to reproduce the published
phenotype that Gas6™ are protected against experimentally induced venous thrombosis

and allowed us to pursue the experiments that follow.
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Figure 2-1. The Thrombotic Phenotype of Gas6” mice. Gas6”" mice are protected
against thrombosis in the IVC following injury by 0.37M FeCls.

WT mice with a selective ablation of Gas6 in the hematopoietic cell compartment develop

thrombi of intermediate weight.

In order to assess if Gas6 expressed by vascular cells contributed to thrombus
formation separately from the contributions of hematopoietic Gas6, we used a BMT
approach. For BMT experiments, donor mice refer to those which were sacrificed for the
purpose of bone marrow cell isolation from the femurs and tibias, while recipient mice

were those which were subjected to irradiation as described in the methods section. Four

87



groups of mice were generated for this series of experiments. There were two control
groups: WT donor and WT recipient (WT —WT) and Gas6”" donor and Gas6™ recipient
(Gas6”"— Gas6™). Following the one month recovery period, post-irradiation, all
surviving mice appeared healthy and weighed roughly the same as they did pre-
irradiation. Animal survival rates per experiment ranged between 70-75%. The two
experimental groups included Gas6”" donor and WT recipient (Gas6”—WT) and WT
donor and Gas6™ recipient (WT— Gas6” ). The control groups WT—WT and Gas6” —
Gas6”™ were used to verify any possible effects that the BMT protocol might have on
thrombus formation following injury with 0.37M FeCls. It would appear that BMT did
have an overall affect on thrombus weight as thrombi produced in irradiated control
group mice were on average, smaller than those produced in WT or Gas6”" mice that had
not undergone BMT (compare Figures 1 and 2a). Gas6”— Gas6” mice produced clots
weighing 0.317 + 0.08 mg, while WT—WT mice produced clots weighing 2.483 =+
0.392mg. Despite the average thrombus weights being somewhat lower following BMT,
the differences in weight between WT—WT and Gas6”— Gas6” thrombi remained

statistically significant (n=8, p<0.05).

Thrombi developed in Gas6”—>WT mice following FeCls injury weighed less
(1.057 = 0.105 mg) than those in WT—WT mice (n=8, p<0.05), and more than those
from Gas6”— Gas6” mice (n=8, p<0.05) (Fig 2-2B). The partial reduction in thrombus
weight in this experimental group indicated partial protection from FeCl; injury. In
addition, the data lent to the possibility that Gas6 from a source other than the myeloid

compartment (i.e. platelets) is involved in thrombus formation. We hypothesized that the
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venous vasculature represents a potential source of this Gas6. The second experimental
group, WT— Gas6”" mice produced thrombi weighing 1.13 + 0.178 mg, which was
roughly equal to those produced in Gas6”—WT mice suggesting an approximately equal

contribution to thrombus formation from myeloid derived and vascular derived Gas6.

To confirm the trend in thrombus weight observed in the BMT experiments, the
weighed thrombi were placed in a TRIS buffer containing 400 pg of proteinase K and
incubated overnight in a water bath set to 50°C in order to determine the total thrombus
protein content. The following morning the samples were briefly centrifuged and the
optical densities (280 nm) of solutions (normalized to buffer with proteinase K alone)
were measured. The average OD-280 from Gas6”— Gas6”™ thrombi was 0.652 + 0.12
and those from WT—WT thrombi measured 1.5 + 0.127. The differences in OD between
these control groups is statistically significant (n=8, p<0.05). In addition, ODs from
Gas6”—>WT thrombi (0.929 £ 0.0748) were statistically smaller than WT—-WT (n=8,
p<0.05) but not statistically bigger than clots from Gas6”— Gas6” mice (n=8, p<0.1)
(Fig 2-2C). The OD values from experimental group WT— Gas6” measured 1.11 + 0.04.
This value was statistically significant compared to Gas6” —Gas6”, but not to WT—

WT.

The cumulative data from BMT experiments suggest that the contribution by
Gas6 to thrombus formation comes from both myeloid and vascular derived sources. To
verify the success of bone marrow cell uptake in each transplanted animal, DNA was

extracted from both ear punch samples and blood (saphenous vein) before and after
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BMT. A representative experiment is shown in Figure 2-2A. Comparing lanes 2 and 3

shows a strong Gas6™~ signal in the blood (lane 3) of a WT recipient post-irradiation (lane

2).
A
Mouse 1 Mouse 2
1 2 3 4 5 6 7 8 9
500bp , - WT y
350bp —» gasé

90



W

w

P " '|'

N
w
.

\*
!

=
L

Thrombus Weight {(mg)
o
*

o
w

|

GasB-[—GasbB-/- GasB-f- -WT WT— Gasb-/- WT-WT

o

1.8

16 1 *kk 4 -|-
1.4 -

1.2 4

*HE

0.8
0.6 -
0.4 -
0.2 -

0D-280
_'

GasbB-/-—Gasb-/- Gasb-/- -WT WT— Gas6-/- WT—WT

Figure 2-2. Bone Marrow Transplantation Experiments. (A) Representative agarose
gel showing genotyping of blood and ear tissue before and after BMT. (B) Mice with a
selective ablation of Gas6 in the hematopoietic or vascular compartment develop thrombi
of intermediate weight following injury by FeCl;. (C) Total protein content of thrombi
confirms the trend observed in thrombus weight.
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The Contribution of Platelet and Vascular Derived Gas6 to Thrombus Formation in vivo

Our BMT experiments yielded results that offer the possibility that the thrombotic
phenotype of the Gas6”™ mice is the result of more than a defect in platelet signalling,
which is the only existing scientific evidence to explain this phenomenon thus far [187].
We therefore sought to evaluate the contributions of vascular versus of platelet derived
Gas6 in thrombus formation, which in contrast to the BMT experiments described above
involved contributions by all bone marrow derived cells. To address this issue, we
utilized a platelet depletion/reconstitution model to examine thrombus formation in vivo
in different cohorts of mice (WT—WT, Gas6”—WT, WT—Gas6” and Gas6” —Gas6™")
that were challenged with 0.37 M FeCls in the IVC. Here we use the same donor —
recipient notation but a donor mouse in these experiments is one sacrificed for collection
of PRP, while a recipient mouse is one that underwent platelet depletion and re-infusion.
WT and Gas6” mice were successfully rendered thrombocytopenic by injection of a
rabbit anti-mouse thrombocyte serum and reconstituted with donor PRP as described in
methods. After induction of thrombosis in the [IVC, thrombus weight was evaluated in the
4 groups of mice. We found that chimeric mice (WT mice with Gas6™ platelets or Gas6™
mice with WT platelets) developed thrombi of intermediate size (0.82 £ 0.15 mg or 0.78
+ .13 mg, respectively) when compared to the control WT—WT (2.35 £ .32 mg) and
Gas6”—Gas6”™ mice (0.35 = 0.09 mg). Gas6”—>WT and WT—Gas6™ produced

significantly smaller thrombi than WT—WT (n=4-5, p<0.05) (Figure 2-3A).
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As with our BMT experiments, the thrombi produced in mice that had undergone
platelet depletion and reconstitution were digested overnight for measurement of total
thrombus protein content. These data are confirmatory and display the trend observed in
thrombus weight. OD-280 from thrombi generated in Gas6”—Gas6™ mice was 0.145 +
0.0175 which was significantly lower than the values from WT—WT which was 0.88 +
0.128 (n=4, p<0.05). As expected, the OD-280 values produced from the thrombi of
chimeric mice were intermediate to those of the controls. OD-280 values for Gas6™
—WT thrombi were 0.41 % 0.034 and for WT—Gas6™" , the values were 0.36 + 0.032, a

significant increase from Gas6”—Gas6™ samples (p<0.05, n=4-5) (Fig.2-3B).
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Figure 2-3. Platelet Depletion and Reconstitution Experiments. (A) Thrombus weight
in mice that have undergone platelet depletion/reconstitution. Chimeric mice produced
thrombi of intermediate size with respect to either control group following FeCls injury.
(B) Thrombus protein content confirms the trend observed by thrombus weight. (C)
Platelet count in WT (white) and Gas6™ (black) mice depleted following injection of the
anti-thrombocyte serum. Following reinfusion with PRP platelet levels rose again to
physiological levels.

Vascular TF upregulation is blunted in Gas6” mice

Up to this point, we have described by two individual models that Gas6 from the
vascular wall contributes to thrombogenesis. To understand possible molecular
mechanisms that underlie this phenomenon, we began by observing the effect of vascular

Gas6 on TF expression. We hypothesized that vascular Gas6, being prothrombotic, would
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promote TF upregulation in the vessel wall thereby contributing to thrombogenesis. We
observed TF expression in the inferior vena cava (IVC) by immunofluorescence
microscopy and by a specific functional assay. Under baseline conditions the
endothelium from the IVCs of WT and Gas6™ mice display nearly undetectable levels of
TF. When the vessels were injured with 0.37M FeCl; (following platelet depletion and
reconstitution), TF is robustly upregulated on the WT vasculature. The same cannot be
said in Gas6™ mice, where TF induction was blunted (Figure 2-4A). Endothelial cells in
cross-section were located by an antibody against PECAM-1, a known marker of the cell

type [217].

To assess the functional pool of TF in the IVC following FeCls injury, sections of
IVC between the renal and illiac veins were removed, immediately placed in liquid N,
and stored until ready to assay, when they were homogenized as described in the methods
section. IVC homogenates were tested for TF activity by a specific functional assay. The
OD values obtained were converted to pM TF by a standard curve constructed by serial
dilutions of a solution of a lipidated recombinant TF. Here we show that Gas6™”
homogenates of the IVC contain significantly less TF (33.8 £ 2.74 pM TF) than those

from WT mice (61.9 + 6.04 pM TF) (Fig 2-4B).
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Figure 2-4. TF induction in the IVC during thrombosis. (A) TF antigen is expressed
on vascular cells following injury by 0.37 M FeCl;. Following platelet depletion and
reconstitution, TF induction is blunted in the IVC of Gas6”—Gas6” mice. Tissue
sections were triple stained for TF (blue), PECAM-1 (green) and a-smooth muscle actin
(red) (B) Homogenates of IVC tissue from Gas6”" mice contain a significantly lower pool
of active TF with respect to WT samples following injury by 0.37 M FeCls.

Gas6” endothelial cells display reduced levels of surface tissue factor activity in vitro.

As supporting evidence for our results obtained in vivo, we sought to evaluate the
ability of Gas6”" endothelial cells to support TF expression and activity in vitro. The
following experiments were performed on endothelial cells harvested from murine lung
tissue. Murine lung endothelial cells (MLEC) were isolated as described in the methods

section. To assess the active pool of surface TF on MLEC, WT and Gas6™ cells were
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plated at equal densities (1 X 10° cells/ml) in 24-well plates. 24 hours after plating, the
cells were washed and assayed as described in methods. WT MLEC generated 0.9 + 1.0
nM fXa/min while Gas6”~ MLEC supported significantly less, 0.047+0.8 nM fXa/min

(n=5 P<0.05) (Fig. 2-5A).

TF mRNA levels were measured following a 4hr incubation with 1.5U/ml human
thrombin. In WT MLEC challenged with human thrombin, TF mRNA was upreguled 5.8

+ 0.66 fold while in Gas6” MLEC upregulation was reduced 2.4 + 0.38 fold (Fig. 2-5B).
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Figure 2-5. In vitro assessment of TF and TM activity. (A) Monolayers of Gas6™
endothelial cells support significantly less TF activity. (B) TF mRNA induction by
thrombin is blunted in Gas6™ endothelial cells. (C) Activated Protein C assays shows that

levels of surface TM are unaffected by the ablation of Gaso6.

Resting Levels of Endothelial Thrombomodulin are Unaffected by Gas6 Ablation

The ablation of Gas6 from MLEC clearly had an effect on the ability of these
cells to support TF expression and activity. We also sought to verify whether surface
levels of thrombomodulin (TM) were different in the two cell strains. As TM is an

established antithrombotic protein, we hypothesized that endothelial ablation of the
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prothrombotic Gas6 would increase surface TM levels, in contrast to TF. When plated at
the same cell density, WT and Gas6”” MLEC displayed identical levels of APC activity

(n=3, p=NS) (Fig 2-5C).

Recombinant Human Gas6 blunts Thrombin Mediated Upregulation of TF in Human

Endothelial Cells

Thrombin (flla) induces TF mRNA, antigen and activity in human endothelial
cells, an observation made in 1985 by Galdal et a/. Human Umbilical Vein Endothelial
Cells (HUVECsS) supported a 2.5 fold induction of TF activity following a 4 hour
incubation with human thrombin [218]. As discussed in Chapter 1 within the context of
Virchow’s triad and the involvement of the vascular wall in the initiation of thrombotic
events, endothelial cells are extremely sensitive to their microenvironment. In one study,
it was observed that the preincubation of HUVECs with different mediators alters the
“set-point” or response capacity to thrombin of these cells. The investigators incubated
HUVECGC: in the presence of various mediators associated with sepsis such as TNF-o and
LPS. When the cells were primed under sepsis like conditions, the ability of a subsequent
dose of thrombin to induce TF expression was blunted [219]. Given these observations,
we hypothesized that Gas6 could also potentially modulate thrombin mediated TF
induction. We hypothesized that Gas6 would amplify the response to thrombin, which is
along the lines of Gas6 amplifying the response of known agonists in platelet signalling

[187]. Although not a significant consideration during the performance of these
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experiments, it is interesting to note that elevated plasma Gas6, like TNF-a and LPS, is

also associated with sepsis [220].

Here, HUVECs were grown on gelatine-coated plates until confluence. At this
point, complete growth medium (EGM-2) was removed, cells were washed twice with
PBS and placed in low serum media (EBM-2 + 0.5% FBS) for 16 hours. The cells were
then treated in the absence or presence of 100 ng/ml recombinant human Gas6 and in the
absence or presence of 1.5 U/ml thrombin. In HUVECs treated with thrombin alone for 2
hours, TF mRNA was induced 29.2 + 2.9 fold. When HUVECSs were first incubated in
the presence of 100 ng/ml Gas6 for 15 minutes, washed and then treated with thrombin,
the effect of thrombin was blunted, inducing TF mRNA by 20.9 + 2.6 (p<0.05) (Fig. 2-
6A). The fact that Gas6 blunted thrombin’s ability to induce TF mRNA expression is
inconsistent with our murine data, both in vivo and in vitro which shows that Gas6
positively contributes to TF expression in endothelial cells. The results obtained here are
more along the lines of those obtained when HUVECs were incubated with the sepsis
associated mediators [219]. This phenomenon could in part be explained by the opposing
effects of Gas6 and thrombin on Akt phosphorylation. It is known that Gas6 induces
rapid phosphorylation of Akt in HUVECs [111]. Thrombin on the other hand has been
observed to inhibit Akt phosphorylation by activation of PKC9 in endothelial cells [221].
Suppression of TF expression has been linked to increased Akt phosphorylation [222]
and this might explain the effect of an acute treatment with Gas6 on thrombin mediated

TF induction.
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These results obtained by qPCR were validated with a TF functional assay as
described in Methods. Untreated HUVECs or those treated with Gas6 alone supported
very little generation of factor Xa (0.0045 + 0.0008 nM/min factor Xa for untreated
versus 0.006 £ 0.003 nM/min factor Xa for Gas6 treated). As expected, when HUVECs
were treated with 1.5 U/ml thrombin for 5.5 hours, this induced a robust induction of TF
activity (0.043 £ 0.0076 nM/min factor Xa) which corresponds to an approximate 10-fold
induction over the untreated cells. Interestingly, despite the fact that Gas6 treatment alone
induced a minor increase in TF activity, when HUVECs were treated with Gas6 for 15
minutes prior to thrombin challenge, the induction of TF activity was blunted (0.026 +
0.007 nM/min fXa). These experiments involved an acute treatment of Gas6 (15
minutes), prior to thrombin stimulation. A series of similar experiments were also
performed whereby the cells were allowed to incubate in the presence of Gas6 for 16
hours (not shown). The results were the same. Even a prolonged exposure to Gas6,
blunted the capacity of thrombin to incuce TF expression in HUVECs. The use of
exogenously added Gas6 to HUVECs represented an alternative approach to explain the
prothrombotic effect of Gas6 on endothelial cells (i.e. TF induction). It should be noted
that this approach is different from the experiments done on MLEC from WT and Gas6™"
mice. This approach or the use of human versus murine cells lines could explain the

discrepancy in the results.
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Figure 2-6. Preconditioning of HUVECs with Gas6 blunts thrombin mediated TF
induction. (A) HUVECs pre-treated with Gas6 for 15 minutes before thrombin challenge
were hyporesponsive to TF mRNA induction. (B) Gas6 also blunts thrombin mediated
upregulation of TF activity.

