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SUMMARY

In addition to facilitating fibrin clot formation, a growing body of evidence suggests that
coagulation factors play an important role in regulating the innate immune response to
infection. Vitamin K-dependent (VKD) proteases that control haemostasis also possess the
ability to signal on cells via specific receptors to either exacerbate or inhibit inflammation. In
this thesis, the capacity of activated protein C (APC), factor Vlla (FVlla) and factor Xa (FXa),
which share significant structural and receptor binding homology, to modulate inflammatory
signalling pathways was investigated.

APC mediates cytoprotective effects on endothelial cells via interaction with the
endothelial protein C receptor (EPCR) and activation of protease activated receptor 1 (PAR1).
Despite binding to EPCR with similar affinity to APC, FVlla failed to emulate APC-like
cytoprotecive signalling on endothelial cells and was unable activate PAR1. Further,
substitution of the APC Gla and EGF1 domains with those of FVlla ablated APC PAR1
signalling, indicating that the light chain of APC possesses features that are crucial to its
cytoprotective activity on endothelial cells. FXa, which binds to EPCR with reduced affinity,
mediated EPCR- and PAR1-dependent endothelial barrier protective signalling and anti-
apoptotic effects on endothelial cells. Similarly, the presence of FX displayed endothelial
barrier stabilising properties via interaction with annexin-2.

APC can also mediated anti-inflammatory signalling on monocytes, independently of
PAR1. In this thesis, FXa is shown to limit pro-inflammatory cytokine production by
monocytes and macrophages in response to inflammatory stimuli. FXa anti-inflammatory

signalling on monocytes and macrophages also occurred independently of PAR1, via



apolipoprotein E receptor 2 (ApoER2)-dependent activation of PAR2. Thus, FXa displays
cytoprotective and anti-inflammatory signalling properties on endothelial cells and myeloid
cells which are comparable to those exerted by APC.

The anti-inflammatory efficacy of APC has led to its translation into a therapeutic
agent for severe sepsis. Despite this, its clinical use has been limited by the risk of severe
bleeding complications. Recently, our laboratory demonstrated that APC glycosylation
crucially regulates APC signalling such that B-APC, a naturally occurring glycoform replete of a
single N-linked glycan moiety, possesses significantly enhanced endothelial cell
cytoprotective function. In this thesis, we show that B-APC displays enhanced PAR1-
dependent anti-inflammatory activity on macrophages, but not ApoER2-dependent anti-
inflammatory activity on monocytes. The enhanced activity mediated by removal of the Asn-
329 glycan moiety occurs as a consequence of improved PAR1 proteolysis by APC. These
results suggest that B-APC is the predominant glycoform mediating PAR1-dependent
signalling by APC in vivo and may lead to APC preparations with enhanced signalling efficacy

for use in the treatment of inflammatory disease.
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CHAPTER 1: INTRODUCTION

1.1: Blood Coagulation

Haemostasis refers to the maintenance of a closed and fluid circulatory system. In the event
of vascular injury, a series of events designed to rapidly halt blood loss from the site of
damage occur that facilitate subsequent repair of the vasculature. This is achieved firstly by
vasoconstriction of the damaged blood vessel to reduce blood flow to the site of injury and
secondly via platelet aggregation and blood coagulation, which seals the breach in the vessel
wall. Blood coagulation is therefore a cellular and biochemical response to vessel wall injury
which involves formation of a temporary platelet plug and fibrin generation to reinforce

platelet plug integrity’. These processes are followed by tissue repair and clot dissolution.



1.1.1: Primary haemostasis

Primary haemostasis refers to the process by which platelets adhere to the sub-endothelial
surface to form aggregates in response to vascular injuryl. Damage to the endothelium
disrupts the barrier between plasma clotting components and the sub-endothelial matrix,
which is composed of collagens, tissue factor (TF), fibronectin, laminin and other matrix
proteins®. Initial platelet accumulation at the site of injury is facilitated by von Willebrand
factor (VWF), a large multimeric plasma glycoprotein synthesized in endothelial cells and
megakaryocytes®. Upon exposure of the sub-endothelial surface, VWF binds fibrillar collagen
of the vessel wall via its A3 domain. Under shear forces present within the vasculature,
collagen-tethered VWF unwinds to form strings, revealing multiple binding sites for the
platelet surface receptor glycoprotein Ib alpha subunit (GPlba). This process enables platelet
adherence via the GP1b/IX/V complex, a complex comprised of GPlba, GPIbB, GPIX and GPV
subunits, and platelet “rolling” along VWF strings”.

Tethering to VWF strings facilitates activation of platelets by thrombin cleavage of
protease activated receptor 1 (PAR1), a cell surface thrombin receptor, and other platelet
agonists present in the injured vessel microenvironment. In addition, collagen interacts
directly with immobilized platelets via the platelet receptor glycoprotein VI. Platelet
activation leads to massive conformational change in platelet integrins a,,B3 and a,f;, greatly
enhancing their affinity for VWF, fibrinogen and collagen®®. Activated platelets express
soluble messengers such as ADP and thromboxane A, (TxA;) which recruit further platelets to
the site of injury. Inter-platelet bridges are formed via a;,3; and adhesive proteins such as

fibrinogen, fibrin and VWF®. Platelet activation induces scramblase-mediated transport of



negatively-charged phospholipids to the platelet surface, providing a catalytic surface for

enzyme complexes of the coagulation cascade.

1. Platelet 2. Activation 3. Aggregation
Tethering and Adhesion

Thrombin

Figure 1.1: Platelet aggregation: Platelet aggregation is initiated by platelet adherence to
exposed coilagen or VWF at the site of vascular injury. In large blood vessels, where the rate
of flow and shear stress is high, VWF is required to mediate high affinity interactions with
platelet GPIba in order to tether circulating platelets to the vessel wall. Reduced shear rate
enables direct interactions between platelets and sub-endothelial proteins such as collagen.
Platelet activation then occurs, resulting in structural transformation and release of soluble

mediators ADP and TxA,, which recruit and activate other platelets at the site of injury.



1.1.2: The coagulation cascade

Breach of the endothelial barrier simultaneously exposes sub-endothelial TF, the trigger for
the coagulation cascade. TF is a 47kDa transmembrane glycoprotein that is constitutively
expressed by cells of the sub-endothelial tissue, including vascular smooth muscle cells,
pericytes and adventitial fibroblasts’®. Upon exposure to blood, sub-endothelial TF acts as
the initiator of the extrinsic pathway of coagulation via formation of a complex with activated
vitamin K-dependent (VKD) serine protease factor VII (FVlla), which catalyzes the activation
of VKD zymogens factor X (FX) and factor IX (FIX) to FXa and FiXa respectively™®.