2.4 Discussion

Venous thromboembolism is a leading cause of morbidity and mortality in the
Western world [105]. The disease risks include, but are not limited to obesity, sepsis,
pregnancy, cancer and chemotherapy [223]. In 2001, the mechanisms underlying a novel
role for the vitamin K-dependent protein Gas6 in thrombus formation were published.
Gas6” mice were shown to be protected from experimentally induced thrombosis. The
observed phenotype was explained by a defect in platelet aggregation and secretion.
Additionally, hemostasis is normal in these mice [187]. A subsequent study by the same
group examined the roles of the Gas6 receptors, Axl, Sky and Mer in platelet
aggregation. Mice with functional losses of any one of these receptors were
phenotypically similar to the Gas6” mouse in terms of thrombogenesis [190]. Taken
together, these observations implicate the possibility of targeting Gas6 for antithrombotic
therapy. Careful examination of the data obtained by Angellio-Scherrer ef al. in the 2001
publication reveals what is arguably a discrepancy between the thrombotic phenotype of
the Gas6”" mice and the platelet defect observed to explain said phenotype. The Gas6™
mice were challenged with various models of thrombosis and were protected against all

of these interventions. The authors also observed, following a series of in vitro
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experiments, that platelets derived from Gas6”" mice are defective in the ability to
completely aggregate and secrete in response to known platelet agonists. Importantly
however, is the fact that Gas6” platelets only failed to aggregate in response to one
agonist, ADP, and at only the concentration of 5.0 uM. It is this specific observation that
lends to the possibility that other mechanisms are involved to explain the thrombotic
phenotype of the Gas6™™ mice. Gas6, in addition to being expressed by murine platelets is
also expressed by cells of the vasculature. As discussed above, the vasculature has a
critical role in thrombus formation and we hypothesized that vascular derived Gas6

contributes to thrombus formation in vivo.

To begin, we sought to a) establish a reproducible model of venous thrombosis in
the laboratory that is dependent on contributions from both the hematopoietic and
vascular compartments and b) reproduce the thrombotic phenotype of the Gas6”" mice.
We chose the 0.37M FeCl; injury model which is dependent on platelets, coagulation
proteins and vascular derived TF for proper thrombus formation [200]. We were able to
successfully reproduce the thrombotic phenotype of the Gas6” mice using this model,
which had up to this point never been used to study this strain of mice (Fig 2-1). The
FeCl; model of vessel injury has traditionally been used in arterial models of thrombosis

but has emerged as applicable for use in veins as well [196-198, 208].

With the model of venous thrombosis firmly established and the thrombotic
phenotype of the Gas6” mice successfully reproduced, we began to explore the

possibility of a contribution by vascular derived Gas6 to thrombus formation in vivo. To
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do this, we used a BMT approach, allowing us to manipulate the genotype of
hematopoietic stem cells and those derived from them. We generated groups of chimeric
mice with selective ablations of Gas6 in either the hematopoietic or vascular
compartments. Our mice were on a C57BL/6 background and were therefore
radioresistant, an important consideration when undertaking these kinds of experiments
[209]. As detailed in the results section, we generated four cohorts of mice. Two control
(WT—WT and Gas6” — Gas6” ’) and two experimental (Gas6'/ "—>WT and WT— Gas6
! ") groups. Following a month long period for recovery and hematologic reconstitution,
the mice in each group were challenged with injury by 0.37M FeCl; for assessment of
thrombus weight. We found that in the two experimental groups, thrombus weights were
intermediate to those obtained in the control groups. These data suggested that Gas6 from
both the vascular and hematopoietic compartments contributed to thrombus formation in
vivo. An obvious weak point of this experiment was that it did not give any indication as
to which vascular and which hematopoietic cells expressing Gas6 are actually
contributing to thrombus formation. Survey of the literature reveals the presence of
hematopoietic cells within thrombi. Following venous thrombosis, an inflammatory
response occurs in both the vein wall and thrombus which leads to thrombus
amplification. Initially there is neutrophil infiltration which is followed by monocytes and
macrophages. This event is facilitated by the action of cytokines, chemokines and
inflammatory factors such as TNF-a [224]. Leukocyte infiltration has also been observed
in arterial thrombi. For example, a recent clinical study found leukocyte infiltration in the
thrombi from patients with acute coronary syndrome (ACS) who suffered from plaque

rupture. These thrombi contained activated neutrophils and macrophages. In addition
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these activated leukocytes stained positively for TF and PAI-1 and thrombus size
correlated with the levels of these antigens, suggesting they contribute to thrombus
propagation [87]. Gas6 expression has also been detected in inflammatory cells such as
macrophages [225]. To answer the question as to whether Gas6 expressing leukocytes
contribute to thrombus propagation will require further research. Furthermore, techniques

that allow for specific manipulation of the leukocytes of interest will be required.

It was necessary to perform additional experiments that would serve to confirm
the results obtained by BMT and verify the individual contributions of Gas6 from both
vascular and hematopoietic origin. We therefore made use of an additional model, one
that allowed focus on the separation of vasculature derived Gas6 and Gas6 from platelets
alone, as the role of Gas6 in platelet activation is established. We established a model of
platelet depletion and reconstitution. Murine platelet depletion models have been useful
in studying pathophysiological conditions such as transfusion-related acute lung injury
[226], thermal injury and cerebral infarct [227] to name a few. Models of platelet
depletion have also been used in larger mammals such as sheep [228] and rabbits [229].
In our experiments, recipient mice were rendered thrombocytopenic by i.p injection of a
rabbit anti-mouse thrombocyte serum. Whole blood was collected from donor mice and
PRP was prepared. The full complement of PRP from a donor mouse was used to
reconstitute the platelets of a single recipient mouse. Following i.v injection of a full
complement of PRP, circulating platelet levels rose to levels in the range considered
normal for mice (i.e. 140-600 X 10° platelets/ pl of blood). As in the BMT experiments,

we similarly generated four cohorts of mice. Following platelet depletion and
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reconstitution and injury by FeCls, the phenotype of the Gas6” mice remained the same.
The thrombi generated in Gas6”— Gas6” mice were significantly smaller than those
generated in the WT — WT mice. In the two chimeric groups, thrombus weight was
intermediate to both control groups, indicating that platelet-derived and vascular-derived
Gas6 contribute to thrombus formation in vivo. The rabbit anti-mouse thrombocyte serum
did have a rather profound effect on overall thrombus weight in these experiments. In
general they were much looser and weighed less than thrombi produced in any other

experiment performed over the course of this study.

We chose to examine TF as a target molecule in our study based on a few
observations. First, the prospect of TF being regulated by Gas6 has been briefly
mentioned [190], but no published data exists to support this statement. Nor were any
model systems described that led the authors to mention this particular observation. The
idea that TF represented a potential downstream target of Gas6 signalling partially lies in
the fact that Gas6 promotes the activation of endothelial cells in an in vivo model [180], a
work showing that Gas6 promotes the upregulation of ICAM-1 and VCAM-1 on
endothelial cells and promotes their interaction with both leukocytes and platelets. Thus,
Gas6 promotes endothelial cell activation and TF is of course, a well established marker
of activated endothelial cells [230]. The present study provides evidence that Gas6
positively regulates TF expression in vivo in murine vascular cells and in vitro in
endothelial cells from murine lung tissue. We propose that this observation could
partially explain the contribution to thrombus formation by vascular derived Gas6 that we

observed in both BMT and platelet depletion and reconstitution experiments. It is
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unlikely that the BMT protocol had any effect on vascular TF and the ability to mount a
coagulation response after FeCls injury. A previous work established that the composition

of TF in the vascular wall is unaltered by BMT [51].

TF plays a key role in several models of thrombosis, including a stasis model
where it is rapidly upregulated [231] and the FeCl; injury model [51]. Our current
understanding of FeCl; induced thrombosis is that it mimics mechanical trauma to a
vessel, causing endothelial cell denudation and collagen exposure. The response to FeCls;
mediated injury will also differ in a vascular bed specific manner as has been recently
reviewed [200]. Here, we demonstrated that TF upregulation occurs on venous
endothelial cells following FeCl; induced thrombosis. By immunofluorscence
microscopy, TF induction is robust on WT endothelial cells following 0.37M FeCl;
injury. Consistent with the study by Tjwa ef al. [180] showing that Gas6 contributes to
activation of the endothelium, we have observed a blunted response to FeCl; injury on
endothelial cells of the Gas6” IVC, which displayed less TF staining. We validated these
observations by assaying the functional pool of TF on homogenates of the IVC that had
undergone FeCl; injury. The homogenates prepared from Gas6” mice supported

significantly less TF activity than those from WT mice.

To add supporting evidence to our results obtained in vivo, that Gas6 is
prothrombotic and promotes TF upregulation, we began the isolation of endothelial cells
from mouse lung tissue for in vitro experiments. By a functional assay, MLECs isolated

from Gas6”™ mice supported significantly less TF activity on their surface. At the level of
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mRNA, thrombin mediated induction TF was significantly reduced in Gas6™ cells
indicating that these cells are hyporesponsive to endothelial activation by thrombin which

is once again consistent with published observations [180].

Unfortunately, these data do not firmly establish the link between vascular Gas6
induced TF expression and thrombus weight. Additional experiments will be required to

prove that vascular Gas6 induced TF supports thrombogenesis in vivo.

An interesting, although somewhat disappointing observation made over the
course of this study was the fact that HUVECs treated with recombinant human Gas6
(rhGas6) had a reduced capacity to mount an activation response to thrombin. When we
pretreated these cells with 100 ng/ml rhGas6 for different time periods, the upregulation
of TF mRNA and protein activity by thrombin was reproducibly blunted. Therefore, we
could not use human cells to support our observations that Gas6 has a prothrombotic
effect on endothelial cells. It could be that, these results are specific to the times of
rhGas6 incubation chosen. Also, we did not attempt siRNA mediated knock-down of
Gas6 in human cells before thrombin challenge. It is also possible that human
endothelium may simply respond differently to Gas6. After all, it is not unheard of for
human and murine endothelial cells to have differing signalling responses to stimuli
[232]. This would seemingly make it even more important to understand the role of Gas6
in platelets and vascular cells in mice if it is to ever one day be targeted for

antithrombotic therapy in humans.
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Gas6 has become known for having roles in other disorders of the hemovascular
system. For example, Gas6 is proatherogenic in both mouse and humans [183, 233], and
has the potential to stimulate erythropoiesis in anaemic patients who have become
hyporesponsive to Epo treatment Unfortunately, over the past decade, little progress has
been made in the advancement of our knowledge of the role of Gas6 in venous
thrombosis. There have been reports that effectively challenge the potential targeting of
platelet derived Gas6 for antithrombotic therapy in humans. An initial supporting finding
was the observation that when incubated with an anti-Gas6 antibody, PRP from humans
is defective in aggregation and secretion in response to ADP and the selective PAR-1
agonist, SFLLRN [191]. Gas6 mRNA was detected in human platelets [187, 234] but
subsequent immunologic analyses of Gas6 in human plasma and platelets challenged this
idea. In one study, Gas6 was detectable in human plasma in the low sub-nanomolar
range, but the same authors failed to detect expression of Gas6 by human platelets and
proposed that that any potential platelet amplifying ability that Gas6 had in humans
would be from Gas6 derived from the circulation [192]. Another finding was that
physiological levels of Gas6 in human plasma from healthy subjects do not influence
platelet activation ex vivo [193]. Further complicating the matter is recent data from
Cosemans et al., who investigated the issue once again as to whether or not human
platelets expression physiologically relevant amounts of Gas6. These authors were able to
detect Gas6 in human platelets at concentrations of 1.0 ug/L. whereas the amount of Gas6
in human plasma was 20 fold higher, and thus the major source of Gas6 in human blood.

The authors attributed their successful detection of platelet Gas6 to more sensitive
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detection methods. It would also seem that the small amounts of platelet Gas6 are stored
in a-granules and become released upon thrombin stimulation. Interestingly, the Gas6
receptor Axl was predominantly found in platelet granules while at rest and at the plasma
membrane following thrombin stimulation. Despite the presence of Gas6 in human
platelets, it was still predominantly plasma derived Gas6 that contributed to human

platelet aggregation and stabilization [235].

In order for the targeting of human Gas6 for antithrombotic therapy to become a
reality, it will become necessary to fully understand the controversial role of blood
derived Gas6 in thrombus formation. Addition sources of Gas6 include the endothelium,
bone marrow, vascular smooth muscle and macrophages. It will also be important to
determine the roles of Gas6 from these additional sources to thrombus formation. The
present work provides evidence that the specific targeting Gas6 derived from the
vasculature represents a potential antithrombotic therapy. Also, targeting of the Gas6
protein itself should not be the only focus in regards to Gas6 and venous thrombosis. It is
also necessary to understand the downstream signaling events that occur in platelets and
vascular cells following stimulation by Gas6. Gas6 binding to TAM receptors on platelets

activates PI3K/Akt[190] which also represents a therapeutic target.

A member of the Forkhead superfamily of transcription factors, FoxO1 has
emerged as a downstream target in Gas6 mediated signaling in endothelial cells [111].
FoxOl is also known for its role in promoting endothelial cell activation and induction of

the adhesion molecule VCAM-1 following stimulation by VEGF [236, 237]. Given that
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Gas6 is also involved in VCAM-1 induction, we derived a hypothesis that Gas6
dependent induction of VCAM-1 is dependent on FoxO1. This hypothesis is explored in

the following chapter.
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Chapter 3:

GAS6 REGULATES THROMBIN MEDIATED
UPREGULATION OF VCAM-I1, A FOXOl1
DEPENDENT GENE

3.1 Forkhead (FOX) Transcription Factors

The first member of the FOX family of transcription factors was identified in
Drosophila and was named fork head. The gene encoded for a nuclear protein involved in
Drosophila embryogenesis [238]. Following the discovery of the first forkhead (FOX)
gene (now classified as FOXA according to contemporary nomenclature), it became
apparent that this family of transcription factors have critical and diverse roles in
developmental processes. The forkhead genes are evolutionarily conserved and have been
identified in organisms ranging from yeasts to humans. The products of the forkhead
genes represent a subgroup of the helix-turn-helix class of proteins and each member
contains the characteristic 100-amino acid winged helix domain [239]. Following the
finding of the first forkhead gene in Drosophila, over 100 members of this gene family
have been identified. The sheer number of gene sequences that have emerged from
numerous laboratories necessitated a strict system of nomenclature to classify these genes

and their encoded proteins. This issue was first raised in 1998 at the first international
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meeting on Forkhead/Winged Helix Proteins. FOX family classification has since

undergone some revision.

In addition to the conserved winged helix domain, FOX family proteins contain
transactivation or transrepression domains that are highly divergent. Phylogenetic
analysis currently reveals 17 subclasses for all known FOX proteins. The phylogenetic
tree continues to be updated. Each subclass is designated by a letter (A-Q) and within
each subclass individual proteins are designated by an Arabic numeral (i.e. FoxOl).
Interestingly, the number of FOX proteins has increased over the course of evolution as
more of them are expressed in vertebrates than invertebrates. The chromosomal locations
of the FOX genes are not random. Eight clusters of FOX genes have been identified in
the human genome, with at least an additional 20 genes scattered throughout. In humans,
FOX genes are necessary for proper formation of a number of different organs and
mutations in certain FOX genes can manifest as serious clinical conditions, such as

severe T-cell immunodeficiency and impaired intellectual development [239, 240].

3.2 The FoxO Subclass

A rather well established characteristic of the O-class of FOX proteins is their
involvement in the insulin/PI3K/Akt signaling pathway. Mammals express four different
forms of the FoxO family of transcription factors. They are FoxO1, FoxO3, FoxO4 and

FoxO6. For the sake of completion, FoxO2 is identical to FoxO3 and FoxOS5 has been
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assigned as the fish ortholog of FoxO3. The FOXO genes were first identified in humans.
The family members FoxOl, FoxO3 and FoxO4 were found at chromosomal
translocations in patients diagnosed with rhabdomyosarcomas and acute myeloid
leukemias [241]. With the exception of FoxO6, the FoxO isoforms are known

downstream targets of the PI3K/Akt signaling pathway (Fig 3-1).

Transactivation domain
NES

FoxO1 1- -655

iz
—
(2]

T24

132

FoxO3 1- -673

T28 5193 5258

Fox04 1- -505

Figure 3-1. Mammalian FoxO proteins. Depicted are the conserved Akt
phosphorylation sites, Forkhead domains, and nuclear localization signals (NLS) and
nuclear export signals (NES) [242].

Akt phosphorylates FoxO isoforms at specific sites following growth factor
stimulation of the cell. Phosphorylation of FoxO transcription factors results in their
translocation from the nucleus to the cytoplasm, thereby inhibiting their transcriptional
activity. While the PI3K/Akt system is the major regulator of FoxO activity, it is broadly
accepted that the FoxO transcription factors are a convergence point of various signaling

cascades that result from either growth factor stimulation or oxidative stress. Other
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known intracellular regulators of FoxO function include JNK [243], Erk [244] and Sirtl
[245, 246]. FoxO transcription factors are subject to a number of post-translational
modifications that influence their activity. In addition to phosphorylation, these include
acetylation, and mono- or polyubiquitination. These modifications affect the subcellular
localization, stability, DNA binding capacity and transcriptional activity of FoxO
proteins. FoxO transcription factors regulate genes involved in glucose metabolism, cell
cycle arrest, apoptosis, differentiation and DNA repair. For example, FOXOs initiate
apoptosis by initiating transcription of FasL, the ligand for the Fas-dependent cell death
pathway [247]. They can also initiate cell cycle arrest through the upregulation of p27*
or GADD45. FOXOs are involved in cell stress resistance through the upregulation of
two enzymes involved in the detoxification of reactive oxygen species, MnSOD and

catalase. The upregulation of GADD45, along with DDB1 also implies a role for FOXOs

in mediating the repair of damaged DNA [241].

Different model organisms have been used to elucidate the functions of FoxO
transcription factors within the context of the organism as a whole. Invertebrate models
such as Caenorhabditis elegans and Drosophila melanogaster each express only one
isoform of FoxO (named DAF-16 and dFoxO, respectively). From these models we have
learned about the importance of FoxO factors in organismal metabolism and lifespan. It
seems that in worms, DAF-16 regulates the production of hormones that coordinate the
metabolism and lifespan of a number of tissues within the organism. Consistent results
were observed in flies overexpressing dFoxO, revealing the critical roles for FoxO factors

in metabolism and longevity [245].
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Mammals express the aforementioned isoforms of the FoxO transcription factors,
and they display complementary and overlapping functions during development and
within adult tissues. In adult mice and humans, the expression pattern of FoxOl is
similar, with levels being highest in adipose tissue, the uterus, ovaries and lowest in

skeletal muscle and the spleen [245].

3.3 Regulation of FoxO Transcription Factors

The master regulator of mammalian FoxO proteins is Akt. The first evidence that
Akt regulates mammalian FoxO proteins was published in 1999 [248]. The study focused
on FoxO3 and showed that Akt can phosphorylate FoxO3 at all predicted sites both in
vivo and in vitro and that this event resulted in nuclear exclusion of the protein. Another
important finding from this work was the identification of the participation of nuclear
export enzyme 14-3-3 [249], a now established facilitator of FoxO3 shuttling.
Subsequently, we learned that Akt does in fact phosphorylate and similarly regulate both
FoxO4 [250] and FoxOl [251]. The three regulatory Akt phosphorylation sites are
present among all mammalian FoxO proteins (except FoxO6, which only has 2) and are
evolutionally conserved. The phosphorylated residues on FoxO proteins serve as docking
sites for 14-3-3. In regards to FoxO1, these phosphorylation sites are Thr-24, Ser-256 and

Ser-319 [242].
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3.4 The Pleiotropic Effects of FoxO Factors on Endothelial Cell

Biology

Within endothelial cells, FoxO1 and FoxO3 are the predominantly expressed
isoforms [252]. FoxO transcription factors have been demonstrated as having important
roles in endothelial cell biology. For example, it has been observed that FoxO factors
have anti-angiogenic properties. The proliferation and migration of endothelial cells is
attenuated by FoxO factors. Paik et al. have demonstrated through deletion of FoxOl,
FoxO3 and FoxO4 in mice causes overproliferation of endothelial cells, resulting in
hemangioma formation and premature death of the animal [253]. Potente ef al. showed
FoxO transcription factors have a suppressive effect on endothelial nitric oxide synthase
(eNOS) expression [252], whereas they promote the expression of the inducible NOS
(INOS) in response to oxidative stress. The fact that FOXOs have these effects on
endothelial NO production implicated a role in endothelial dysfunction considered as
conducive to the development of atherosclerosis. It has recently been confirmed that the
deletion of the three FOXO isoforms in endothelial cells protects mice from vascular

dysfunction and atherosclerosis [254].

FOXOs are involved in regulation of endothelial cell apoptosis in different ways.
FoxO1 mediates the protective effects exerted on endothelium by Endothelin-1 (ET-1).
ET-1 promotes the phosphorylation and nuclear exclusion of FoxO1 downstream of

PI3K/Akt [255]. FoxO3 has the ability to induce endothelial cell apoptosis through the
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activation of matrix metalloproteinases (MMPs). The overexpression of FoxO3 induced
the production of endothelial MMP-3 and detachment from the underlying matrix [256].
In endothelial cells, FOXO factors regulate the expression of known mediators of

apoptosis and cell survival such as BCL-2, BAD, BAX and BAK [255].

3.5 Regulation of VCAM-1

3.5.1 VCAM-1

Vascular adhesion molecule-1 (VCAM-1) is a 110 kDa glycoprotein expressed by
activated endothelium. The VCAM-1 promoter was originally cloned and characterized
in cultured endothelial cells and has been valuable in understanding the molecular
mechanisms that underlie endothelial cell activation following treatment with thrombin
[257, 258]. The overall function of VCAM-1 in vivo is in immune surveillance and
inflammation where it mediates leukocyte recruitment in a number of diseases. VCAM-1
is induced by cytokines, reactive oxygen species, turbulent shear stress, high levels of
glucose and by microbial products. The VCAM-1 promoter has binding sites for NF-«xB,
SP-1 and AP-1, to name a few. VCAM-1 mediates the transendothelial migration of
leukocytes, which is a three step process. The first step is low affinity rolling of
leukocytes on the endothelium which is followed by leukocyte arrest by high affinity
binding. Leukocytes then transmigrate through the endothelial cell layer. The expression
of VCAM-1 carries importance with respect to cardiovascular diseases. For example, it is

the first adhesion molecule expressed before the development of an atherosclerotic
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plaque [259]. A role for VCAM-1 in the pathogenesis of venous thrombosis has been
proposed. Elevated levels of the soluble form of VCAM-1 have been detected in the
serum of patients with venous thrombosis [260]. However, it is not yet clear what this

relationship entails [261].

3.5.2 Regulation by Thrombin

The serine protease thrombin is involved in blood coagulation, cell proliferation
and inflammation. Stimulation by thrombin induces the expression of several genes in
cultured endothelial cells via the Protease-Activated Receptors (PARs) [262]. Over a
decade has passed since we learned that thrombin mediates the induction of VCAM-1
antigen and promoter activity in cultured endothelium. Downstream of PAR activation,
some of the signalling pathways involved in VCAM-1 induction include PI3K, PKC and

p38 MAPK [257].

3.5.3 Regulation by FoxO1

In 2006, a novel class of FoxOl responsive genes was identified in endothelial
cells. The treatment of endothelial cells with VEGF induced phosphorylation of FoxO

transcription factors via the PI3K/Akt pathway. As predicted, VEGF treatment also
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resulted in nuclear exclusion of FoxO proteins and the inactivation of their transcriptional

activity. The known FoxO target gene, p27kipl

was downregulated and cells entered a
state of increased proliferation [263]. Abid et al. have identified a subset of VEGF
responsive genes that are FoxO1-dependent, while falling outside the classical pathway
of FoxO mediated gene regulation as discussed above. To demonstrate this phenomenon,
they used tools that allowed for the modulation of the levels of endogenous FoxOl.
Adenoviral constructs were designed for endothelial cell transduction in order to
overexpress either WT FoxO1 or a constitutively active mutant form of the protein. This
triple mutant (TM) is characterized by 3 point mutations (T24A, S256A and S315A) that

abolish the phosphorylation sites. The TM is therefore not receptive to nuclear exclusion.

Endogenous FoxO1 levels were also manipulated by siRNA mediated knock down.

The VEGF-responsive genes that depended on FoxOl1 activity were divided into
two classes from data obtained using the above techniques in combination with
microarray analysis. These classes were defined as follows. Class I genes belong to the
so-called “classic” pathway, meaning their expression is repressed following nuclear
exclusion of FoxO1. The new Class II genes are induced by VEGF and depend not only
on initial nuclear exclusion of FoxO1 but on an additional event where FoxOl1 re-enters
the nucleus and interacts with other transcription factors (Fig. 3-2). The nuclear re-entry
and partner binding induces the VEGF-dependent gene expression. Among the Class I
genes were BTG-1, GADDA45A and p27""" that demonstrated the classic agonist (VEGF)
mediated inhibition of expression. The Class II genes were found to be highly induced by

VEGEF in the TM-FoxOl1 containing cells. In addition, the use of siRNA directed against
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FoxOl, inhibited VEGF mediated induction of genes in this second class. The Class II
genes included bone morphogenic protein 2 (BMP2), endothelial specific molecule-1
(ESM-1), decay accelerating factor (DAF) and matrix metalloproteinase 10 (MMP-10).

VCAM-1 was identified as a Class II, FoxO1 dependent gene as well [237].
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Figure 3-2. Regulation of Class I and Class II FoxO1 Dependent gene expression.
(Left) Class I FoxO1 (FKHR) dependent genes are regulated by the so-called ‘classic’
pathway whereby agonist (VEGF) binding at the cell surface activates PI3K-Atk and
subsequent nuclear exclusion of FoxOl1, shutting gene expression off. (Right) In the
Class II pathway, the same initial events resulting in FoxO1 nuclear exclusion occur. This
is followed by a second event involving FoxO1 returning to the nucleus and interacting
with an additional non-FoxO1 transcription factor to turn on expression of the Class II
gene [237].

3.5.4 Regulation by Gas6
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As was discussed in the preceding chapter, Gas6”" endothelial cells have lower
responsiveness to activation. This was first demonstrated both in vivo and in vitro by
Tjwa et al. [180], who showed that the expression of the endothelial cell activation
markers ICAM-1 and VCAM-1 were blunted in the absence of Gas6. In addition to
adhesion molecules, TNF-a challenged endothelial cells express the inflammatory
cytokines IL-1B and IL-6. This phenomenon was also blunted by Gas6 ablation.
Therefore, endothelial cell activation and optimal expression of VCAM-1 following

inflammatory stimulus is dependent on Gas6 [180].

To consolidate thus far, regulation of the thrombin inducible gene VCAM-1 in
endothelial cells is dependent on both FoxO1 following growth factor stimulus (VEGF)

[237] and Gas6 following inflammatory stimulus (TNF-a) [180].

3.6 Gas6 Regulation of FoxO1

Our lab has identified a role for FoxOl1 in the protection from apoptosis by Gas6.
Prior to this, the activation of the PI3K/Akt system downstream of Axl had already been
known to be involved in Gas6 mediated protection from apoptosis [131, 264]. When this
observation was coupled with the established role of VEGF and PI3K/Akt in mediating
FoxO1 dependent cell survival, a logical hypothesis was derived. It was predicted that
protection from apoptosis by Gas6 is mediated in part by FoxOl transcriptional

inactivation downstream of PI3K/Akt. The hypothesis indeed proved correct. Gas6 was
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shown to induce time-dependent phosphorylation of FoxO1 in an Akt dependent manner.
The importance of the involvement of Akt in mediating this phosphorylation event was
revealed by experiments with the PI3K inhibitor Wortmannin. As predicted by the
phosphorylation data, Gas6 treatment also resulted in nuclear exclusion of FoxOl in a
PI3K dependent manner. Endothelial cell survival experiments showed that the anti-
apoptotic effects of Gas6 are dependent on phosphorylation and subsequent nuclear

exclusion of FoxO1 [111].

In summary, expression of VCAM-1 in endothelial cells is regulated by both
FoxO1l and Gas6. In addition, Gas6 regulates FoxOl activity. Together, these
observations led to the formulation of the hypothesis that the ability of Gas6 to promote

endothelial cell activation/VCAM-1 induction is mediated in part by FoxOl.

The work presented within this chapter serves as a beginning point in describing
the signaling molecules involved in the ability of Gas6 to mediate endothelial activation
and induction of VCAM-1. Our rationale for having chosen FoxO1 as likely being
involved has been described above. We hypothesize that Gas6 modulates thrombin

mediated induction of VCAM-1 via FoxOl.

3.7 Methods
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Reagents

Antibodies directed against FoxO1, pFoxO1, and histone H3 were from Cell
Signalling. Antibodies directed against GAPDH and B-actin were from Santacruz. 4-15%
gradient gels for SDS-PAGE and nitrocellulose membranes were supplied by Bio-Rad.
Dharmafect 4 reagent, short interfering (si) RNA for mouse FoxO1 and the non targeting
sequence were from Dharmacon. EBM-2, EGM-2, DMEM/F12, FBS,
Penecillin/Streptomycin were from Wisent. FAST SYBR Green Master Mix and 16S
ribosomal RNA control reagents were from Applied Biosystems. RNeasy mini Kkit,

Qiashredders and Quantitect Reverse Transcription Kit were supplied by Qiagen.

Isolation and Propagation of Endothelial Cells

Endothelial cells from WT and Gas6” mouse lung tissue were isolated and
propagated in culture as described in detail in Chapter 2. For all experiments, endothelial
cells were used between passages 3 and 4. For all experiments, complete media was
removed, confluent cells were washed twice with PBS and subjected to overnight serum
starvation by culturing in EBM. Cells were then treated with 1.5U/ml human thrombin

for the indicated time points, depending on the particular experiment.

Protein Lysate Preparation and SDS-PAGE
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Cells were washed twice with ice-cold PBS and lysed with 100 ul of whole cell
lysis buffer [SOmM Tris-HCI (pH 7.5), 150mM NaCl, 50mM NaF, 0.1mM EDTA (pH
8.0), 1% Igepal] supplemented with 1M DTT, 100mM Na3;VO4 and Complete Protease
Inhibitor Cocktail (Roche). Whole cell lysates were collected by scraping and centrifuged
for 15-20 minutes at 16,000 X g in a Beckman Centrifuge cooled to 4°C. The
supernatants were quantified for protein content by the Bradford assay (Bio-Rad). For
Thrombin induced FoxO1l phosphorylation and siRNA mediated knock-down
experiments, 100 pg of protein was separated by 10% SDS-PAGE and transferred to
nitrocellulose membranes (Bio-Rad). Western Blot analysis was performed with the
following antibodies and dilutions: anti-FoxO1 (1:200), anti-pFoxO1 (1:200), anti-

GAPDH (1:1000), anti-H3 (1:2000) and anti-B-actin (1:1000).

Cellular Fractionation

Separation of cytoplasmic and nuclear fractions was carried out using a modified
version of a protocol developed by PANOMICS. Cells were washed twice with ice-cold
PBS. Cell monolayers were overlayed with 100 pl of Buffer A [10 mM HEPES (pH 7.9),
10mM KCI, 10mM EDTA] supplemented with 100 mM DTT, Complete Protease
Inhibitor Cocktail and 40 pl of 10% IGEPAL/ ml of buffer. The cells overlayed with
Buffer A were placed on ice and shaken on a rocking platform for 10 minutes at 150 rpm.
Cells were then collected by scraping and centrifuged at 15,000 X g for 3 minutes at 4°C.
The supernatant was collected as the cytoplasmic fraction and stored at -80°C until use.

The pellets were resuspended (by vortexing) in 50 ul of Buffer B [20 mM HEPES (pH
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7.9), 0.4M NaCl, ImM EDTA, 10% Glycerol] supplemented with the same protease
inhibitors as Buffer A. At this point the resuspended pellets in eppendorf tubes were
placed horizontally on ice and placed on a rocking platform for 2 hours. A final
centrifuge step was then performed: 1500 x g for 5 minutes at 4°C. The supernatant was
collected as the nuclear fraction. Cytoplasmic and nuclear fractions were quantified by
the Bradford assay. 10 pg of protein was loaded onto 4-15% gradient gels (Bio-Rad) for

SDS-PAGE analysis.

siRNA-mediated knock-down of FoxO1

WT MLEC were seeded in 6-well, gelatine coated plates and incubated in media
containing 50% EGM-2 and 50% DMEM/F12 + 20% FBS. No antibiotics were present
for knock-down experiments as suggested by the manufacturer. When the cells reached
confluence, they were treated with 100 nM siRNA against murine FoxOl or a non-
targeting sequence according to the manufacturer’s protocol. Non-transfected control
samples were prepared as well. The cells in transfection medium were allowed to
incubate for 32 hours before serum starved in EBM2 overnight. Cells were then

challenged with thrombin for 30 minutes or 4 hours.
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Quantitative RT-PCR

Total RNA was isolated with an RNA extraction kit from Froggabio-Geanaid
according to the manufacturer’s instructions. A genomic DNA digestion step was
included using DNAse from Fermentas. The purified RNA was gnantified with a ND-
1000 Nanodrop spectrophotometer (Nanadrop). 1.0 ng of total RNA was reverse
transcribed with a qScript cDNA synthesis kit from Quanta-VWM. Finally 2.0 ul of 1:80
dilutions of cDNA were prepared and mixed with primers and SYBR Green FastMix
from Quanta-VWR. Thermal cycling was performed on a 7500 Fast Real Time PCR
System from Applied Biosystems. The thermal profile was as follows: Holding Stage:
95°C for 20 seconds, Cycling stage: 40 cycles of 95°C for 15 seconds and 60°C for 1
minute. Amplification of VCAM-1 mRNA was normalized to levels of endogenous 16s

rRNA as calculated using the ACt method.