The historical paradigm of haemostasis, in which haemostatic TF exists solely as a sub-
endothelial receptor excluded from the vascular lumen by an intact endothelial layer, has
been challenged by the observation that TF is expressed by cells circulating within the
bloodstream. Exposure to bacterial endotoxin, lipopolysaccharide (LPS), can induce TF

11,12

expression on peripheral blood monocytes both in vitro and in vivo and platelets have

13’14, although this has been

been reported to express TF in an activation-dependent manner
challenged by several groups™. A soluble form of TF has been detected circulating in healthy
volunteers™ and is increased in patients with cardiovascular disease, diabetes"’, sickle cell
disease’® and endotoxemia®. This soluble form of TF exists upon small cell fragments, or
microparticles (MPs), released from activated or apoptotic leukocytes'®. Endothelial cells
have also been reported to express TF in response to LPS?® and TF has been detected on
circulating endothelial cells in a number of disease states including sickle cell disease®’,

atherosclerosis®’, tuberculosis®® and inflammatory bowel disease®®. It remains unclear,

however, whether this occurs as a result of endothelial cell TF expression or due to binding of



haematopoetic cell derived TF-positive MPs to the endothelium, which is subsequently
released'’.

A proportion of TF within the vasculature is alternatively spliced (asTF), generating a
TF isoform lacking the transmembrane domain and possessing an altered C-terminus®. asTF
is unable to initiate coagulation®®. Further, the majority of circulating TF exists in a cryptic
form which also lacks procoagulant activity due to the reduction of a disulphide bond, Cys-

2128 £ormation of a

186-Cys-209, by the thioredoxin/thioredoxin reductase/NADPH system
disulphide bond between these residues decrypts TF, restoring procoagulant function. The
mechanism through which TF decryption is achieved in vivo is incompletely understood but is
thought to involve protein disulphide isomerase’®. The importance of circulating
haematopoetic cell-derived TF in thrombus formation in vivo has been established using wild
type mice transplanted with the bone marrow of mice expressing only 1% normal levels of
TFY, Upon vessel injury in these mice fibrin deposition occurs predominantly adjacent to the
vessel wall and thrombus size is significantly reduced, implicating a role for haematopoetic
cell-derived TF in thrombus development. The role of haemopoetic cell-derived TF in
thrombus formation was further underscored in a recently described murine model of deep
vein thrombosis (DVT), in which pathological thrombus formation required monocytic TF>".
The role of sub-endothelial TF in the initial phase of coagulation is well established.
Once decrypted, TF binds to and activates FVII via induction of conformational changes in the
serine protease domain®%. This interaction is enhanced by coincident FVli(a) Gla domain

binding to the negatively charged phospholipid surface®®. Once activated, FVlla remains

associated with TF to form a ternary complex with either FX or FIX, converting them to FXa



and FIXa respectively®®. FXa generated by the ternary (or ‘extrinsic tenase’) complex activates
tiny amounts of prothrombin to thrombin. Thrombin generated in this initial phase is
incapable of supporting thrombus formation but is sufficient to activate procoagulant
cofactors factor V (FV) and factor VIl (FVIH)35. FVa and FVllla accelerate the enzymatic
activity of the prothrombinase and intrinsic tenase complexes respectively and their
generation results in rapid amplification of thrombin generation®®. FVllla associates with FiXa
on the surface of negatively-charged phospholipids in the presence of Ca’* to form the
intrinsic tenase complex, which converts zymogen FX to FXa. Binding of FIXa to FVlila in the
intrinsic tenase complex enhances the efficacy of FX activation by FIXa 200,000-fold®’. During
the propagation phase of coagulation, the intrinsic tenase complex is the principal activator
of FX, doing so 50-fold more efficiently than the extrinsic tenase®.

An alternative process exists by which thrombin generation can be initiated that does
not require TF. This process is referred to as the ‘contact pathway’ and is initiated by
activation of factor XIl (FXIl) to FXlla*®. Contact with the negatively charged phospholipid
surface of activated platelets in the presence of high molecular weight kininogen (HMWK)
and plasma kallikrein (PK) induces a conformational change in the FXIl zymogen resulting in
generation of small amounts of FXlla. Numerous other physiological activators of FXIl have
also been proposed, including RNA, collagen and polyphosphate®. FXlla subsequently
activates PK, which reciprocally generates additional FXIla*°. FXlla initiates coagulation via
activation of factor XI (FXI) which in turn activates FIX to FiXa, a crucial component of the

intrinsic tenase complex.



Interestingly, congenital deficiency of HMWK, PK or FXII is not associated with any
bleeding phenotype®'. FXII-deficient mice are also protected in models of arterial thrombosis,

4243 3and pharmacological inhibition of contact system

pulmonary embolism and stroke
activators can confer similar protection in these models*. Moreover, blocking expression of
contact system factors with antisense oligonucleotides provides protection in models of

4546 This suggests that FXlla is not required for normal

arterial and venous thrombosis
haemostasis, but plays an important role in thrombosis. In contrast, FXI deficiency is
associated with a variable bleeding tendency, which demonstrates a key role for FXla in the
maintenance of normal haemostasis*’. The discrepancy in bleeding phenotypes associated
with deficiency of FXII and FXI, 2 components of the contact pathway, is attributed to FXlla-
independent activation of FXI by thrombin*.

Recently, polyphosphates, linear polymers of inorganic phosphates linked together
via high energy phosphoanhydride bonds, have been identified as important stimulators of
the coagulation cascade®. Polyphosphates of about 60-100 units in length are present in
dense platelet granules at a concentration of ~130 mM and are secreted upon activation®®.
Microorganisms also contain polyphosphates that can range in length from hundreds up to
thousands of phosphate units. Smith et al. (2006) demonstrated that polyphosphates
stimulate initiation of the contact pathway via activation of FXIl and also accelerate FV
activation, resulting in an accelerated thrombin burst during plasma clotting reactions™®.
Polyphosphate stimulation of coagulation is dependent on polymer length; the capacity of

platelet-derived polyphosphates to trigger contact pathway activation is 1000-fold less

potent than very long chain polyphosphates, such as those present in microorganisms>". In



contrast, short polyphosphates secreted by platelets are sufficient to enhance FVa

o Furthermore,

generation and have also been implicated as inhibitors of TFPI function
platelet-derived polyphosphate accelerates activation of FXI by thrombin and FXI auto-
activation®’.

The intrinsic and extrinsic pathways converge at the level of FX activation. FVa
associates with FXa on the negatively charged phospholipid surface of activated platelets in
the presence of Ca’* to form the prothrombinase complex. The prothrombinase complex
generates thrombin rapidly, 300,000 times more efficiently than FXa alone®*. Thrombin
converts fibrinogen monomers to fibrin, via removal of fibrinopeptides, which spontaneously
polymerize to form an insoluble fibrous mesh*. The integrity of the fibrin mesh is stabilized
by activated factor Xl (FXllla), a transglutaminase activated by thrombin>® that covalently
cross-links fibrin at GIn and Lys residues’® increasing fibrin clot resistance to proteolytic
degradation.