Densitometric analysis

For all Western blots, nitrocellulose membranes were exposed using a ChemiDoc
imaging system (Bio-Rad). Densitometric analysis was performed using the Quantity

One software.

Statistical Analysis
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All numerical data is expressed as the mean + SEM. Statistical significance was
calculated using a paired student’s t-test. P-values lower than 0.05 were considered

significant.

3.8 Results

FoxOlI negatively regulates the expression of VCAM-1 mRNA

It has been observed that VCAM-1 is a Class I FoxOl dependent gene
downstream of VEGF [237]. In that particular study, siRNA mediated knock-down of
FoxOl1 blunted the ability of VEGF to induce VCAM-1 mRNA. Here, it was necessary to
determine if FoxOl1 is involved in VCAM-1 mRNA induction downstream of thrombin in
murine endothelial cells. WT endothelial cells were seeded in 6-well plates and
transfected with siRNA (FoxOl1 and non-targeting) as described in methods. Efficient
knock-down of FoxO1 was observed in these cells by 24 hours and was maximal at 48
hours. The levels of endogenous FoxO1 began to rise again by 72 hours, as expected
(Fig. 3-3A). At roughly 32 hours post-transfection, the cells were subject to overnight
serum starvation and thrombin challenge for 30 minutes or 4 hours. Knock-down of
FoxOl1 by siRNA resulted in increased basal levels of VCAM-1 mRNA by 2.63 + 0.54
fold (n=4) compared to the non-targeting siRNA. FoxO1 therefore is a transcriptional
repressor of VCAM-1. Unexpectedly, when FoxO1 is knocked down, thrombin seems to

cause a time dependent decrease in VCAM-1 mRNA levels. (Fig. 3-3B).
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Fig 3-3. The effect of FoxO1 knock-down on VCAM-1 mRNA expression. (A)
Representative western blot showing specificity of siRNA and efficient knock-down of
FoxO1 by 24 hours in WT endothelial cells. (B) Knock-down of FoxOl1 results in
increased basal levels of VCAM-1 mRNA (indicated by -). In thrombin treated cells
deficient in FoxO1, the increased levels of basalVCAM-1 mRNA are reduced.

Gas6 is required for thrombin mediated induction of VCAM-1

Confluent monolayers of WT and Gas6” MLEC were serum starved and
challenged with 1.5U/ml thrombin for 4 hours. At the 30 minute time point, thrombin
induced VCAM-1 mRNA by 2.22 + 0.25 fold in WT cells and by 1.49 + 0.11 fold in
Gas6” cells (n=4, p<0.05) (Fig 3-4A). The blunted induction of VCAM-1 was confirmed
at the level of protein expression. A representative western blot experiment
demonstrating the attenuation of thrombin mediated VCAM-1 induction is shown in
Fig.3-4B and is accompanied by a densitometric quantification (Fig.3-4C) These data
demonstrate the attenuation of thrombin induced endothelial cell activation in the absence

of Gas6.
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Figure 3-4. Induction of VCAM-1 mRNA by Thrombin is Blunted in Gas6™
Endothelial Cells. (A) In WT endothelial cells (white), VCAM-1 is strongly induced at
30 minutes post-thrombin treatment. VCAM-1 induction is lower in Gas6”" endothelial
cells (black). (B) Representative immunoblot demonstrating the blunted induction of
VCAM-1 in Gas6™ endothelial cells. (C) Densitometric quantification of the immunoblot
experiments performed in (B).

Thrombin dependent phosphorylation of FoxOl is blunted in Gas6™" endothelial cells

FoxO1 has three phosphorylation sites: Thr-24, Ser-256 and Ser-316. FoxO1 has
been shown to become phosphorylated following the treatment of cells with a number of
agents including insulin [265], VEGF [236], hydrogen peroxide, [266]. Recently it has

been observed that thrombin induces time dependent phosphorylation of FoxOl. In the
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same study, it was determined that FoxOl is a downstream mediator of thrombin
mediated proliferation of smooth muscle cells and expression of genes involved in cell
cycle regulation. It was also observed that in smooth muscle, this occurs via PAR-1
followed by activation of PI3K/Akt [267]. Here, endothelial cells from WT or Gas6™
mouse lung tissue were isolated and cultured as described in methods. In WT cells,
thrombin induced time-dependent phosphorylation of FoxO1 by 15 minutes and was
maximal at 30 minutes. In WT endothelium, the P-FoxO1/FoxO1 ratio was 1.941 + 0.44
at 30 minutes. A representative experiment from WT cells is shown in Fig. 3-5A. The
band for pFoxO1 appears as a doublet at 82 kDa. When this experiment was repeated in
Gas6™" cells, thrombin induced phosphorylation of FoxO1 was maximal at 30 minutes as
well, but the response was lower overall than in WT cells. In Gas6”" endothelial cells, the
pFoxO1/FoxOl1 ratio was reduced to 1.31 + 0.14 (n=5-6, p=0.1) (Fig. 3-5B). Thrombin
induced FoxOl phosphorylation decreased after 30 minutes, but it seems that

phosphorylation rose again at 120 minutes.
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Figure 3-5. Thrombin induced phosphorylation of FoxO1 is blunted in the absence
of Gas6. (A) Representative immunoblot showing maximal phosphorylation of FoxO1
(appears as a doublet) at 30 minutes following treatment with thrombin in WT and Gas6™
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cells. (B) Quantification of the pFoxO1/FoxO1 ratio shows FoxO1 phosphorylation
occurs to a lesser degree in Gas6” endothelial cells.

Thrombin induced nuclear exclusion of FoxOl is blunted in Gas6”" endothelial cells.

Thrombin induced phosphorylation of FoxO1 that was maximal at 30 minutes.
This prompted us to observe the subcellular location of the protein over the course of
thrombin treatment. As expected, thrombin induced nuclear exclusion of FoxOl that was
maximal at 30 minutes. This was observed by immunoblot analysis of nuclear and
cytoplasmic fractions from WT and Gas6” endothelial cells. Consistent with the
phosphorylation data, we observed maximal nuclear exclusion of FoxOl1 at 30 minutes
post thrombin treatment. A representative experiment from WT cells, including controls
for both cytoplasmic and nuclear fractions is shown in Fig 3-6A. At 30 minutes post
thrombin treatment the Nuclear/Cytoplasmic (N/C) ratio of FoxO1 in WT cells was 0.64
+ 0.08 compared to untreated (n=3, p < 0.05). In addition, in the Gas6™ cells, the N/C
ratio at 30 minutes was 0.98 £+ 0.01 indicating a degree of nuclear retention of FoxOl

compared to WT cells (n=3, p <0.05) (Fig 3-6B).
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Figure 3-6. Thrombin induced nuclear exclusion of FoxO1 is blunted in Gas6™
endothelial cells. (A) Representative immunoblots from cellular fractionation
experiments show subcellular location of FoxO1 over the course of thrombin treatment.
(B) Quantification of the nuclear/cytoplasmic ratio of FoxO1 show nuclear retention in
the absence of Gas6.

3.9 Discussion

The present work serves as a starting point in understanding the signalling
pathways involved in Gas6 mediated induction of VCAM-1 on endothelial cells. We
hypothesized that the transcription factor FoxOl1 is partially responsible. The induction of
VCAM-1 is an important event in the inflammatory response of many disease states
[259]. Gas6 has the ability to promote the induction of VCAM-1 in response to
inflammatory stimuli. When treated with TNF-a, VCAM-1 induction was blunted in
Gas6™ cells [180]. By qPCR, we observed the same phenomenon when Gas6™
endothelial cells were challenged with thrombin. We hypothesized that FoxOl is
involved in activation of endothelial cells downstream of Gas6. Based on published data
from our lab, Gas6 affects the transcriptional activity of FoxO1 via Akt and protects

endothelial cells from apoptosis in a FoxO1 dependent manner [111].

As is the case with Gas6, FoxOl has recently emerged as a mediator of
inflammatory responses. For example, FoxO1 promotes the induction of TLR4 [268] and
IL-1B [269] in macrophages, the proinflammatory cytokines MCP-1 and IL-6 in

adipocytes [270], and of course, VCAM-1 in endothelial cells [237]. In regards to our
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hypothesis, thrombin is known to induce the expression of endothelial VCAM-1 [257].
More recently, however was the identification of thrombin as being able to regulate

FoxOl signalling in VSMCs [267].

We began by determining if FoxOl is involved in thrombin mediated
upregulation of VCAM-1. To do so, we observed the effect of FoxO1 knock-down on the
thrombin response to VCAM-1 induction. FoxO1 was reproducibly knocked down by 24-
48 hours, with levels beginning to increase by 72 hours. In cells that were deficient in
FoxOl1, basal levels of VCAM-1 mRNA were induced implicating the role of FoxOl1 as
transcriptional repressor in mediating induction of VCAM-1. Also, by qPCR we have

observed that VCAM-1 induction by thrombin is blunted in Gas6™" cells.

We have therefore shown that the levels of endothelial VCAM-1 mRNA are
dependent on both FoxO1 and Gas6. We then began a series of experiments in which we
observed thrombin mediated signalling of FoxO1 in WT and Gas6”~ endothelial cells.
Consistent with the recent work by Mahajan et al., thrombin induces time dependent
phosphorylation of FoxOl1 in endothelial cells [267]. In our cells, FoxO1 phosphorylation
was rapid, being induced by 15 minutes and was maximal at 30 minutes. Interestingly,
the response to thrombin in Gas6”" endothelial cells was blunted. While the same overall
trend in FoxO1 phosphorylation was observed, the effect of thrombin was lower in
Gas6” endothelium. Arguably the most significant consequence of FoxOl
phosphorylation is its capacity to bind the 14-3-3 proteins resulting in their accumulation

in the cytoplasm, thereby shutting off their transcriptional ability.
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Having shown that thrombin induced phosphorylation of FoxO1 was lower in
Gas6” endothelial cells, the following step was to evaluate the subcellular location of
FoxOl over the course of thrombin treatment. We hypothesized that lower
phosphorlyation of FoxO1 would impart a degree of nuclear retention in the Gas6™" cells.
Consistent with the phosphorylation experiments, thrombin induced nuclear exclusion of
FoxO1 which was maximal at 30 minutes and in Gas6” endothelium, nuclear exclusion

occurs to as lesser degree.

At the time of writing, this study has only begun to reach the stage where focus
will turn to the VCAM-1 promoter. It will be necessary to demonstrate by chromatin
immunoprecipitation (ChIP) assays the physical interaction between FoxOl and the
VCAM-1 promoter. It will be necessary to observe this interaction over the course of
thrombin treatment and to determine if Gas6 ablation does in fact alter these binding
kinetics. At this point we can only propose a plausible mechanism that will serve to
explain how FoxO1 mediates the ability of Gas6 to promote VCAM-1 induction. Here
we can propose that thrombin stimulation downstream of the PAR receptor creates a
scenario which leads to nuclear exclusion of FoxO1 likely via Akt. As FoxOl1 is a nuclear
repressor of VCAM-1, its exclusion from the nucleus should serve to increase the activity
at the VCAM-1 promoter. In the Gas6-/- cells we propose that initial exclusion of FoxO1
from the nucleus is lower resulting in lower promoter activity. We can also hypothesize
that in WT endothelial cells, thrombin and secreted Gas6 cooperate to exclude FoxOl

from the nucleus. This is plausible based on the observations that thrombin induces
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secretion of Gas6 from intracellular stores in platelets [187, 190] and that Gas6 is
sufficient in causing nuclear exclusion of FoxO1 [111]. Based on these observations, we
can also hypothesize that thrombin induces secretion of Gas6 from endothelial cells and
synergistically mediates (with thrombin) nuclear exclusion of FoxO1l. Obviously, this
cannot occur in Gas6™ endothelial cells and explains why FoxOl phosphorylation and

nuclear exclusion is lower in these cells.
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Figure 3-7. Proposed Model of FoxO1 dependent VCAM-1 Induction by Thrombin
and Gas6. In this proposed model, (1) thrombin activates PAR-1 which leads to nuclear
exclusion of FoxO1 following activation of PI3K/Akt. Gas6 similarly activates PI3K/Akt
downstream of Axl which leads to nuclear exclusion of FoxO1. (2) Phosphorylated Akt
travels to the nucleus and phosphorylates FoxO1. (3) FoxO1 which acts as a repressor of
the VCAM-1 promoter is excluded from the nucleus in its phosphorylated form. (4)
Transcription of the VCAM-1 gene. Included is the possibility that Gas6 synergizes with
the signalling cascade induced by thrombin by converging at the level of PI3K/Akt
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activation. Thrombin may also induce Gas6 secretion, causing further nuclear exclusion
of FoxOl. The lack of secreted Gas6 in the medium of Gas6” cells may explain the
lower levels of pFoxO1 observed in our experiments.
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CHAPTER 4:
GENERAL DISCUSSION AND
CONCLUSIONS

Gasb6 is unique among the vitamin-K dependent family of proteins in that it has no
direct role in blood coagulation. Another feature that distinguishes Gas6 from its vitamin-
K dependent family members is that it serves as the molecular ligand for a family of
receptor tyrosine kinases, thus exerting effects typically associated with growth factors
[187]. Following its identification in the late 1980s [109] and characterization in the early
1990s [110], Gas6 has emerged as having numerous and diverse roles among the
different organs systems and in disease. Gas6 has been of particular interest to the
vascular biologist since its expression was found in vascular smooth muscle and
endothelial cells [177]. Subsequently, an article published within the pages of Nature
Medicine detailed the unique ability of Gas6 to promote platelet aggregation. Mice with a
genetic ablation of Gas6 were protected against various forms of experimental
thrombosis and in addition did not present a bleeding phenotype. These observations had
important clinical implications. Venous thromboembolism, which manifests as deep vein
thrombosis and pulmonary embolism is a significant cause of clinical morbidity and
mortality. Anticoagulation therapy is used as prophylaxis and for treatment of DVT/PE.
An example of anticoagulation therapy would be the drug Warfarin that acts by inhibiting
the vitamin-K dependent coagulation factors II, VII, IX and X [271]. One of the inherent

risks of anticoagulation therapy is the increased risk of bleeding. The fact that Gas6
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ablation protected mice from thrombosis without the hemorrhagic side effect makes it an
ideal candidate target for antithrombotic therapy. Over a decade has passed since this idea
was proposed, but unfortunately there has been little advancement in our understanding
of the role of Gas6 in the pathophysiology of venous thrombosis. We have since come to
learn the importance of the Gas6 receptors in thrombus stabilization [190] and of Gas6 in
endothelial cell activation [180]. There have been attempts, some successful, some not, at
detecting Gas6 in human platelets and plasma and determining what role it has in human

platelet activation. As previously discussed this remains a controversial issue.

A careful examination of the work by Angellilo-Scherrer et al., that described the
platelet defect in the Gas6” mice which manifests as protection from thrombosis, reveals
a discrepancy between the dramatic clinical phenotype versus a rather subtle platelet
defect. According to their data, the Gas6” mice were protected against all forms of
experimental thrombosis. To explain this phenomenon was the observation that Gas6™
platelets were unable to completely aggregate in response to the agonist ADP at only the
concentration of 5.0 pM[187]. This particular observation led to our hypothesis that other
mechanisms are involved to explain the phenotype. Given the observations of the role of
Gas6 in aspects of vascular cell biology [131, 264], we hypothesized that vascular

specific Gas6 contributes to thrombogenesis in vivo.

We established two models of Gas6 chimerism to explore this possibility. Using
bone marrow transplantations and a model of platelet depletion and reconstitution, we

were able to show that Gas6 from both the vasculature and hematopoietic compartments
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contribute to thrombogenesis. We also showed that Gas6 positively regulates the

expression of TF on vascular cells using both in vivo and in vitro techniques.

Two important findings from the research in Chapter 2 are that vascular Gas6
contributes to in vivo thrombogenesis and promotes the upregulation of TF. It must be
stressed that these are two independent findings. Our data does not necessarily prove that
TF induction by Gas6 is the mechanism whereby vascular Gas6 contributes to
thrombogenesis. At this point, we can only hypothesize that it does. Further research will
be required to consolidate these findings. Although this study ends with a rather
important question that remains unanswered, we have nonetheless provided scientific
evidence warranting the continuing characterization and study of vascular Gas6 and its

potential targeting for antithrombotic therapy in humans.

Clinical targeting of Gas6 will obviously pose a new set of challenges. Both
venous thromboembolism and arterial thrombosis can lead to life threatening events.
These include pulmonary embolism and myocardial infarction, respectively. Venous
thrombi are formed under conditions of low shear and are composed mainly of fibrin and
trapped erythrocytes with few platelets. In contrast, arterial thrombi which are formed
under high sear are formed of platelet aggregates and contain less fibrin. Therapies
designed to inhibit arterial thrombogenesis focus on inhibiting platelet function, while
therapies targeting venous thrombogenesis involve the coagulation cascade. There are
limitations to the use of these therapies. Therefore, new antithrombotic drugs must be

developed to overcome these limitations [272]. An important consideration in the
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development of an antithrombotic drug is that it be targeted to a potential site of
thrombus development as prophylaxis or to the site of an already existing thrombus. The
data presented within this thesis raises the possibility of Gas6 derived from vascular cells
(i.e endothelium) as a potential target for future antithrombotic therapies. The
endothelium is a key target for anti-thrombotic intervention and the main goal of
targeting the endothelium is for the purpose of prophylaxis. One can envision a small
inhibitor of Gas6 that is chemically conjugated to an antibody directed against molecules
that are expressed constitutively on the endothelial cell surface such as PECAM-1 or
ICAM-1. Such a construct would also ideally be infused locally as to avoid accumulation

in the pulmonary circulation [273].

There remain several unanswered questions that could serve as a focus of future
experiments in the laboratory. For example, selective ablation of Gas6 from endothelial
cells in mice using a Cre-lox recombinase strategy could add further insight to the source
of Gasb6 that is responsible for promoting thrombogenesis by FeCl; injury. It may also be
interesting to explore the possibility that Gas6 regulates the expression of other proteins
involved in blood coagulation. The data generated within this dissertation shows that TF
activity is positively regulated by Gas6 but perhaps Gas6 also regulates the expression of
TFPI or enzymes of the fibrinolytic system. Our data seems to suggest Gas6 regulates de
novo synthesis of TF in endothelial cells. It may also be worthwhile to design
experiments based on studying the direct interaction between activated platelets and
endothelial cells. It is known that activated platelets signal directly to endothelial cells via

CD40 on platelets and CD40L on endothelial cells, triggering an endothelial
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inflammatory response [274]. Given the established role of Gas6 in activation of
platelets, it is possible that this represents an additional mechanism whereby Gas6

triggers TF induction on endothelial cells.

In 2008, Tjwa et al. reported that endothelial cells with genetic ablation of Gas6
have a reduced ability to mount an activation response to inflammatory stimuli [180]. In
Chapter 2 we were able to demonstrate that Gas6 ablation impairs the ability of
endothelial cells to respond to thrombin stimulation. With these findings in mind, it is
surprising that there have been virtually no attempts at understanding why this occurs and
through which signalling cascades. In Chapter 3, we introduced the possibility of FoxOl1
being a downstream mediator of Gas6 induced endothelial cell activation. Our reasoning
for pursuing this hypothesis stems from various sources. Expression of the endothelial
cell activation marker VCAM-1 has been shown to be regulated by both Gas6 [180] and
FoxOl [237]. Furthermore Gas6 regulates the transcriptional activity of FoxOl
downstream of PI3K/Akt activation [111]. We thus proposed a hypothetical signalling
axis whereby Gas6 modulates thrombin mediated induction of VCAM-1 via the
transcription factor FoxO1. As a means of maintaining consistency with the published
observation that TNF-a induced expression of VCAM-1 is blunted in Gas6”" endothelial
cells, we devised an experimental system where we would observe the thrombin
mediated shuttling dynamics of FoxO1 in WT and Gas6” endothelial cells for evidence

that would support our hypothesis.
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Thrombin was very recently shown to time-dependently phosphorylate FoxO1 in
vascular smooth muscle and contribute to cell proliferation [267]. Here, we have shown
that thrombin also phosphorylates FoxOl in a time-dependent manner in murine
endothelial cells. Additionally, FoxO1 phorphorylation resulted in its nuclear exclusion.
These events downstream of thrombin are blunted in Gas6” endothelial cells. The
blunted induction of phosphorylation and nuclear exclusion in the Gas6™" could be the
result of the lack of secreted Gas6 into the culture supernatant. Exogenous Gas6 has been
shown to mediate both phosphorylation and nuclear exclusion of FoxO1 [111]. Therefore
it is possible that FoxO1 is a convergence point downstream of both thrombin and Gas6

and that they act synergistically to phosphorylate and exclude it from the nucleus.

The work presented here adds to our body of knowledge about Gas6, its role in
thrombus formation and the signalling cascades that mediate its functions. While it will
be some time before Gas6 is completely understood, and targeting it for antithrombotic
therapy is realized, this work should bring us closer to achieving these goals and

hopefully serves as a point for others to build on.

151



References:

[1] Kahn SR, Ginsberg JS. The post-thrombotic syndrome: current knowledge,
controversies, and directions for future research. Blood reviews 2002;16:155-65.

[2] Harvey CV, Runner M. Venous thromboembolism after fibula fracture: a patient's
perspective. Orthopaedic nursing / National Association of Orthopaedic Nurses
2011;30:182-91; quiz 92-3.

[3] Alikhan R, Cohen AT. Heparin for the prevention of venous thromboembolism in
general medical patients (excluding stroke and myocardial infarction). Cochrane
Database Syst Rev 2009:CD003747.

[4] Lippi G, Favaloro EJ, Cervellin G. Prevention of venous thromboembolism: focus on
mechanical prophylaxis. Seminars in thrombosis and hemostasis 2011;37:237-51.

[5] Heit JA. Venous thromboembolism epidemiology: implications for prevention and
management. Seminars in thrombosis and hemostasis 2002;28 Suppl 2:3-13.

[6] Gross PL, Aird WC. The endothelium and thrombosis. Seminars in thrombosis and
hemostasis 2000;26:463-78.

[7] Esmon CT. Basic mechanisms and pathogenesis of venous thrombosis. Blood reviews
2009;23:225-9.

152



[8] Franco RF, Reitsma PH. Genetic risk factors of venous thrombosis. Human genetics
2001;109:369-84.

[9] Tanaka KA, Key NS, Levy JH. Blood Coagulation: Hemostasis and Thrombin
Regulation. Anesthesia and analgesia 2009;108:1433-46.

[10] Kim S, Carrillo M, Kulkarni V, Jagadeeswaran P. Evolution of primary hemostasis
in early vertebrates. PloS one 2009;4:e8403.

[11] Furie B, Furie BC. Mechanisms of thrombus formation. The New England journal of
medicine 2008;359:938-49.

[12] Furie B. Pathogenesis of thrombosis. Hematology / the Education Program of the
American Society of Hematology American Society of Hematology Education Program
2009:255-8.

[13] Chiu JJ, Chien S. Effects of disturbed flow on vascular endothelium:
pathophysiological basis and clinical perspectives. Physiological reviews 2011;91:327-
87.

[14] Aird WC. Vascular bed-specific thrombosis. Journal of thrombosis and haemostasis
: JTH 2007;5 Suppl 1:283-91.

[15] Lowe GD. Virchow's triad revisited: abnormal flow. Pathophysiology of
haemostasis and thrombosis 2003;33:455-7.

[16] Karino T, Motomiya M. Flow through a venous valve and its implication for
thrombus formation. Thrombosis research 1984;36:245-57.

[17] White RH. Identifying Risk Factors for Venous Thromboembolism. Circulation
2012.

[18] White RH. The epidemiology of venous thromboembolism. Circulation
2003;107:14-8.

[19] Brooks EG, Trotman W, Wadsworth MP, Taatjes DJ, Evans MF, Ittleman FP, et al.
Valves of the deep venous system: an overlooked risk factor. Blood 2009;114:1276-9.

[20] Hamer JD, Malone PC, Silver IA. The PO2 in venous valve pockets: its possible
bearing on thrombogenesis. The British journal of surgery 1981;68:166-70.

[21] Busch C, Cancilla PA, DeBault LE, Goldsmith JC, Owen WG. Use of endothelium
cultured on microcarriers as a model for the microcirculation. Laboratory investigation; a
journal of technical methods and pathology 1982;47:498-504.

[22] Schenone M, Furie BC, Furie B. The blood coagulation cascade. Current opinion in
hematology 2004;11:272-7.

153



[23] Ananyeva NM, Kouiavskaia DV, Shima M, Saenko EL. Intrinsic pathway of blood
coagulation contributes to thrombogenicity of atherosclerotic plaque. Blood
2002;99:4475-85.

[24] Davie EW. A brief historical review of the waterfall/cascade of blood coagulation.
The Journal of biological chemistry 2003;278:50819-32.

[25] Olson ST, Bjork I. Regulation of thrombin activity by antithrombin and heparin.
Seminars in thrombosis and hemostasis 1994;20:373-409.

[26] Persson E, Bak H, Olsen OH. Substitution of valine for leucine 305 in factor VIla
increases the intrinsic enzymatic activity. The Journal of biological chemistry
2001;276:29195-9.

[27] Jin L, Abrahams JP, Skinner R, Petitou M, Pike RN, Carrell RW. The anticoagulant
activation of antithrombin by heparin. Proceedings of the National Academy of Sciences
of the United States of America 1997;94:14683-8.

[28] Duncan MB, Chen J, Krise JP, Liu J. The biosynthesis of anticoagulant heparan
sulfate by the heparan sulfate 3-O-sulfotransferase isoform 5. Biochimica et biophysica
acta 2004;1671:34-43.

[29] Petitou M, Herault JP, Bernat A, Driguez PA, Duchaussoy P, Lormeau JC, et al.
Synthesis of thrombin-inhibiting heparin mimetics without side effects. Nature
1999;398:417-22.

[30] Mammen EF, Thomas WR, Seegers WH. Activation of purified prothrombin to
autoprothrombin I or autoprothrombin II (platelet cofactor II or autoprothrombin II-A).
Thrombosis et diathesis haemorrhagica 1960;5:218-49.

[31] Esmon CT. The protein C pathway. Chest 2003;124:26S-32S.

[32] Goldenberg NA, Manco-Johnson MJ. Protein C deficiency. Haemophilia : the
official journal of the World Federation of Hemophilia 2008;14:1214-21.

[33] Bertina RM. Factor V Leiden and other coagulation factor mutations affecting
thrombotic risk. Clinical chemistry 1997;43:1678-83.

[34] Bertina RM, Koeleman BP, Koster T, Rosendaal FR, Dirven RJ, de Ronde H, et al.
Mutation in blood coagulation factor V associated with resistance to activated protein C.
Nature 1994;369:64-7.

[35] Lane DA, Grant PJ. Role of hemostatic gene polymorphisms in venous and arterial
thrombotic disease. Blood 2000;95:1517-32.

[36] van Boven HH, Reitsma PH, Rosendaal FR, Bayston TA, Chowdhury V, Bauer KA,
et al. Factor V Leiden (FV R506Q) in families with inherited antithrombin deficiency.
Thrombosis and haemostasis 1996;75:417-21.

154



[37] Koeleman BP, Reitsma PH, Allaart CF, Bertina RM. Activated protein C resistance
as an additional risk factor for thrombosis in protein C-deficient families. Blood
1994;84:1031-5.

[38] Zoller B, Berntsdotter A, Garcia de Frutos P, Dahlback B. Resistance to activated
protein C as an additional genetic risk factor in hereditary deficiency of protein S. Blood
1995;85:3518-23.

[39] Varga EA, Moll S. Cardiology patient pages. Prothrombin 20210 mutation (factor II
mutation). Circulation 2004;110:e15-8.

[40] Martinelli I, Bucciarelli P, Mannucci PM. Thrombotic risk factors: basic
pathophysiology. Critical care medicine 2010;38:S3-9.

[41] Poort SR, Rosendaal FR, Reitsma PH, Bertina RM. A common genetic variation in
the 3'-untranslated region of the prothrombin gene is associated with elevated plasma
prothrombin levels and an increase in venous thrombosis. Blood 1996;88:3698-703.

[42] Ehrenforth S, Ludwig G, Klinke S, Krause M, Scharrer I, Nowak-Gottl U. The
prothrombin 20210 A allele is frequently coinherited in young carriers of the factor V
Arg 506 to Gln mutation with venous thrombophilia. Blood 1998;91:2209-10.

[43] Aird WC. Phenotypic heterogeneity of the endothelium: I. Structure, function, and
mechanisms. Circulation research 2007;100:158-73.

[44] Aird WC. Phenotypic heterogeneity of the endothelium: II. Representative vascular
beds. Circulation research 2007;100:174-90.

[45] Aird WC. Endothelial cell heterogeneity. Critical care medicine 2003;31:S221-30.

[46] Hunt BJ, Jurd KM. Endothelial cell activation. A central pathophysiological process.
BMJ 1998;316:1328-9.

[47] Manly DA, Boles J, Mackman N. Role of tissue factor in venous thrombosis. Annual
review of physiology 2011;73:515-25.

[48] Cesari M, Pahor M, Incalzi RA. Plasminogen activator inhibitor-1 (PAI-1): a key
factor linking fibrinolysis and age-related subclinical and clinical conditions.
Cardiovascular therapeutics 2010;28:¢72-91.

[49] Nilsson I, Shibuya M, Wennstrom S. Differential activation of vascular genes by
hypoxia in primary endothelial cells. Experimental cell research 2004;299:476-85.

[50] Giesen PL, Rauch U, Bohrmann B, Kling D, Roque M, Fallon JT, et al. Blood-borne
tissue factor: another view of thrombosis. Proceedings of the National Academy of
Sciences of the United States of America 1999;96:2311-5.

155



[51] Day SM, Reeve JL, Pedersen B, Farris DM, Myers DD, Im M, et al. Macrovascular
thrombosis is driven by tissue factor derived primarily from the blood vessel wall. Blood
2005;105:192-8.

[52] Rosendaal FR. Venous thrombosis: a multicausal disease. Lancet 1999;353:1167-73.

[53] Bates SM, Jaeschke R, Stevens SM, Goodacre S, Wells PS, Stevenson MD, et al.
Diagnosis of DVT: Antithrombotic Therapy and Prevention of Thrombosis, 9th ed:

American College of Chest Physicians Evidence-Based Clinical Practice Guidelines.
Chest 2012;141:¢351S-418S.

[54] Conklin P, Soares GM, Dubel GJ, Ahn SH, Murphy TP. Acute deep vein thrombosis
(DVT): evolving treatment strategies and endovascular therapy. Medicine and health,
Rhode Island 2009;92:394-7.

[55] Scarvelis D, Wells PS. Diagnosis and treatment of deep-vein thrombosis. CMAJ :
Canadian Medical Association journal = journal de I'Association medicale canadienne
2006;175:1087-92.

[56] Adam SS, Key NS, Greenberg CS. D-dimer antigen: current concepts and future
prospects. Blood 2009;113:2878-87.

[57] Wells PS, Anderson DR, Rodger M, Forgie M, Kearon C, Dreyer J, et al. Evaluation
of D-dimer in the diagnosis of suspected deep-vein thrombosis. New Engl J Med
2003;349:1227-35.

[58] Hirsh J, Hoak J. Management of deep vein thrombosis and pulmonary embolism. A
statement for healthcare professionals. Council on Thrombosis (in consultation with the

Council on Cardiovascular Radiology), American Heart Association. Circulation
1996;93:2212-45.

[59] Garcia D, Libby E, Crowther MA. The new oral anticoagulants. Blood 2010;115:15-
20.

[60] Rao LV, Okorodudu AO, Petersen JR, Elghetany MT. Stability of prothrombin time
and activated partial thromboplastin time tests under different storage conditions. Clinica
chimica acta; international journal of clinical chemistry 2000;300:13-21.

[61] Sandercock P, Wardlaw JM, Lindley RI, Dennis M, Cohen G, Murray G, et al. The
benefits and harms of intravenous thrombolysis with recombinant tissue plasminogen
activator within 6 h of acute ischaemic stroke (the third international stroke trial [IST-3]):
a randomised controlled trial. Lancet 2012;379:2352-63.

[62] Ho-Tin-Noe B, Demers M, Wagner DD. How platelets safeguard vascular integrity.
Journal of thrombosis and haemostasis : JTH 2011;9 Suppl 1:56-65.