In this way primary haemostatic mechanisms in concert with fibrin formation initiate

development of a haemostatic plug composed of activated platelets embedded within a

fibrin mesh.
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Figure 1.2: The coagulation cascade: During blood coagulation, protease-cofactor complexes
assemble on negatively-charged membrane surfaces. The extrinsic tenase complex
(TF/FVIla), the intrinsic tenase complex (FVllla/FIXa) and the prothrombinase complex
(FVa/FXa) are the 3 major enzyme complexes which assemble during coagulation. Each of
these complexes requires the presence of Ca’* and anionic phospholipid in order to function

efficiently. The end result of blood coagulation is the formation of a fibrin clot.

o



1.1.3: Regulation of coagulation

Prevention of pathogenic thrombosis in the absence of vascular injury is integral to
maintenance of the circulatory system. Unregulated haemostasis can lead to
thromboembolic disease, vessel occlusion and ischaemic tissue injury. Thus, there exists a
delicate balance between pro-thrombotic and anti-thrombotic regulators in vivo. The
constitutively anti-thrombotic endothelial cell surface prevents initiation of coagulation in
the absence of vascular injury. Furthermore, the coagulation cascade is regulated by 3 major
endogenous anticoagulant mechanisms; antithrombin (AT)*’, tissue factor pathway inhibitor

(TFPI)*® and the protein C (PC) pathway™’.

1.1.3.1: Prevention of thrombus formation in the absence of vascular injury

Preclusion of thrombus formation in intact vessels is facilitated by a layer of endothelial cells
that line the blood vessel and act as a barrier between quiescent blood clotting components
present in plasma and coagulation initiators present in the sub-endothelial matrix.
Endothelial cells also produce thromboregulatory components that actively inhibit blood clot
formation. Nitric oxide (NO) is constitutively expressed by endothelial cells and acts upon
circulating cells to inhibit thrombus formation via reduction of vascular smooth muscle cell
contractility, platelet activation and endothelial cell surface adhesion molecule

8061 Endothelial cells also express prostacyclin, which amplifies the effects of

expression
NO®2. In addition to these soluble mediators, endothelial cells express the ectonucleoside

CD39, a membrane bound protease which degrades the potent platelet activators ATP and

ADP®,
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1.1.3.2: Antithrombin

AT is a 58 kDa, 432 amino acid glycoprotein that inhibits thrombin, FXa, FIXa and FXla®’. AT
functions by forming an initial reversible complex with the target protease that causes
disruption of the peptide bond between P1 and P1’ residues contained within AT’s reactive
site loop. This disruption leads to formation of a covalent bond between the target protease
active site amino acid Ser residue and the AT P1 residue, resulting in conformational changes
in both AT and the target protease. Covalent association with AT renders the target protease
inactive and the complex is cleared from the circulation®.

The inhibitory efficacy of AT in vivo is dependent upon binding to heparin or heparin
sulphate, negatively charged linear polysaccharide molecules present on the surface of
vascular endothelial cells and secreted by mast cells®®. Heparin’s core pentasaccharide binds
to specific Lys residues present in AT initiating a conformational change that alters the
reactive site loop, enhancing the efficacy of AT in protease inactivation®®. Binding of full-
length heparin (> 26 saccharide units in length) to AT accelerates its interaction with
thrombin 1000-fold and with FXa 10,000-fold®®. Clot bound thrombin and FXa are relatively
protected from inhibition by AT, suggesting that AT functions to localize and prevent

spreading of a growing thrombus®”%,

1.1.3.3: Tissue Factor Pathway Inhibitor
FXa generation by the extrinsic tenase complex is regulated by TFPI. TFPI is a 43kDa, 276
amino acid glycoprotein comprised of 3 Kunitz domains (K1, K2 and K3), an acidic N-terminal

region and a highly basic C-terminal region. TFPI is produced by endothelial cells and

11



platelets®. Inhibition of the extrinsic tenase complex by TFPI is proposed to occur in 2 steps.
Firstly, the P1 residue (Arg-107) of the K2 domain binds to the active site groove of FXa,
inhibiting protease function. This is followed by K1 domain P1 residue (Lys-36) binding to the
active site of TF-associated FVlla resulting in the formation of the quaternary
TFPI/FXa/TF/FVlla complex, which has no catalytic activity’’.

Recent work by Hackeng et al. (2006) has demonstrated that the inhibitory activity of
TFPI is enhanced by protein S’*. Interaction between protein S and the TFPI K3 domain
enhances the affinity of TFPI for FXa’?. TFPI inhibition of TF-associated FVila does not occur in
the absence of FXa. Once bound to FVa and prothrombin in the prothrombinase complex,
FXa is protected from inhibition by TFPI”>. As such, TFPI regulates only the initial phase of

coagulation.

1.1.3.4: The Protein C pathway

PC is a VKD serine protease which circulates in plasma as a zymogen®’. PC is converted to
activated PC (APC) by the thrombin-thrombomodulin (TM) complex and attenuates
coagulation by proteolytic inactivation of FVa and FVllla. The anticoagulant function of APC in
plasma is dependent upon interaction with its cofactor protein S. As this pathway represents
a central area of investigation in this thesis, its components and activity will be discussed

later at greater length.
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1.1.4: Fibrinolysis

Vascular repair at the site of injury is initiated once thrombus formation has occurred.
Platelet derived growth factor (PDGF) is released from platelet a-granules and induces
proliferation of vascular smooth muscle cells and fibroblasts. The stable clot is then dissolved
via a tightly regulated process referred to as fibrinolysis’. Fibrinolysis occurs upon
proteolytic activation of plasminogen to plasmin by tissue plasminogen activator (tPA) and

757 Activated plasmin degrades the fibrin mesh into

urokinase plasminogen activator (uPA)
large soluble fragments that are then reieased into the circulation. tPA-stimulated
plasminogen activation is strongly promoted by fibrin. tPA binds to both fibrin and
plasminogen to form a ternary complex that results in (1000-fold) enhanced plasminogen

activation by tPA. Fibrinolysis by plasmin is inhibited by plasminogen activator inhibitor(PAl)-

1, PAI-2, a-antiplasmin and thrombin-activatable fibrinolysis inhibitor (TAFI)®.
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1.2: VKD coagulation proteins

FVII, FIX, FX, prothrombin, PC, protein Z and protein S are VKD coagulation proteins
characterised by the presence of a y-carboxyglutamic acid (Gla) domain’’. FVII, FIX, FX and PC
are further comprised of 2 epidermal growth factor (EGF)-like domains and a C-terminal
serine protease domain’®. This domain structure is largely conserved in prothrombin, except
for 2 Kringle domains that replace the aforementioned EGF-like domains, and protein Z,
which contains a C-terminal pseudocatalytic domain in place of the serine protease domain’®.
Protein S differs from this template by the presence of 4 EGF-like domains, a thrombin-
sensitive region and a sex hormone-binding globulin domain in place of the serine protease
domain®.

VKD coagulation proteins require post-translational modification by the VKD y-
glutamyl carboxylase in order for the Gla domain to adopt a function conformation. The VKD
y-glutamyl carboxylase converts reduced vitamin K to the vitamin K epoxide while
simultaneously converting Glu residues present in the Gla domain of VKD proteins to
negatively charged Gla residues via y-carboxylation®’. This modification is essential for
interaction of the Gla domain with Ca*, a prerequisite for VKD coagulation protein folding

and membrane binding function.
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1.2.1: Glycosylation of VKD proteins

More than half of all known proteins possess covalently attached glycan structures and all of
the VKD coagulation proteins are glycosylated®’. Glycosylation can be categorised into 2
types; N-linked and O-linked (Figure 1.3). N-linked glycosylation refers to transfer of a pre-
assembled oligosaccharide core structure from a dolichol lipid donor onto specific Asn
residues®®. This process occurs in the endoplasmic reticulum (ER) and is catalysed by the
oligosaccharyltransferease enzyme complex. N-linked glycans typically possess a 14-sugar
mannose-rich core (GlcsMangGIcNACc,) (Figure 1.3) that subsequently undergoes remodelling
by a series of ER glycosyltranfersases and glycosidases®”.

For N-linked glycosylation to occur, Asn residues must exist as part of the consensus
sequon Asn-X-Ser/Thr (where X is any amino acid except Pro)84. The hydroxy amino acid
(Ser/Thr) is postulated to relay a proton from the Asn residue to the active site of the
oligosaccharyltransferase, which renders the b-amide group of the Asn residue more
susceptible to nucleophilic attack on the dolichol-oligosaccharide complex®>. The free
sulfhydryl group of a cysteine residue can similarly facilitate N-linked glycosylation, allowing
glycosylation of Asn-X-Cys sequons, however this is believed to occur at a slower rate®. N-
linked glycosylation happens concurrently with other post-translational events including
protein folding and as a result, not all viable Asn sequons are present at the luminal aspect of
the ER membrane long enough for N-linked glycosylation to occur.

O-linked glycosylation refers to attachment of glycans to Ser or Thr residues. O-linked
glycosylation differs from N-linked glycosylation in that it occurs in the Golgi and involves

sequential addition of monosaccharide units rather than addition of a preassembled
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oligosaccharide core structure®’. Further, O-linked glycosylation does not require Ser or Thr

residues to be present in a specific consensus sequence, although it occurs most commonly

in Ser/Thr clusters which are also rich in proline or alanine®.
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Figure 1.3: Examples of typical N- and O-linked glycan structures expressed on human

plasma glycoproteins: Glycans are composed of monosaccharide units, such as sialic acid,

hexoses, hexosamines, deoxyhexoses, pentoses and uronic acid linked together. Most

secreted and cell surface N-linked glycans are of the complex subtype and therefore are

highly branched space-occupying structures, typically capped with negatively charged sialic

acid residues. Reproduced from Preston et al., Blood 2013; May 9;121(19):3801-10 *%.



1.3: Coagulation and Inflammation

Although classically believed to constitute independent physiological defence mechanisms,
the idea that coagulation and inflammatory pathways are intrinsically linked has become an
increasingly accepted paradigm. A large body of evidence demonstrates that activation of
inflammation simultaneously triggers activation of the coagulation cascade and reciprocally,
many mediators of blood clotting also initiate and modulate inflammatory signalling

pathways®.

1.3.1: Toll-like receptors

Toll-like receptors (TLRs) are a family of transmembrane signalling pathogen recognition
receptors (PRRs) that are crucial for immune recognition of pathogen-associated molecular
patterns (PAMPs) and certain endogenous danger-associated molecular patterns (DAMPs).
TLR activation results in activation of nuclear factor kB (NF-kB) and activator protein 1 (AP-1)
resulting in induction of important mediators of the immune response to infection, including
pro-inflammatory cytokines, chemokines and anti-microbial peptides. 13 mammalian TLRs
have been identified to date in humans all of which share significant structural homology
with each other and with the IL-1 receptorgo. TLRs possess a ligand binding extracellular
leucine-rich repeat (LRR) domain and a cytoplasmic Toll-IL-1 receptor (TIR) domain that upon
ligand binding initiates intracellular signalling pathways via interaction with TIR-adapter

091 such as myeloid differentiation factor 88 (MyD88), myeloid adapter-like

molecules
protein (MAL), TIR-domain containing adaptor inducing protein inducing IFN-B (TRIF) and

TRIF-related adapter molecule (TRAM)®?.
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TLR signalling is mediated via formation of hetero- or homodimers comprised of 2 TLR
receptors. Different TLRs recognize different microbial structures. LPS from the cell wall of
gram-negative bacteria is recognized by TLR4*® while lipopeptides and lipoteichoic acid from
gram-positive bacteria are recognized by TLR2 in conjunction with TLR1 or TLR6™. TLRS is
activated by flagellin from bacterial flagella® and viral/bacterial nucleic acids are recognized
by TLR3, TLR7, TLR8 and TLR9S. TLR11 recognizes uropathogenic bacteria and a protozoan-
derived profilin-like protein®®. The ligands for TLR10, TLR12 and TLR13 are currently
unknown.

TLRs are reported to stimulate coagulation via numerous mechanisms. Activated
TLR4%"%8 TLR2% and TLR3'® have been reported to induce expression of TF on peripheral
monocytes/endothelial cells upon stimulation. Further, TLR 1, 2, 4, 6, 8 and 9 have been

101

identified on platelets™ " and activation of TLR2 and 4 has been reported to facilitate platelet

102,103

activation . TLR-dependent activation of coagulation pathways has also been postulated

to contribute to morbidity in septicemia. Experimental studies using porcine and murine

asied TF-positive

models of LPS-induced sepsis demonstrate an increase in circulating TF
monocytes have also been identified in patients with severe sepsis and circulating TF
correlates with unfavourable outcome in cases of meningococcal infection'®. Recently,
Kamimura et al. (2005) demonstrated that the anti-inflammatory cytokine IL-10 down-

regulates TF expression on human monocytes, indicating the existence of common

mechanisms that regulate both inflammation and coagulation.
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1.3.2: Protease-activated receptors

Coagulation proteases modulate inflammatory pathways via activation of protease-activated
receptors (PARs), a subset of the G protein coupled receptor (GPCR) family’®’. GPCRs are
typically comprised of 7 transmembrane domains attached to an intracellular C terminus and
extracellular N-terminal tail and represent the largest known receptor family'®®. Activation of
GPCRs is typically achieved via ligand binding to a site upon or between the transmembrane
domains. This initiates conformational change in the intracellular portion of the GPCR'™ that
results in substitution of GDP with GTP from the a-subunit of the inactive heterotrimeric
(aBy) G protein, which in turn dissociates the G protein into Ga-GTP and GBy subunits. This

107

process initiates activation of GPCR-mediated cytoplasmic signalling™". GPCRs can couple to

110 that can be broadly characterised into G, G;,

at least 16 heterotrimeric G protein subtypes
Gq and Giy/13 types. GPCRs can also signal in a G protein-independent manner, for example
via B-arrestins. B-arrestin-mediated GPCR signalling leads to activation of Src family kinases
and mitogen-activated protein kinases (MAPKs)'*.

PARs possess a unique mode of receptor activation. Activation of PARs requires
proteolytic cleavage of the extracellular N-terminal tail, resulting in generation of a ‘tethered
ligand’ which binds to the 2nd extracellular loop of the receptor, initiating intracellular
signalling (Figure 1.4)'”’. To date 4 PARs have been identified: PAR1, PAR2, PAR3 and PARA4.
PAR1 was identified in 1991 as the prototypical thrombin receptor'*?. APC, FXa and FVila

107

have since been identified as activators of PAR1™’. PAR2 is activated by trypsin, FXa and

FVIla'. PAR3 is activated by thrombin and APC*** and PAR4 by trypsin, thrombin, FXa and
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FVIla'®®. PAR1, PAR2 and PAR4 can also be activated by synthetic peptides that mimic their
respective tethered ligands'”’.