[63] Schafer Al. Hypercoagulable states: molecular genetics to clinical practice. Lancet
1994;344:1739-42.

156



[64] Nagahisa H, Nagata Y, Ohnuki T, Osada M, Nagasawa T, Abe T, et al. Bone
marrow stromal cells produce thrombopoietin and stimulate megakaryocyte growth and
maturation but suppress proplatelet formation. Blood 1996;87:1309-16.

[65] Kaushansky K. Thrombopoietin the primary regulator of platelet production. Trends
in endocrinology and metabolism: TEM 1997;8:45-50.

[66] Rivera J, Lozano ML, Navarro-Nunez L, Vicente V. Platelet receptors and signaling
in the dynamics of thrombus formation. Haematologica 2009;94:700-11.

[67] Ruggeri ZM. Platelets in atherothrombosis. Nature medicine 2002;8:1227-34.

[68] Cosemans JM, Munnix IC, Wetzker R, Heller R, Jackson SP, Heemskerk JW.
Continuous signaling via PI3K isoforms beta and gamma is required for platelet ADP
receptor function in dynamic thrombus stabilization. Blood 2006;108:3045-52.

[69] Zou Z, Chen H, Schmaier AA, Hynes RO, Kahn ML. Structure-function analysis
reveals discrete beta3 integrin inside-out and outside-in signaling pathways in platelets.
Blood 2007;109:3284-90.

[70] Mackman N. Role of tissue factor in hemostasis, thrombosis, and vascular
development. Arteriosclerosis, thrombosis, and vascular biology 2004;24:1015-22.

[71] Farndale RW, Sixma JJ, Barnes MJ, de Groot PG. The role of collagen in
thrombosis and hemostasis. Journal of thrombosis and haemostasis : JTH 2004;2:561-73.

[72] Guha A, Bach R, Konigsberg W, Nemerson Y. Affinity purification of human tissue
factor: interaction of factor VII and tissue factor in detergent micelles. Proceedings of the
National Academy of Sciences of the United States of America 1986;83:299-302.

[73] Broze GJ, Jr., Leykam JE, Schwartz BD, Miletich JP. Purification of human brain
tissue factor. The Journal of biological chemistry 1985;260:10917-20.

[74] Fisher KL, Gorman CM, Vehar GA, O'Brien DP, Lawn RM. Cloning and expression
of human tissue factor cDNA. Thrombosis research 1987;48:89-99.

[75] Morrissey JH, Fakhrai H, Edgington TS. Molecular cloning of the cDNA for tissue
factor, the cellular receptor for the initiation of the coagulation protease cascade. Cell
1987;50:129-35.

[76] Scarpati EM, Wen D, Broze GJ, Jr., Miletich JP, Flandermeyer RR, Siegel NR, et al.
Human tissue factor: ¢cDNA sequence and chromosome localization of the gene.
Biochemistry 1987;26:5234-8.

[77] Spicer EK, Horton R, Bloem L, Bach R, Williams KR, Guha A, et al. Isolation of
cDNA clones coding for human tissue factor: primary structure of the protein and cDNA.
Proceedings of the National Academy of Sciences of the United States of America
1987;84:5148-52.

157



[78] Hartzell S, Ryder K, Lanahan A, Lau LF, Nathan D. A growth factor-responsive
gene of murine BALB/c 3T3 cells encodes a protein homologous to human tissue factor.
Molecular and cellular biology 1989;9:2567-73.

[79] Ranganathan G, Blatti SP, Subramaniam M, Fass DN, Maihle NJ, Getz MJ. Cloning
of murine tissue factor and regulation of gene expression by transforming growth factor
type beta 1. The Journal of biological chemistry 1991;266:496-501.

[80] Mackman N, Morrissey JH, Fowler B, Edgington TS. Complete sequence of the
human tissue factor gene, a highly regulated cellular receptor that initiates the
coagulation protease cascade. Biochemistry 1989;28:1755-62.

[81] Pawlinski R, Pedersen B, Erlich J, Mackman N. Role of tissue factor in haemostasis,
thrombosis, angiogenesis and inflammation: lessons from low tissue factor mice.
Thrombosis and haemostasis 2004;92:444-50.

[82] Daubie V, Pochet R, Houard S, Philippart P. Tissue factor: a mini-review. Journal of
tissue engineering and regenerative medicine 2007;1:161-9.

[83] Carmeliet P, Mackman N, Moons L, Luther T, Gressens P, Van Vlaenderen I, et al.
Role of tissue factor in embryonic blood vessel development. Nature 1996;383:73-5.

[84] Bugge TH, Xiao Q, Kombrinck KW, Flick MJ, Holmback K, Danton MJ, et al. Fatal
embryonic bleeding events in mice lacking tissue factor, the cell-associated initiator of
blood coagulation. Proceedings of the National Academy of Sciences of the United States
of America 1996;93:6258-63.

[85] Toomey JR, Kratzer KE, Lasky NM, Stanton JJ, Broze GJ, Jr. Targeted disruption of
the murine tissue factor gene results in embryonic lethality. Blood 1996;88:1583-7.

[86] Thaler J, Ay C, Mackman N, Bertina RM, Kaider A, Marosi C, et al. Microparticle-
associated tissue factor activity, venous thromboembolism and mortality in pancreatic,
gastric, colorectal and brain cancer patients. Journal of thrombosis and haemostasis : JTH
2012.

[87] Sakai T, Inoue S, Takei M, Ogawa G, Hamazaki Y, Ota H, et al. Activated
inflammatory cells participate in thrombus size through tissue factor and plasminogen
activator inhibitor-1 in acute coronary syndrome: Immunohistochemical analysis.
Thrombosis research 2011;127:443-9.

[88] Rauch U, Bonderman D, Bohrmann B, Badimon JJ, Himber J, Riederer MA, et al.
Transfer of tissue factor from leukocytes to platelets is mediated by CD15 and tissue
factor. Blood 2000;96:170-5.

[89] Zillmann A, Luther T, Muller I, Kotzsch M, Spannagl M, Kauke T, et al. Platelet-
associated tissue factor contributes to the collagen-triggered activation of blood
coagulation. Biochemical and biophysical research communications 2001;281:603-9.

158



[90] Butenas S, Bouchard BA, Brummel-Ziedins KE, Parhami-Seren B, Mann KG.
Tissue factor activity in whole blood. Blood 2005;105:2764-70.

[91] Hron G, Kollars M, Weber H, Sagaster V, Quehenberger P, Eichinger S, et al. Tissue
factor-positive microparticles: cellular origin and association with coagulation activation
in patients with colorectal cancer. Thrombosis and haemostasis 2007;97:119-23.

[92] Chirinos JA, Heresi GA, Velasquez H, Jy W, Jimenez JJ, Ahn E, et al. Elevation of
endothelial microparticles, platelets, and leukocyte activation in patients with venous
thromboembolism. Journal of the American College of Cardiology 2005;45:1467-71.

[93] Bogdanov VY, Balasubramanian V, Hathcock J, Vele O, Lieb M, Nemerson Y.
Alternatively spliced human tissue factor: a circulating, soluble, thrombogenic protein.
Nature medicine 2003;9:458-62.

[94] Awasthi V, Mandal SK, Papanna V, Rao LV, Pendurthi UR. Modulation of tissue
factor-factor VlIla signaling by lipid rafts and caveolae. Arteriosclerosis, thrombosis, and
vascular biology 2007;27:1447-55.

[95] Wu KK, Thiagarajan P. Role of endothelium in thrombosis and hemostasis. Annual
review of medicine 1996;47:315-31.

[96] Roberts JR, Perkins GD, Fujisawa T, Pettigrew KA, Gao F, Ahmed A, et al.
Vascular endothelial growth factor promotes physical wound repair and is anti-apoptotic
in primary distal lung epithelial and A549 cells. Critical care medicine 2007;35:2164-70.

[97] Hackeng TM, Maurissen LF, Castoldi E, Rosing J. Regulation of TFPI function by
protein S. Journal of thrombosis and haemostasis : JTH 2009;7 Suppl 1:165-8.

[98] Geiger J. Inhibitors of platelet signal transduction as anti-aggregatory drugs. Expert
opinion on investigational drugs 2001;10:865-90.

[99] Moro MA, Russel RJ, Cellek S, Lizasoain I, Su Y, Darley-Usmar VM, et al. cGMP
mediates the vascular and platelet actions of nitric oxide: confirmation using an inhibitor
of the soluble guanylyl cyclase. Proceedings of the National Academy of Sciences of the
United States of America 1996;93:1480-5.

[100] Gibbins JM. Platelet adhesion signalling and the regulation of thrombus formation.
Journal of cell science 2004;117:3415-25.

[101] Wolberg AS, Campbell RA. Thrombin generation, fibrin clot formation and
hemostasis. Transfusion and apheresis science : official journal of the World Apheresis

Association : official journal of the European Society for Haemapheresis 2008;38:15-23.

[102] Cesarman-Maus G, Hajjar KA. Molecular mechanisms of fibrinolysis. British
journal of haematology 2005;129:307-21.

159



[103] Wakefield TW, Myers DD, Henke PK. Mechanisms of venous thrombosis and
resolution. Arteriosclerosis, thrombosis, and vascular biology 2008;28:387-91.

[104] Aghourian MN, Lemarie CA, Blostein MD. In vivo monitoring of venous
thrombosis in mice. Journal of thrombosis and haemostasis : JTH 2012;10:447-52.

[105] Diaz JA, Obi AT, Myers DD, Jr., Wrobleski SK, Henke PK, Mackman N, et al.
Critical review of mouse models of venous thrombosis. Arteriosclerosis, thrombosis, and
vascular biology 2012;32:556-62.

[106] Day SM, Reeve JL, Myers DD, Fay WP. Murine thrombosis models. Thrombosis
and haemostasis 2004;92:486-94.

[107] Eitzman DT, Westrick RJ, Nabel EG, Ginsburg D. Plasminogen activator inhibitor-
1 and vitronectin promote vascular thrombosis in mice. Blood 2000;95:577-80.

[108] Westrick RJ, Winn ME, Eitzman DT. Murine models of vascular thrombosis
(Eitzman series). Arteriosclerosis, thrombosis, and vascular biology 2007;27:2079-93.

[109] Schneider C, King RM, Philipson L. Genes specifically expressed at growth arrest
of mammalian cells. Cell 1988;54:787-93.

[110] Manfioletti G, Brancolini C, Avanzi G, Schneider C. The protein encoded by a
growth arrest-specific gene (gas6) is a new member of the vitamin K-dependent proteins
related to protein S, a negative coregulator in the blood coagulation cascade. Mol Cell
Biol 1993;13:4976-85.

[111] Ganopolsky JG, Abid MR, Aird WC, Blostein MD. GAS6-induced signaling in
human endothelial cells is mediated by FOXO1la. Journal of thrombosis and haemostasis
: JTH 2008;6:1804-11.

[112] Saccone S, Marcandalli P, Gostissa M, Schneider C, Della Valle G. Assignment of
the human GAS6 gene to chromosome 13q34 by fluorescence in situ hybridization.
Genomics 1995;30:129-31.

[113] Hafizi S, Dahlback B. Gas6 and protein S. Vitamin K-dependent ligands for the
AxI receptor tyrosine kinase subfamily. The FEBS journal 2006;273:5231-44.

[114] Robinson DR, Wu YM, Lin SF. The protein tyrosine kinase family of the human
genome. Oncogene 2000;19:5548-57.

[115] Zwick E, Bange J, Ullrich A. Receptor tyrosine kinase signalling as a target for
cancer intervention strategies. Endocrine-related cancer 2001;8:161-73.

[116] Lai C, Lemke G. An extended family of protein-tyrosine kinase genes differentially
expressed in the vertebrate nervous system. Neuron 1991;6:691-704.

160



[117] Lai C, Gore M, Lemke G. Structure, expression, and activity of Tyro 3, a neural
adhesion-related receptor tyrosine kinase. Oncogene 1994;9:2567-78.

[118] O'Bryan JP, Frye RA, Cogswell PC, Neubauer A, Kitch B, Prokop C, et al. axl, a
transforming gene isolated from primary human myeloid leukemia cells, encodes a novel
receptor tyrosine kinase. Molecular and cellular biology 1991;11:5016-31.

[119] Graham DK, Dawson TL, Mullaney DL, Snodgrass HR, Earp HS. Cloning and
mRNA expression analysis of a novel human protooncogene, c-mer. Cell growth &
differentiation : the molecular biology journal of the American Association for Cancer
Research 1994;5:647-57.

[120] Stitt TN, Conn G, Gore M, Lai C, Bruno J, Radziejewski C, et al. The
anticoagulation factor protein S and its relative, Gas6, are ligands for the Tyro 3/AxI
family of receptor tyrosine kinases. Cell 1995;80:661-70.

[121] Yanagita M. Gas6, warfarin, and kidney diseases. Clinical and experimental
nephrology 2004;8:304-9.

[122] Sasaki T, Knyazev PG, Clout NJ, Cheburkin Y, Gohring W, Ullrich A, et al.
Structural basis for Gas6-Axl signalling. The EMBO journal 2006;25:80-7.

[123] Tanabe K, Nagata K, Ohashi K, Nakano T, Arita H, Mizuno K. Roles of gamma-
carboxylation and a sex hormone-binding globulin-like domain in receptor-binding and in
biological activities of Gas6. FEBS letters 1997;408:306-10.

[124] Sasaki T, Knyazev PG, Cheburkin Y, Gohring W, Tisi D, Ullrich A, et al. Crystal
structure of a C-terminal fragment of growth arrest-specific protein Gas6. Receptor

tyrosine kinase activation by laminin G-like domains. The Journal of biological chemistry
2002;277:44164-70.

[125] Goruppi S, Ruaro E, Schneider C. Gas6, the ligand of AxI tyrosine kinase receptor,
has mitogenic and survival activities for serum starved NIH3T3 fibroblasts. Oncogene
1996;12:471-80.

[126] Varnum BC, Young C, Elliott G, Garcia A, Bartley TD, Fridell YW, et al. AxI
receptor tyrosine kinase stimulated by the vitamin K-dependent protein encoded by
growth-arrest-specific gene 6. Nature 1995;373:623-6.

[127] Melaragno MG, Fridell YW, Berk BC. The Gas6/AxI system: a novel regulator of
vascular cell function. Trends in cardiovascular medicine 1999;9:250-3.

[128] Hafizi S, Gustafsson A, Stenhoff J, Dahlback B. The Ran binding protein RanBPM
interacts with Axl and Sky receptor tyrosine kinases. The international journal of
biochemistry & cell biology 2005;37:2344-56.

161



[129] Nakano T, Higashino K, Kikuchi N, Kishino J, Nomura K, Fujita H, et al. Vascular
smooth muscle cell-derived, Gla-containing growth-potentiating factor for Ca(2+)-
mobilizing growth factors. J Biol Chem 1995;270:5702-5.

[130] Konishi A, Aizawa T, Mohan A, Korshunov VA, Berk BC. Hydrogen peroxide
activates the Gas6-Axl pathway in vascular smooth muscle cells. The Journal of
biological chemistry 2004;279:28766-70.

[131] Hasanbasic I, Cuerquis J, Varnum B, Blostein MD. Intracellular signaling
pathways involved in Gas6-Axl-mediated survival of endothelial cells. American journal
of physiology Heart and circulatory physiology 2004;287:H1207-13.

[132] McCloskey P, Fridell YW, Attar E, Villa J, Jin Y, Varnum B, et al. GAS6 mediates
adhesion of cells expressing the receptor tyrosine kinase Axl. The Journal of biological
chemistry 1997;272:23285-91.

[133] Fridell YW, Villa J, Jr., Attar EC, Liu ET. GAS6 induces Axl-mediated chemotaxis
of vascular smooth muscle cells. The Journal of biological chemistry 1998;273:7123-6.

[134] Lee WP, Liao Y, Robinson D, Kung HJ, Liu ET, Hung MC. Axl-gas6 interaction
counteracts E1A-mediated cell growth suppression and proapoptotic activity. Molecular
and cellular biology 1999;19:8075-82.

[135] Lee WP, Wen Y, Varnum B, Hung MC. Akt is required for Ax1-Gas6 signaling to
protect cells from E1A-mediated apoptosis. Oncogene 2002;21:329-36.

[136] O'Donnell K, Harkes IC, Dougherty L, Wicks IP. Expression of receptor tyrosine
kinase Axl and its ligand Gas6 in rheumatoid arthritis: evidence for a novel endothelial
cell survival pathway. The American journal of pathology 1999;154:1171-80.

[137] Yanagita M, Arai H, Ishii K, Nakano T, Ohashi K, Mizuno K, et al. Gas6 regulates
mesangial cell proliferation through Axl in experimental glomerulonephritis. The
American journal of pathology 2001;158:1423-32.