The PAR domain structure is conserved and all 4 share ~25% sequence homology. The
activating protease specificity of different PARs is therefore attributed to distinct N-terminal
tail cleavage sequences and 2™ extracellular loop tethered ligand recognition sites''®. PAR
activation is unlike other GPCRs in that it is irreversible. Once cleaved, the PAR tethered
ligand that cannot diffuse away from the receptor; however the duration of PAR signalling is
tightly regulated™’. PAR signalling can be shut off by phosphorylation of Ser and Thr residues
present on the intracellular C-terminus, leading to uncoupling from G-protein signalling'*®, or
via B-arrestin-1 binding’*®. Phosphorylation of C-terminal residues initiates receptor

internalisation, preventing further protease exposure, which is followed either by lysosomal

degradation or recycling of the receptor back to the cell surface'®.
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Figure 1.4: PAR activation and signalling: PARs are comprised of 7 transmembrane domains
attached to an intracellular C terminus and extracellular N-terminal tail. PAR activation is
mediated by proteolytic cleavage of the extracellular N-terminal tail to reveal a ‘tethered
ligand’ agonist which binds to the 2nd extracellular loop of the receptor. This results in
substitution of GDP with GTP from the a-subunit of the inactive afy G protein, which

dissociates the G protein into Ga-GTP and GBy subunits and initiates signalling.
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1.3.2.1: PAR1 signalling by thrombin

Thrombin activation of PAR1 leads to activation of both platelets and endothelial cells.
Human platelets express PAR1 and PAR4. At low concentrations of thrombin, blockade of
PAR1 prevents platelet activation, while at high concentrations blockade of both PARL and

121 Murine platelets express

PAR4 is required to prevent thrombin activation of platelets
PAR3 and PARA4. Similarly, PAR3 is required for thrombin-mediated activation a: low
concentrations, while PAR3 and PAR4 appear to act in concert at higher concentrations 2.
Notably, PAR1 and PAR3, but not PAR4, possess hirudin-like sequences in the N-terminal tail.
This sequence binds exosite | of thrombin to facilitate PAR activation and its absence may
explain the reduced sensitively of PAR4 to thrombin activation****.

PAR1 constitutes the major mediator of thrombin-endothelial cell signalling in both
humans and in mice, inducing expression of platelet activating factors'?*, expression of pro-

* and endothelial cell barrier permeability’®>. Thrombin activates

inflammatory cytokines™
PAR1 by cleavage at Arg-41 within the N-terminal tail**’. PAR1 can couple to 3 a G protein
subunits; Ga;, Gag, and Ga12/13126. Thrombin activation of PAR1 on cultured endothelial cells
results in coupling to Gaiz/13 and Gag, which initiates activation of RAS homolog gene family
member A (RhoA). This in turn causes disassembly of adheren junctions and reorganisation of
the actin cytoskeleton, leading to transient disruption of the endothelial cell barrier?®.
Thrombin activation of PAR1 also initiates multiple intracellular kinase cascades leading to

nuclear translocation of NF-kB, pro-inflammatory cytokine expression and induction of

apoptosism.
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1.3.2.2: PAR2 signalling by FVlla and FXa

PAR?2 is activated by trypsin, FXa and FVlla and can couple to Gag, Ga;, or Gat12/13 subunits'?’.

128,129

FVlla activates PAR2 when in complex with TF . Non-coagulant, cryptic TF supports FVlla-

PAR2 activation” and has been associated with activation of inflammatory signalling

130 131

pathways . PAR2 activation induces activation of NF-kB™”", expression of pro-inflammatory
cytokines and adhesion molecules™? and phosphatidylinositide 3-kinase (PI3K) signalling®**.
PAR2 activation also initiates G protein-independent signalling through recruitment of (-
arrestin®®*" and induction of ERK1/2 and p38 MAPK signalling’®>, which modulates cell
migration and negatively regulates G protein-coupled receptor signalling pathwaysm. TF-
Vlla-PAR2 signalling on cancer cells is thought to play a role in angiogenesis and metastasis'®’
and in vivo studies using murine models of tumour metastasis have linked TF-Vlla-PAR2
signalling with tumour progression'*®. FXa can also activate PAR2, as part of the extrinsic

tenase complex130 and via interaction with alternative cell surface receptorsm'”o.
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1.4: Factor X

1.4.1: FX Structure
Human FX is a VKD coagulation zymogen synthesized in the liver that circulates at a
concentration of approximately 170nM***,**2. The gene encoding human FX spans 27kb on
chromosome 13934 and contains 8 exons and 7 introns'*®. The signal peptide, the
propeptide and the Gla domain are encoded by exons 1 and 2 while exon 3 encodes a short
aromatic stack. Exons 4 and 5 encode the EGF-like domains and exon 6 the activation
peptide. The serine protease domain is coded for by exons 7 and 8. FX is structurally
homologous to VKD coagulation proteins FVII, PC and prothrombin and the amino acid
sequence of FX is highly conserved across mammalian species'*’.

FX is synthesized as a single-chain 59kDa precursor and converted to a heterodimer
by excision of an Arg-Lys peptide bond between the second EGF-like domain and the

1% The heavy chain is 303 amino acid residues in length and

activation peptide (Figure 1.5)
contains the activation peptide and the serine protease domain. The light chain, which is
connected to the heavy chain by a single disulphide bond at Cys-132-Cys-302, is 139 amino
acid residues in length and contains the Gla domain, the aromatic stack and both EGF-like
domains. Prior to secretion, FX undergoes post-translational modification. 11 Glu residues in
the N-terminal Gla domain of FX are converted to Gla by VKD gamma glutamyl carboxylase
(1.2.1) and Asp-63 in the EGF1 domain undergoes B-hydroxylation, a modification required

for Ca®* binding in this domain*. FX possesses 2 N-linked and 2 O-linked glycosylation sites

contained within the activation peptide of FX that regulate activation and plasma half

-£..146,147
life™ ™",
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1.4.2: FXa procoagulant activity and serpin inhibition

Proteolytic activation of FX by either the intrinsic or extrinsic tenase complex occurs via
cleavage of a single Arg-195-lle-196 peptide bond in the heavy chain to release a 12 kDa
activation peptide’*’. Activation causes conformational rearrangement of a number of
residues to facilitate formation of the catalytic triad and the S1 specificity pocket, a binding