[138] Yanagita M, Arai H, Nakano T, Ohashi K, Mizuno K, Fukatsu A, et al. Gas6
induces mesangial cell proliferation via latent transcription factor STAT3. The Journal of
biological chemistry 2001;276:42364-9.

[139] Ekman C, Stenhoff J, Dahlback B. Gas6 is complexed to the soluble tyrosine
kinase receptor Axl in human blood. Journal of thrombosis and haemostasis : JTH
2010;8:838-44.

[140] Ekman C, Linder A, Akesson P, Dahlback B. Plasma concentrations of Gas6
(growth arrest specific protein 6) and its soluble tyrosine kinase receptor sAxl in sepsis
and systemic inflammatory response syndromes. Crit Care 2010;14:R158.

162



[141] Ekman C, Site DF, Gottsater A, Lindblad B, Dahlback B. Plasma concentrations of
growth arrest specific protein 6 and the soluble form of its tyrosine kinase receptor Axl as
markers of large abdominal aortic aneurysms. Clinical biochemistry 2010;43:110-4.

[142] Ekman C, Gottsater A, Lindblad B, Dahlback B. Plasma concentrations of Gas6
and soluble AxI correlate with disease and predict mortality in patients with critical limb
ischemia. Clinical biochemistry 2010;43:873-6.

[143] Ekman C, Jonsen A, Sturfelt G, Bengtsson AA, Dahlback B. Plasma concentrations
of Gas6 and sAxl correlate with disease activity in systemic lupus erythematosus.
Rheumatology (Oxford) 2011;50:1064-9.

[144] Funakoshi H, Yonemasu T, Nakano T, Matumoto K, Nakamura T. Identification of
Gasb6, a putative ligand for Sky and AxI receptor tyrosine kinases, as a novel neurotrophic
factor for hippocampal neurons. J Neurosci Res 2002;68:150-60.

[145] Heiring C, Dahlback B, Muller YA. Ligand recognition and homophilic
interactions in Tyro3: structural insights into the Axl/Tyro3 receptor tyrosine kinase
family. The Journal of biological chemistry 2004;279:6952-8.

[146] Ohashi K, Nagata K, Toshima J, Nakano T, Arita H, Tsuda H, et al. Stimulation of
sky receptor tyrosine kinase by the product of growth arrest-specific gene 6. The Journal
of biological chemistry 1995;270:22681-4.

[147] Nakamura YS, Hakeda Y, Takakura N, Kameda T, Hamaguchi I, Miyamoto T, et
al. Tyro 3 receptor tyrosine kinase and its ligand, Gas6, stimulate the function of
osteoclasts. Stem Cells 1998;16:229-38.

[148] Katagiri M, Hakeda Y, Chikazu D, Ogasawara T, Takato T, Kumegawa M, et al.
Mechanism of stimulation of osteoclastic bone resorption through Gas6/Tyro 3, a

receptor tyrosine kinase signaling, in mouse osteoclasts. The Journal of biological
chemistry 2001;276:7376-82.

[149] Sun WS, Fujimoto J, Tamaya T. Clinical implications of coexpression of growth
arrest-specific gene 6 and receptor tyrosine kinases Axl and Sky in human uterine
leiomyoma. Molecular human reproduction 2003;9:701-7.

[150] Sun WS, Fujimoto J, Tamaya T. Coexpression of growth arrest-specific gene 6 and
receptor tyrosine kinases Axl and Sky in human uterine endometrial cancers. Annals of
oncology : official journal of the European Society for Medical Oncology / ESMO
2003;14:898-906.

[151] Migdall-Wilson J, Bates C, Schlegel J, Brandao L, Linger RM, Deryckere D, et al.
Prolonged exposure to a mer ligand in leukemia: gas6 favors expression of a partial mer
glycoform and reveals a novel role for mer in the nucleus. PloS one 2012;7:e31635.

163



[152] Prieto AL, Weber JL, Tracy S, Heeb MJ, Lai C. Gas6, a ligand for the receptor
protein-tyrosine kinase Tyro-3, is widely expressed in the central nervous system. Brain
research 1999;816:646-61.

[153] Prieto AL, Weber JL, Lai C. Expression of the receptor protein-tyrosine kinases
Tyro-3, Axl, and mer in the developing rat central nervous system. The Journal of
comparative neurology 2000;425:295-314.

[154] Li R, Chen J, Hammonds G, Phillips H, Armanini M, Wood P, et al. Identification
of Gas6 as a growth factor for human Schwann cells. The Journal of neuroscience : the
official journal of the Society for Neuroscience 1996;16:2012-9.

[155] Allen MP, Zeng C, Schneider K, Xiong X, Meintzer MK, Bellosta P, et al. Growth
arrest-specific gene 6 (Gas6)/adhesion related kinase (Ark) signaling promotes
gonadotropin-releasing hormone neuronal survival via extracellular signal-regulated
kinase (ERK) and Akt. Mol Endocrinol 1999;13:191-201.

[156] Yagami T, Ueda K, Asakura K, Sakaeda T, Nakazato H, Kuroda T, et al. Gas6
rescues cortical neurons from amyloid Dbeta protein-induced apoptosis.
Neuropharmacology 2002;43:1289-96.

[157] Yagami T, Ueda K, Asakura K, Okamura N, Sakaeda T, Sakaguchi G, et al. Effect
of Gas6 on secretory phospholipase A(2)-IIA-induced apoptosis in cortical neurons.
Brain research 2003;985:142-9.

[158] Shankar SL, O'Guin K, Cammer M, McMorris FA, Stitt TN, Basch RS, et al. The
growth arrest-specific gene product Gas6 promotes the survival of human
oligodendrocytes via a phosphatidylinositol 3-kinase-dependent pathway. The Journal of
neuroscience : the official journal of the Society for Neuroscience 2003;23:4208-18.

[159] Binder MD, Cate HS, Prieto AL, Kemper D, Butzkueven H, Gresle MM, et al.
Gas6 deficiency increases oligodendrocyte loss and microglial activation in response to

cuprizone-induced demyelination. The Journal of neuroscience : the official journal of the
Society for Neuroscience 2008;28:5195-206.

[160] Binder MD, Xiao J, Kemper D, Ma GZ, Murray SS, Kilpatrick TJ. Gas6 increases
myelination by oligodendrocytes and its deficiency delays recovery following cuprizone-
induced demyelination. PloS one 2011;6:e17727.

[161] Minami T, Donovan DJ, Tsai JC, Rosenberg RD, Aird WC. Differential regulation
of the von Willebrand factor and Flt-1 promoters in the endothelium of hypoxanthine
phosphoribosyltransferase-targeted mice. Blood 2002;100:4019-25.

[162] Yin JL, Hambly BD, Bao SS, Painter D, Bishop GA, Eris JM. Expression of
growth arrest-specific gene 6 and its receptors in dysfunctional human renal allografts.
Transplant international : official journal of the FEuropean Society for Organ
Transplantation 2003;16:681-8.

164



[163] Yanagita M, Ishimoto Y, Arai H, Nagai K, Ito T, Nakano T, et al. Essential role of
Gas6 for glomerular injury in nephrotoxic nephritis. The Journal of clinical investigation
2002;110:239-46.

[164] Fiebeler A, Park JK, Muller DN, Lindschau C, Mengel M, Merkel S, et al. Growth
arrest specific protein 6/Axl signaling in human inflammatory renal diseases. American
journal of kidney diseases : the official journal of the National Kidney Foundation
2004;43:286-95.

[165] Nagai K, Arai H, Yanagita M, Matsubara T, Kanamori H, Nakano T, et al. Growth
arrest-specific gene 6 is involved in glomerular hypertrophy in the early stage of diabetic
nephropathy. The Journal of biological chemistry 2003;278:18229-34.

[166] Nagai K, Matsubara T, Mima A, Sumi E, Kanamori H, Iehara N, et al. Gas6
induces Akt/mTOR-mediated mesangial hypertrophy in diabetic nephropathy. Kidney
international 2005;68:552-61.

[167] Gustafsson A, Bostrom AK, Ljungberg B, Axelson H, Dahlback B. Gas6 and the
receptor tyrosine kinase Axl in clear cell renal cell carcinoma. PloS one 2009;4:e¢7575.

[168] Li Y, Ye X, Tan C, Hongo JA, Zha J, Liu J, et al. Axl as a potential therapeutic
target in cancer: role of Axl in tumor growth, metastasis and angiogenesis. Oncogene
2009;28:3442-55.

[169] Sica A. Macrophages give Gas(6) to cancer. Blood 2010;115:2122-3.

[170] Sawabu T, Seno H, Kawashima T, Fukuda A, Uenoyama Y, Kawada M, et al.
Growth arrest-specific gene 6 and AxI signaling enhances gastric cancer cell survival via
Akt pathway. Molecular carcinogenesis 2007;46:155-64.

[171] Sun W, Fujimoto J, Tamaya T. Coexpression of Gas6/Ax]l in human ovarian
cancers. Oncology 2004;66:450-7.

[172] Mc Cormack O, Chung WY, Fitzpatrick P, Cooke F, Flynn B, Harrison M, et al.
Growth arrest-specific gene 6 expression in human breast cancer. British journal of
cancer 2008;98:1141-6.

[173] Ito T, Ito M, Naito S, Ohtsuru A, Nagayama Y, Kanematsu T, et al. Expression of
the Axl receptor tyrosine kinase in human thyroid carcinoma. Thyroid : official journal of
the American Thyroid Association 1999;9:563-7.

[174] Loges S, Schmidt T, Tjwa M, van Geyte K, Lievens D, Lutgens E, et al. Malignant
cells fuel tumor growth by educating infiltrating leukocytes to produce the mitogen Gas6.
Blood 2010;115:2264-73.

[175] Mishra A, Wang J, Shiozawa Y, McGee S, Kim J, Jung Y, et al. Hypoxia Stabilizes
GAS6/Ax] Signaling in Metastatic Prostate Cancer. Molecular cancer research : MCR
2012;10:703-12.

165



[176] Nakano T, Kawamoto K, Higashino K, Arita H. Prevention of growth arrest-
induced cell death of vascular smooth muscle cells by a product of growth arrest-specific
gene, gas6. FEBS letters 1996;387:78-80.

[177] Nakano T. [A novel growth-regulating factor for vascular smooth muscle cells and
its receptors, Gas6 and Axl/Sky]. Tanpakushitsu kakusan koso Protein, nucleic acid,
enzyme 1996;41:1543-9.

[178] Murao K, Imachi H, Sayo Y, Hosokawa H, Sato M, Ishida T, et al. A product of
growth arrest-specific gene 6 modulates scavenger receptor expression in human vascular
smooth muscle cells. FEBS letters 1999;459:363-6.

[179] Avanzi GC, Gallicchio M, Bottarel F, Gammaitoni L, Cavalloni G, Buonfiglio D,
et al. GAS6 inhibits granulocyte adhesion to endothelial cells. Blood 1998;91:2334-40.

[180] Tjwa M, Bellido-Martin L, Lin Y, Lutgens E, Plaisance S, Bono F, et al. Gas6
promotes inflammation by enhancing interactions between endothelial cells, platelets,
and leukocytes. Blood 2008;111:4096-105.

[181] Nagata K, Ohashi K, Nakano T, Arita H, Zong C, Hanafusa H, et al. Identification
of the product of growth arrest-specific gene 6 as a common ligand for Axl, Sky, and Mer
receptor tyrosine kinases. The Journal of biological chemistry 1996;271:30022-7.

[182] Glass CK, Witztum JL. Atherosclerosis. the road ahead. Cell 2001;104:503-16.

[183] Lutgens E, Tjwa M, Garcia de Frutos P, Wijnands E, Beckers L, Dahlback B, et al.
Genetic loss of Gas6 induces plaque stability in experimental atherosclerosis. The Journal
of pathology 2008;216:55-63.

[184] Hurtado B, Munoz X, Recarte-Pelz P, Garcia N, Luque A, Krupinski J, et al.
Expression of the vitamin K-dependent proteins GAS6 and protein S and the TAM
receptor tyrosine kinases in human atherosclerotic carotid plaques. Thrombosis and
haemostasis 2011;105:873-82.

[185] Clauser S, Meilhac O, Bieche I, Raynal P, Bruneval P, Michel JB, et al. Increased
secretion of Gas6 by smooth muscle cells in human atherosclerotic carotid plaques.
Thrombosis and haemostasis 2012;107:140-9.

[186] Angelillo-Scherrer A, Burnier L, Lambrechts D, Fish RJ, Tjwa M, Plaisance S, et
al. Role of Gas6 in erythropoiesis and anemia in mice. The Journal of clinical
investigation 2008;118:583-96.

[187] Angelillo-Scherrer A, de Frutos P, Aparicio C, Melis E, Savi P, Lupu F, et al.
Deficiency or inhibition of Gas6 causes platelet dysfunction and protects mice against
thrombosis. Nature medicine 2001;7:215-21.

[188] Offermanns S, Toombs CF, Hu YH, Simon MI. Defective platelet activation in G
alpha(q)-deficient mice. Nature 1997;389:183-6.

166



[189] Lu Q, Gore M, Zhang Q, Camenisch T, Boast S, Casagranda F, et al. Tyro-3 family
receptors are essential regulators of mammalian spermatogenesis. Nature 1999;398:723-
8.

[190] Angelillo-Scherrer A, Burnier L, Flores N, Savi P, DeMol M, Schaeffer P, et al.
Role of Gas6 receptors in platelet signaling during thrombus stabilization and
implications for antithrombotic therapy. J Clin Invest 2005;115:237-46.

[191] Gould WR, Baxi SM, Schroeder R, Peng YW, Leadley RJ, Peterson JT, et al. Gas6
receptors Axl, Sky and Mer enhance platelet activation and regulate thrombotic
responses. Journal of thrombosis and haemostasis : JTH 2005;3:733-41.

[192] Balogh I, Hafizi S, Stenhoff J, Hansson K, Dahlback B. Analysis of Gas6 in human
platelets and plasma. Arteriosclerosis, thrombosis, and vascular biology 2005;25:1280-6.

[193] Clauser S, Bachelot-Lozat C, Fontana P, Gaussem P, Remones V, Aiach M, et al.
Physiological plasma Gas6 levels do not influence platelet aggregation. Arteriosclerosis,
thrombosis, and vascular biology 2006;26:e22.

[194] Kurz KD, Main BW, Sandusky GE. Rat model of arterial thrombosis induced by
ferric chloride. Thrombosis research 1990;60:269-80.

[195] Hladovec J. Experimental arterial thrombosis in rats with continuous registration.
Thrombosis et diathesis haemorrhagica 1971;26:407-10.

[196] Wang X, Xu L. An optimized murine model of ferric chloride-induced arterial
thrombosis for thrombosis research. Thrombosis research 2005;115:95-100.

[197] Wang X, Smith PL, Hsu MY, Gailani D, Schumacher WA, Ogletree ML, et al.
Effects of factor XI deficiency on ferric chloride-induced vena cava thrombosis in mice.
Journal of thrombosis and haemostasis : JTH 2006;4:1982-8.

[198] Wang X, Smith PL, Hsu MY, Ogletree ML, Schumacher WA. Murine model of
ferric chloride-induced vena cava thrombosis: evidence for effect of potato
carboxypeptidase inhibitor. Journal of thrombosis and haemostasis : JTH 2006;4:403-10.

[199] Tseng MT, Dozier A, Haribabu B, Graham UM. Transendothelial migration of
ferric ion in FeCl3 injured murine common carotid artery. Thrombosis research
2006;118:275-80.

[200] Kretz CA, Vaezzadeh N, Gross PL. Tissue factor and thrombosis models.
Arteriosclerosis, thrombosis, and vascular biology 2010;30:900-8.

[201] Sevitt S. The structure and growth of valve-pocket thrombi in femoral veins. J Clin
Pathol 1974;27:517-28.

[202] Becker BF, Heindl B, Kupatt C, Zahler S. Endothelial function and hemostasis. Z
Kardiol 2000;89:160-7.

167



[203] Godowski PJ, Mark MR, Chen J, Sadick MD, Raab H, Hammonds RG.
Reevaluation of the roles of protein S and Gas6 as ligands for the receptor tyrosine kinase
Rse/Tyro 3. Cell 1995;82:355-8.

[204] Avanzi GC, Gallicchio M, Cavalloni G, Gammaitoni L, Leone F, Rosina A, et al.
GASG6, the ligand of Axl and Rse receptors, is expressed in hematopoietic tissue but lacks
mitogenic activity. Exp Hematol 1997;25:1219-26.

[205] Fernandez-Fernandez L, Bellido-Martin L, Garcia de Frutos P. Growth arrest-
specific gene 6 (GAS6). An outline of its role in haemostasis and inflammation. Thromb
Haemost 2008;100:604-10.