198 Once activated, FXa

region that largely determines the substrate specificity of FXa
converts prothrombin toc thrombin in the prothrombinase complex. The predominant plasma
inhibitors of FXa are AT (1.1.4.1), TFPI (1.1.4.2) and protein Z-dependent protease inhibitor
(ZP1) which circulates in complex with protein Z (PZI-PZ). AT and TFPI can inhibit FXa only
prior to incorporation into the prothrombinase complex, however interaction with FVa and

prothrombin does not protect FXa from inhibition by ZPI-PZ**°.
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Figure 1.5: Structure of FX(a): The mature FX molecule is a 2 chain polypeptide consisting of
a 17-kDa light chain joined to a 45-kDa heavy chain by a disulfide bond. The light chain
contains the Gla domain and EGF-like domains separated by a short inter-EGF peptide
sequence. The heavy chain contains the activation peptide (AP) and serine protease domain.
[? - Gla residues; ¥ - B-hydroxy amino acid residues; T - N-linked glycans; @ - O-linked

glycans]
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1.4.3: PAR signalling by FXa

FXa can activate PAR1, PAR2 and PAR4 with varying efficacy (i.e. PAR2 > PAR1 > PAR4)™°. FXa

151 152

has been described to activate PAR1 and/or PAR2 on Hela cells””", mesangial cells™,

153 140,150,154,155

osteoblasts™”", and endothelial cells and has been implicated in a wide variety of
immunomodulatory roles. FXa induces expression of cytokines and chemokines MCP-1, IL-6
and IL-8 from HUVECs®**” and IL-1 from macrophages™®. Additionally, FXa has a potent

139 and stimulates lymphocyte and human

mitogenic effect upon human fetal lung fibroblasts
mesangial cell proliferation®’.

Conversely, recent studies have identified that FXa activation of PAR1/2 on
endothelial cells can mediate downstream anti-inflammatory and cytoprotective signalling,
reducing TNFa-induced activation of NF-kB and endothelial cell barrier permeability****>*1¢,
Variation in experimental conditions and cell types used may explain the discrepant pro- and
anti-inflammatory effects of FXa reported in the literature. A study by Bachli et al. (2003)
identified that the duration of exposure impacts hugely upon the nature of FXa signalling
with prolongation of incubation periods increasing the pro-inflammatory potency of FXa'®’.
Alternatively, non-canonical PAR signalling, such as that observed in the case of PAR1, may
facilitate diverse signalling pathways initiated by FXa activation of PAR2.

Various cell surface receptors have been implicated in FXa signalling on different cell
types both in concert with and independently of PARs. A putative FXa receptor, effector cell
protease receptor 1 (EPR-1), which binds to FXa via its inter-EGF sequence (residues Leu® to
Leu®), was identified on lymphocytes by Altieri et al. (1994) and later on vascular endothelial

163,164

cells and VSMCs by Nicholson and colleagues . EPR1 was reported to facilitate FXa
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signalling leading to stimulation of lymphocyte proliferation®, stimulation endothelial cell

157184 Recently, the existence of EPR-1 has been

mitogenesis and nitric oxide release
questioned based on the inability to detect EPR-1-specific mRNA transcriptslss. Despite this,
many reported FXa signalling activities require the 5 amino acid sequence contained within
the FXa inter-EGF region postulated to represent the site through which FXa binds EPR-

1139140186 ‘Bae and colleagues (2010) recently reported this sequence to be crucial for PAR2-

mediated barrier protective and anti-inflammatory signalling by FXa on endothelial cells**.
FXa has also been reported to mediate PAR1-dependent endothelial cell barrier

139134 yia interaction with the endothelial cell protein C receptor (EPCR;

protective effects
1.5.3)155. Human FXa possesses a Met residue at position 8 within the EPCR binding motif of
the Gla domain w-loop, a position occupied by Leu in EPCR-binding proteins (A)PC and
FVII(a). It is currently unknown whether this substitution impacts significantly upon EPCR
affinity.

Annexin-2, a member of the ubiquitously expressed annexin family, has also been
implicated as a putative co-receptor for FXa-PAR1 signalling on endothelial cells'®’. Annexins
are phospholipid binding proteins thought to participate in the regulation of membrane
organization and membrane trafficking of molecules, but can also act as cell surface

168

receptors . Bhattacharjee et al. (2005) reported that FXa binds to annexin-2 via the Gla

domain to activate PAR1, however the physiological consequence of this signalling axis has

not been further elucidated®’.
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1.5: Protein C

1.5.1: PC structure

169

PC is a plasma VKD zymogen first identified by Stenflo et al. in 19767"". PC is synthesised in

the liver and circulates in plasma at a concentration of =72nM (4-6ug/mL). The gene

170171 "Exons 1 and 2

encoding human PC spans 11kb and consists of 8 exons and 7 introns
encode the prepropeptide, the propeptide and the Gla domain. Exons 3, 4 and 5 encode the
aromatic stack and the EGF-like domains. The activation peptide and serine protease domain
are coded for by exons 6, 7 and 8. PC is synthesised as a single chain polypeptide which is
converted to a heterodimer via cleavage of an Arg-Lys peptide bond. Mature PC is comprised
of a 41kDa heavy chain, containing the activation peptide and serine protease domain, and a
21kDa light chain containing the signal peptide, the Gla domain and 2 EGF-like domains
(Figure 1.6)"7%. The protein C serine protease domain contains the Ser-195/His-57/Asp-102
active site as well as several prominent surface loops, the “37 loop” (residues 190-193), the
basic “60 loop” (residues 214-222) and the autolysis (148) loop (residues 301-316), which
play an important role in substrate interactions'”>.

PC undergoes extensive posttranslational modification. 9 Glu residues present in the
Gla domain are converted to Gla and Asp-71 in the EGF1 domain undergoes [-
hydroxylation'” to facilitate Ca®* binding that is required for anticoagulant function'’>. PC
contains 4 sites for putative N-linked glycosylation within the EGF1 (Asn-97) and protease
domains (Asn-248, Asn-313 and Asn-329)'"® that are highly conserved across mammalian

species. Uniquely among VKD proteins, endogenous PC exists in 3 different glycoforms: ~70%

of PC circulates fully glycosylated (a-PC), ~25% missing a glycan chain at Asn-329 (B-PC) and
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the remaining ~5% missing glycans at both Asn-329 and Asn-248 (y-PC)*”’. The molecular

basis for partial glycosylation of PC is currently unknown.

e S, 2 20

Pre-pro-PC: {SP PP | Gla Domain | EGF1 | EGF2 | AP Protease Domain

CP q] ;)isulghicfe bond [;] q] q]

PC: [Gla Domain | EGF1 | EGF2 Protease Domain
Light Chain Heavy Chain
Disulphide bond
oy QO | P g
APC: ( Gla Domain IEGFI I EGF2 ] [ Protease Domain
Light Chain Heavy Chain

Figure 1.6: Structure of (A)PC: PC is a heterodimer comprised of of a 21-kDa light chain,
containing the Gla and EGF-like domains, and a 41-kDa heavy chain, containing activation peptide

(AP) and the serine protease domain, joined by a disulfide bond. [“? - Gla residues; ¥ B-hydroxy

amino acid residues; 7 - N-linked glycans]
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1.5.2: PC activation by the thombin-TM complex

Zymogen PC is converted to APC by thrombin cleavage at Arg-169, which releases a 6kDa

176

activation peptide to generate a new heavy chain N-terminus™"". Thrombin activation of PC is

enhanced ~2000-fold by association of thrombin with the endothelial cell glycoprotein

8 TM is an endothelial cell receptor comprised of a C-type lectin-like domain, 6

receptor TM
EGF-like domains, a Ser/Thr-rich region, a transmembrane domain and a short cytoplasmic
tail. During PC activation, thrombin-TM binding occurs via interaction between thrombin
exosite 1 and the EGF 5 and 6 domains of TM, a process that inhibits the procoagulant
activity of thrombin'’®. PC-TM binding is mediated via interaction between the PC surface

loops 37, 60 and the autolytic loop with the EGF4 domain of TM #7182,

31



1.5.3: The endothelial protein C receptor

Initially characterised by Fukudome et al. (1996), EPCR is a 46kDa, 238 amino acid

transmembrane receptor which enhance the rate of PC activation by thrombin-Tm?#184185,

In vitro, the presence of EPCR results in a =3-fold reduction in K., for protein C activation by

thrombin-TM complex on endothelial cells, causing a =3-fold enhancement in PC

activation'®. In baboons, antibody inhibition of EPCR reduced APC generation 20-fold'®’,

suggesting the role of EPCR in PC activation in vivo may be more prominent than observed

using cultured endothelial cells.

. . .1.18
EPCR is also expressed on vascular smooth muscle cells'®®, eosinophils .

190

neutrophils®®, monocytes'®®, keratinocytes'®?, hippocampal neurons’® and placental

194

trophoblasts™". Further, EPCR has recently been detected on the surface of bone marrow’®

196

and fetal liver embryonic haematopoietic stem cells (HSCs)™". The gene encoding human

EPCR is located on chromosome 20qg11.2, spans 6 kb and is comprised of 4 exons and 3

%7 "Exon 1 encodes the 5’-untranslated region and signal peptide. The majority of the

introns
extracellular region is coded for by exons 2 and 3, while exon 4 encodes the remaining
extracellular domain, the transmembrane region, the cytoplasmic tail and the 3’-untranslated
region.

EPCR shares both sequence and structural homology with the major
histocompatibility class 1 (MHC)/CD1 family of proteins, in particular murine CD1d™®. The
EPCR a-1 and a-2 domains consist of 2 antiparallel a-helices separated by a MHC-like

hydrophobic lipid filled groove that sits upon an 8-stranded B-sheet platform®®. Unlike MHC

class I/ CD1 receptors, however, EPCR lacks the a-3 domain and therefore is unlikely to
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associate with -2 microglobulin. EPCR contains 4 putative N-linked glycan attachment sites
(Asn-30, Asn-47, Asn-119, and Asn-155) which do not appear to affect ligand binding*®.
Zymogen PC and APC possess identical EPCR-binding motifs in the N-terminal Gla
domain and bind EPCR with comparable affinity*®. (A)PC-EPCR binding is mediated via
hydrophobic interactions between Phe-4 and Leu-8 located in the conserved w-loop of the
(A)PC Gla domain and Tyr-154 and Thr-157 residues at the distal end of EPCR a-1 and a-2
chains®®. Additionally, (A)PC Gla residues Gla-7, Gla-27 and Gla-29 partake in hydrogen
bonding with EPCR residues Glu-86, Arg-87 and GIn-150. The Gla domain w-loop amino acid
residues which mediate EPCR binding are highly conserved across other VKD proteins, and

202

are identical in FVII(a)”“. Recent studies have confirmed that FVII(a) constitutes an additional

EPCR ligand, binding to recombinant soluble and cell-bound EPCR with similar affinity to

130

(A)PC?%2%* " FX(a) has also been reported to interact with EPCR*®, although the affinity of

FXa for EPCR in comparison to APC and FVlla is not established.
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1.5.4: APC anticoagulant pathway
APC anticoagulant activity is mediated via inactivation of cofactors FVa and FVII1a’®?%. APC

7% APC cleavage of

inactivation of FVa occurs via cleavage at Arg-306, Arg-506 and Arg-679
FVa initially occurs at Arg-506 and results in generation of a FVa intermediate, with reduced
cofactor activity due to diminished affinity for FXa. Subsequent cleavage at Arg-306 cause
dissociation of the FVa A2 domain and complete loss of cofactor activity’”’. Complete
inactivation of FVa is greatly accelerated by the presence of negatively charged
phospholipids’®®. The function of APC cleavage of FVa at Arg-679 has not been established.
Of note, FVa degradation by APC on the surface of activated platelets is markedly less

299 The molecular basis for this

efficient than upon the surface of endothelial cells
discrepancy is unclear; however it suggests that APC functions primarily as a regulator of
lateral clot expansion by inhibiting thrombin generation at the endothelial perimeter of the
clot, rather than extension of the clot upwards into the lumen of the blood vessel.

Efficient APC inactivation of FVa in plasma requires the VKD cofactor protein S. APC
anticoagulant activity is enhanced ~50-fold by protein S using in vitro purified protein assays,
but is entirely dependent upon protein S for anticoagulant activity in plasma®'’. Protein S
binds negatively-charged phospholipids to form a membrane-bound complex with APC which
stimulates APC cleavage of FVa at Arg-306, and to a lesser extent, at Arg-506""°.

APC also mediates anticoagulant activity via inactivation of FVllla, which follows a
similar pattern to that of FVa. APC cleaves FVllla at Arg-336, Arg-562 and Arg-740 leading to

206

loss of cofactor function®®. This process is enhanced by protein S and procofactor FV*'!. The

physiological significance of FVIlla inactivation by APC is unclear, however, as circulating FVIIl
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is protected from APC cleavage when bound to VWF and in free form FVllla is extremely
labile and prone to spontaneous disassembly. Further, incorporation into the intrinsic tenase

complex prevents APC inactivation of FVIlla®*.
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1.5.5: APC cellular signalling

In addition to its anticoagulant function, APC can also modulate inflammation on various c2ll!
types via activation of PAR1-dependent and independent signalling pathways’. A>C:
signalling broadly induces anti-inflammatory, anti-apoptotic and endothelial barrer
stabilizing effects and is believed to contribute to the beneficial properties of exogenous A>C:

administration in murine models of inflammatory disease and patients with severe sepsis.

1.5.5.1: APC cytoprotective signalling on endothelial cells
APC mediates cytoprotective signalling on endothelial cells via EPCR-dependent activation of
PAR1'®*?¥ In contrast to thrombin-PAR1 signalling, APC activation of PAR1 enhances the:
integrity of the endothelial cell barrier and protects against thrombin disruptionZLs.
Furthermore, APC inhibits endothelial cell NF-kB activation, cell surface adhesion molectle:
expression and apoptosism"m.