[206] Llacuna L, Barcena C, Bellido-Martin L, Fernandez L, Stefanovic M, Mari M, et
al.  Growth arrest-specific protein 6 is hepatoprotective against murine
ischemia/reperfusion injury. Hepatology 2010;52:1371-9.

[207] Yanagita M. The role of the vitamin K-dependent growth factor Gas6 in glomerular
pathophysiology. Curr Opin Nephrol Hypertens 2004;13:465-70.

[208] Wang X, Smith PL, Hsu MY, Tamasi JA, Bird E, Schumacher WA. Deficiency in
thrombin-activatable fibrinolysis inhibitor (TAFI) protected mice from ferric chloride-
induced vena cava thrombosis. Journal of thrombosis and thrombolysis 2007;23:41-9.

[209] Cui YZ, Hisha H, Yang GX, Fan TX, Jin T, Li Q, et al. Optimal protocol for total
body irradiation for allogeneic bone marrow transplantation in mice. Bone marrow
transplantation 2002;30:843-9.

[210] Winberg G. A rapid method for preparing DNA from blood, suited for PCR
screening of transgenes in mice. PCR methods and applications 1991;1:72-4.

[211] Dominguez V, Govezensky T, Gevorkian G, Larralde C. Low platelet counts alone
do not cause bleeding in an experimental immune thrombocytopenic purpura in mice.
Haematologica 2003;88:679-87.

[212] Fehrenbach ML, Cao G, Williams JT, Finklestein JM, Delisser HM. Isolation of
murine lung endothelial cells. American journal of physiology Lung cellular and
molecular physiology 2009;296:1.1096-103.

[213] Kothari H, Kaur G, Sahoo S, Idell S, Rao LV, Pendurthi U. Plasmin enhances cell
surface tissue factor activity in mesothelial and endothelial cells. Journal of thrombosis
and haemostasis : JTH 2009;7:121-31.

[214] Ganopolsky JG, Castellino FJ. A protein C deficiency exacerbates inflammatory

and hypotensive responses in mice during polymicrobial sepsis in a cecal ligation and
puncture model. The American journal of pathology 2004;165:1433-46.

168



[215] Singh R, Pan S, Mueske CS, Witt T, Kleppe LS, Peterson TE, et al. Role for tissue
factor pathway in murine model of vascular remodeling. Circulation research
2001;89:71-6.

[216] Swystun LL, Shin LY, Beaudin S, Liaw PC. Chemotherapeutic agents doxorubicin
and epirubicin induce a procoagulant phenotype on endothelial cells and blood
monocytes. Journal of thrombosis and haemostasis : JTH 2009;7:619-26.

[217] Muller AM, Hermanns MI, Skrzynski C, Nesslinger M, Muller KM, Kirkpatrick
CJ. Expression of the endothelial markers PECAM-1, vWf{, and CD34 in vivo and in
vitro. Experimental and molecular pathology 2002;72:221-9.

[218] Galdal KS, Lyberg T, Evensen SA, Nilsen E, Prydz H. Thrombin induces
thromboplastin synthesis in cultured vascular endothelial cells. Thrombosis and
haemostasis 1985;54:373-6.

[219] Wada Y, Otu H, Wu S, Abid MR, Okada H, Libermann T, et al. Preconditioning of
primary human endothelial cells with inflammatory mediators alters the "set point" of the
cell. FASEB journal : official publication of the Federation of American Societies for
Experimental Biology 2005;19:1914-6.

[220] Borgel D, Clauser S, Bornstain C, Bieche I, Bissery A, Remones V, et al. Elevated
growth-arrest-specific protein 6 plasma levels in patients with severe sepsis. Critical care
medicine 2006;34:219-22.

[221] Thors B, Halldorsson H, Clarke GD, Thorgeirsson G. Inhibition of Akt
phosphorylation by thrombin, histamine and lysophosphatidylcholine in endothelial cells.
Differential role of protein kinase C. Atherosclerosis 2003;168:245-53.

[222] Lee DK, Grantham RN, Mannion JD, Trachte AL. Carotenoids enhance
phosphorylation of Akt and suppress tissue factor activity in human endothelial cells. The
Journal of nutritional biochemistry 2006;17:780-6.

[223] Anderson JA, Weitz JI. Hypercoagulable states. Clinics in chest medicine
2010;31:659-73.

[224] Wakefield TW, Henke PK. The role of inflammation in early and late venous
thrombosis: Are there clinical implications? Seminars in vascular surgery 2005;18:118-
29.

[225] Seitz HM, Camenisch TD, Lemke G, Earp HS, Matsushima GK. Macrophages and
dendritic cells use different Axl/Mertk/Tyro3 receptors in clearance of apoptotic cells. J
Immunol 2007;178:5635-42.

[226] Looney MR, Nguyen JX, Hu Y, Van Ziffle JA, Lowell CA, Matthay MA. Platelet
depletion and aspirin treatment protect mice in a two-event model of transfusion-related
acute lung injury. The Journal of clinical investigation 2009;119:3450-61.

169



[227] Kleinschnitz C, Braeuninger S, Pham M, Austinat M, Nolte I, Renne T, et al.
Blocking of platelets or intrinsic coagulation pathway-driven thrombosis does not prevent
cerebral infarctions induced by photothrombosis. Stroke; a journal of cerebral circulation
2008;39:1262-8.

[228] Snapper JR, Hinson JM, Jr., Hutchison AA, Lefferts PL, Ogletree ML, Brigham
KL. Effects of platelet depletion on the unanesthetized sheep's pulmonary response to
endotoxemia. The Journal of clinical investigation 1984;74:1782-91.

[229] Sindrey M, Marshall TL, Naish P. Quantitative assessment of the effects of platelet
depletion in the autologous phase of nephrotoxic serum nephritis. Clinical and
experimental immunology 1979;36:90-6.

[230] Mechtcheriakova D, Wlachos A, Holzmuller H, Binder BR, Hofer E. Vascular
endothelial cell growth factor-induced tissue factor expression in endothelial cells is
mediated by EGR-1. Blood 1999;93:3811-23.

[231] Zhou J, May L, Liao P, Gross PL, Weitz JI. Inferior vena cava ligation rapidly
induces tissue factor expression and venous thrombosis in rats. Arteriosclerosis,
thrombosis, and vascular biology 2009;29:863-9.

[232] Chaitanya GV, Franks SE, Cromer W, Wells SR, Bienkowska M, Jennings MH, et
al. Differential cytokine responses in human and mouse lymphatic endothelial cells to
cytokines in vitro. Lymphatic research and biology 2010;8:155-64.

[233] Tjwa M, Moons L, Lutgens E. Pleiotropic role of growth arrest-specific gene 6 in
atherosclerosis. Current opinion in lipidology 2009;20:386-92.

[234] Chen C, Li Q, Darrow AL, Wang Y, Derian CK, Yang J, et al. Mer receptor
tyrosine kinase signaling participates in platelet function. Arteriosclerosis, thrombosis,
and vascular biology 2004;24:1118-23.

[235] Cosemans JM, Van Kruchten R, Olieslagers S, Schurgers LJ, Verheyen FK,
Munnix IC, et al. Potentiating role of Gas6 and Tyro3, Axl and Mer (TAM) receptors in

human and murine platelet activation and thrombus stabilization. Journal of thrombosis
and haemostasis : JTH 2010;8:1797-808.

[236] Abid MR, Guo S, Minami T, Spokes KC, Ueki K, Skurk C, et al. Vascular
endothelial growth factor activates PI3K/Akt/forkhead signaling in endothelial cells.
Arteriosclerosis, thrombosis, and vascular biology 2004;24:294-300.

[237] Abid MR, Shih SC, Otu HH, Spokes KC, Okada Y, Curiel DT, et al. A novel class
of vascular endothelial growth factor-responsive genes that require forkhead activity for
expression. The Journal of biological chemistry 2006;281:35544-53.

[238] Weigel D, Jurgens G, Kuttner F, Seifert E, Jackle H. The homeotic gene fork head
encodes a nuclear protein and is expressed in the terminal regions of the Drosophila
embryo. Cell 1989;57:645-58.

170



[239] Kaestner KH, Knochel W, Martinez DE. Unified nomenclature for the winged
helix/forkhead transcription factors. Genes & development 2000;14:142-6.

[240] Lehmann OJ, Sowden JC, Carlsson P, Jordan T, Bhattacharya SS. Fox's in
development and disease. Trends in genetics : TIG 2003;19:339-44.

[241] Carter ME, Brunet A. FOXO transcription factors. Current biology : CB
2007;17:R113-4.

[242] Tzivion G, Dobson M, Ramakrishnan G. FoxO transcription factors; Regulation by
AKT and 14-3-3 proteins. Biochimica et biophysica acta 2011;1813:1938-45.

[243] Shen B, Chao L, Chao J. Pivotal role of JNK-dependent FOXOI1 activation in
downregulation of kallistatin expression by oxidative stress. American journal of
physiology Heart and circulatory physiology 2010;298:H1048-54.

[244] Asada S, Daitoku H, Matsuzaki H, Saito T, Sudo T, Mukai H, et al. Mitogen-
activated protein kinases, Erk and p38, phosphorylate and regulate Foxol. Cellular
signalling 2007;19:519-27.

[245] Salih DA, Brunet A. FoxO transcription factors in the maintenance of cellular
homeostasis during aging. Current opinion in cell biology 2008;20:126-36.

[246] An BS, Tavera-Mendoza LE, Dimitrov V, Wang X, Calderon MR, Wang HJ, et al.
Stimulation of Sirtl-regulated FoxO protein function by the ligand-bound vitamin D
receptor. Molecular and cellular biology 2010;30:4890-900.

[247] Petak I, Tillman DM, Harwood FG, Mihalik R, Houghton JA. Fas-dependent and -
independent mechanisms of cell death following DNA damage in human colon
carcinoma cells. Cancer research 2000;60:2643-50.

[248] Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, et al. Akt promotes cell
survival by phosphorylating and inhibiting a Forkhead transcription factor. Cell
1999;96:857-68.

[249] Bridges D, Moorhead GB. 14-3-3 proteins: a number of functions for a numbered
protein. Science's STKE : signal transduction knowledge environment 2005;2005:re10.

[250] Kops GJ, de Ruiter ND, De Vries-Smits AM, Powell DR, Bos JL, Burgering BM.
Direct control of the Forkhead transcription factor AFX by protein kinase B. Nature
1999;398:630-4.

[251] Biggs WH, 3rd, Meisenhelder J, Hunter T, Cavenee WK, Arden KC. Protein kinase
B/Akt-mediated phosphorylation promotes nuclear exclusion of the winged helix
transcription factor FKHR1. Proceedings of the National Academy of Sciences of the
United States of America 1999;96:7421-6.

171



[252] Potente M, Urbich C, Sasaki K, Hofmann WK, Heeschen C, Aicher A, et al.
Involvement of Foxo transcription factors in angiogenesis and postnatal
neovascularization. The Journal of clinical investigation 2005;115:2382-92.

[253] Paik JH, Kollipara R, Chu G, Ji H, Xiao Y, Ding Z, et al. FoxOs are lineage-
restricted redundant tumor suppressors and regulate endothelial cell homeostasis. Cell
2007;128:309-23.

[254] Tsuchiya K, Tanaka J, Shuiqing Y, Welch CL, DePinho RA, Tabas I, et al. FoxOs
integrate pleiotropic actions of insulin in vascular endothelium to protect mice from
atherosclerosis. Cell metabolism 2012;15:372-81.

[255] Cifarelli V, Lee S, Hyun Kim D, Zhang T, Kamagate A, Slusher S, et al. FOXO1
Mediates the Autocrine Effect of Endothelin-1 on Endothelial Cell Survival. Mol
Endocrinol 2012.

[256] Lee HY, You HJ, Won JY, Youn SW, Cho HJ, Park KW, et al. Forkhead factor,
FOXO3a, induces apoptosis of endothelial cells through activation of matrix
metalloproteinases. Arteriosclerosis, thrombosis, and vascular biology 2008;28:302-8.

[257] Minami T, Aird WC. Thrombin stimulation of the vascular cell adhesion molecule-
1 promoter in endothelial cells is mediated by tandem nuclear factor-kappa B and GATA
motifs. The Journal of biological chemistry 2001;276:47632-41.

[258] Minami T, Abid MR, Zhang J, King G, Kodama T, Aird WC. Thrombin
stimulation of vascular adhesion molecule-1 in endothelial cells is mediated by protein
kinase C (PKC)-delta-NF-kappa B and PKC-zeta-GATA signaling pathways. The Journal
of biological chemistry 2003;278:6976-84.

[259] Cook-Mills JM, Marchese ME, Abdala-Valencia H. Vascular cell adhesion
molecule-1 expression and signaling during disease: regulation by reactive oxygen
species and antioxidants. Antioxidants & redox signaling 2011;15:1607-38.

[260] Quarmby J, Smith A, Collins M, Cederholm-Williams S, Burnand K. A model of in
vivo human venous thrombosis that confirms changes in the release of specific soluble
cell adhesion molecules in experimental venous thrombogenesis. Journal of vascular
surgery : official publication, the Society for Vascular Surgery [and] International Society
for Cardiovascular Surgery, North American Chapter 1999;30:139-47.

[261] Gonzalez-Ordonez AJ, Fernandez-Carreira JM, Fernandez-Alvarez CR, Venta
Obaya R, Macias-Robles MD, Gonzalez-Franco A, et al. The concentrations of soluble

vascular cell adhesion molecule-1 and lipids are independently associated with venous
thromboembolism. Haematologica 2003;88:1035-43.

[262] Okada M, Suzuki K, Takada K, Nakashima M, Nakanishi T, Shinohara T.
Detection of up-regulated genes in thrombin-stimulated human umbilical vein endothelial
cells. Thrombosis research 2006;118:715-21.

172



[263] Abid MR, Schoots IG, Spokes KC, Wu SQ, Mawhinney C, Aird WC. Vascular
endothelial growth factor-mediated induction of manganese superoxide dismutase occurs
through redox-dependent regulation of forkhead and IkappaB/NF-kappaB. The Journal of
biological chemistry 2004;279:44030-8.

[264] Hasanbasic I, Rajotte I, Blostein M. The role of gamma-carboxylation in the anti-
apoptotic function of gas6. Journal of thrombosis and haemostasis : JTH 2005;3:2790-7.

[265] Matsuzaki H, Daitoku H, Hatta M, Tanaka K, Fukamizu A. Insulin-induced
phosphorylation of FKHR (Foxol) targets to proteasomal degradation. Proceedings of the
National Academy of Sciences of the United States of America 2003;100:11285-90.

[266] Wang YY, Chen SM, Li H. Hydrogen peroxide stress stimulates phosphorylation
of FoxOl in rat aortic endothelial cells. Acta pharmacologica Sinica 2010;31:160-4.

[267] Mahajan SG, Fender AC, Meyer-Kirchrath J, Kurt M, Barth M, Sagban TA, et al.
A novel function of FoxO transcription factors in thrombin-stimulated vascular smooth
muscle cell proliferation. Thrombosis and haemostasis 2012;108.

[268] Fan W, Morinaga H, Kim JJ, Bae E, Spann NJ, Heinz S, et al. FoxO1 regulates
Tlr4 inflammatory pathway signalling in macrophages. The EMBO journal
2010;29:4223-36.

[269] Su D, Coudriet GM, Hyun Kim D, Lu Y, Perdomo G, Qu S, et al. FoxOl1 links
insulin resistance to proinflammatory cytokine IL-1beta production in macrophages.
Diabetes 2009;58:2624-33.

[270] Ito Y, Daitoku H, Fukamizu A. Foxol increases pro-inflammatory gene expression
by inducing C/EBPbeta in TNF-alpha-treated adipocytes. Biochemical and biophysical
research communications 2009;378:290-5.

[271] McArthur MC, Dzintars EK, Phillips RB, Bushardt RL. Oral anticoagulation: a
review of the current and emerging therapies. JAAPA : official journal of the American
Academy of Physician Assistants 2011;24:60-6.

[272] Weitz J1, Eikelboom JW, Samama MM. New antithrombotic drugs: Antithrombotic
Therapy and Prevention of Thrombosis, 9th ed: American College of Chest Physicians
Evidence-Based Clinical Practice Guidelines. Chest 2012;141:e120S-518S.

[273] Carnemolla R, Muzykantov VR. Vascular targeting of antithrombotic agents.
[UBMB life 2011;63:632-9.

[274] Henn V, Slupsky JR, Grafe M, Anagnostopoulos I, Forster R, Muller-Berghaus G,
et al. CD40 ligand on activated platelets triggers an inflammatory reaction of endothelial
cells. Nature 1998;391:591-4.

173