The molecular determinants of APC cytoprotective signalling are not fuly
characterised, however EPCR binding is an essential prerequisite to APC-PAR1 signalling on

. 4,218
endothelial cells?***

. In addition, Yang et al. (2007) have demonstrated that mutation of
protease domain residues Glu-330 and/or Glu-333 ablates APC cytoprotective endothelall
cell signalling and proteolysis of PAR1, without altering EPCR binding or anticoagulant:
properties’™®. This suggests that Glu-330/Glu-333 constitute an important PAR1 bindiig;
exosite on APC. The cytoprotective activity of APC on endothelial cells also requires co--
localization of PAR1 with EPCR in caveolae, lipid-rich microdomains present on the calll

220

membrane“. It has been suggested that co-localization with EPCR in this manner may select:
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PAR1 for APC-specific barrier protective/cytoprotective signalling. This hypothesis is
supported by reports that occupancy of EPCR by the Gla domain of zymogen PC can recruit
thrombin activation of PAR1 from a “barrier disruptive” to a “barrier protective” signalling

221 Bae et al. (2007) demonstrated that a meizothrombin chimera possessing a PC

pathway
Gla domain enhanced endothelial cell barrier integrity, while thrombin itself exerted a
barrier-protective effect when co-incubated with an inactive PC mutant, PCszgon’>%. This
suggests that when occupied by its canonical ligand, EPCR allosterically regulates the nature
of PAR1 signalling via currently unknown mechanisms.

The paradoxical consequences of PAR1 activation by thrombin and APC occur due to
induction of divergent signalling pathways by PAR1 in response to either activating protease.
While thrombin activation of PAR1 results in coupling to ai,/13 and aq G protein subunits'?®
APC activation of the same receptor dose not induce canonical G protein signalling. Rather,
APC-PAR1 activation induces B-arrestin signalling and recruitment of dishevelled-2, a scaffold

22 Russo and

protein, which regulates the actin cytoskeleton via activation of Racl
colleagues (2011) identified that PAR1 present in caveolar microdomains exists in a
preassembled complex with B-arrestin®**, supporting the hypothesis that this cellular fraction
of PAR1 is primed for cytoprotective signalling.

PAR1 signalling by APC, but not thrombin, has also been reported to induce
transactivation of the sphingosine-1 phosphate 1 receptor (S1P1) and the angiopoietin (Ang)

215,225,226 EpCR-dependent activation of PARL by APC induces activation of

receptor, Tie2
sphingosine kinase-1 (SK1), an intracellular kinase responsible for generation of sphingosine-

1 phosphate (S1P), the ligand for S1P1?'*?%. S1P1 activation modulates Rac-1 signalling,
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cytoskeletal rearrangement and PI3K/Akt signalling. The Ang/Tie2 axis regulates endothelial

227

barrier permeability by activation of SK1°“". APC enhances expression of Tie2 and Angl in

addition to inhibiting Ang2 expression in an EPCR- and PAR1-dependent manner®?®%%,
Recent work has indicated that the site of proteolysis of PAR1 by thrombin and APC is
distinct. Thrombin cleaves PAR1 at the canonical Arg-41 site, to generate a tethered ligind
agonist beginning at Ser-42. EPCR-dependent cleavage of PAR1 by APC, however, occirs
predominantly at Arg-46, generating an alternative tethered ligand agonist beginning at Asn-

47%%%%° Mutation of the PAR1 Arg-46 cleavage site prevents APC anti-apoptotic effectson

229 and a synthetic peptide mimicking the APC-derived tethered ligind

endothelial cells
induces APC-like activation of Racl and endothelial cell barrier protection both in vitro and in
vivo®®®. These studies suggest that PAR1-B-arrestin-mediated cytoprotective signaling

activity is mediated by proteolysis of Arg-46 by APC, whereas proteolysis of Arg-41 result: in

G protein-dependent pro-inflammatory signalling by thrombin.
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1.5.5.2: Non-endothelial cell anti-inflammatory cell signalling by APC

APC possesses anti-inflammatory and anti-apoptotic signalling properties on other cell types,

231-238 240

, macrophages®®®, dendritic cells?”®, and neuronal cells®****%,

including monocytes
Exposure to APC down regulates LPS-induced TNF-a production on primary human blood
monocytes”*?*®, THP1 monocytic cells®' and U937 cells**’. APC is also reported to inhibit
monocyte expression of other pro-inflammatory cytokines and chemokines such as IL-6, IL-8,
IL-1B8%****% monocyte chemotactic protein (MCP) and macrophage inflammatory protein 1
(MIP-l)235 in addition to increasing expression of the anti-inflammatory cytokine IL-10%*%. APC
reduces activation of NF-kB and AP-1 in LPS stimulated human monocytes via inhibition of
IkBa degradation®.

The mechanism through which APC signals on moncytes is distinct from that observed
on endothelial cells. The majority of studies report that APC’s anti-inflammatory effects on

monocytes occur independently of EPCR and PAR1%32237:243

. Yang et al. (2009) recently
demonstrated that the anti-inflammatory activity of APC on monocytes is mediated via
interaction with ApoER2, a member of the low-density lipoprotein receptor (LDLR) family,
which triggers activation of PI3K and GSK3PB signalling pathways upon APC binding®®’. This
signalling axis is facilitated by interaction of the ApoER2 cytoplasmic domain NXPY motif with
Fyn and Src kinases that initiate phosphorylation of disabled-1 (Dab1). Dab 1 in turn activates
PI3K- and GSK3B-dependent signalling?**. APC binds to ApoER2 with high affinity?** however,

the precise residues governing this interaction are currently unknown. Of note, mutation of

Glu-149 in the EGF2 domain ablates APC inhibition of LPS-induced cytokine expression on
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monocytes, without effecting EPCR-dependent PAR1 activation®*®. This residue represents a
potential site through which APC-receptor interactions on monocytes may be mediated.
Conversely, APC anti-inflammatory signalling on murine macrophages requires PAR1.
Cao et al. (2010) demonstrated that both human and murine APC inhibits LPS-induced pro-
inflammatory cytokine expression on wild type, but not PAR1”" murine bone marrow-derived
macrophages (BMDM)?*. Interestingly, the same study reported that EPCR is not required
for APC activation of PAR1 on this cell type. APC PAR1 signalling was maintained on EPCR”
BMDMs and Gla-domainless APC mediated a similar anti-inflammatory effect as its wild type
counterpart. Instead, APC was shown to bind to integrin CD11b/CD18 on the surface of
macrophages and this interaction was essential for APC-PAR1 anti-inflammatory signalling on

this cell type.
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1.6: Therapeutic use of APC in inflammatory disease

1.6.1: APC administration in in vivo models of inflammatory disease

The concept that APC may be of therapeutic benefit in inflammatory disease was first
proposed by Taylor et al. in 1987, following the observation that inhibition of PC activation
was associated with increased mortality in a baboon model of E.coli-induced sepsis and
furthermore, that APC infusion enhanced survival in the same sepsis model?*®. Initially, the
anti-inflammatory effect of APC in vivo was attributed solely to down regulation of thrombin
generation, a potent pro-inflammatory mediator. In vitro, thrombin proteolysis of PAR1 is
~1000-fold more efficient than that of APC?* and, as thrombin must be present in order for
APC generation to occur; the physiological relevance of APC-PAR1 signalling has in the past
been questioned. However, experimental studies using PAR1”" mice have confirmed that APC
cytoprotective signalling via PAR1 occurs in vivo and is central to its conferred survival
benefit, at least in murine models of inflammatory disease’®®,

In @ murine model of LPS-induced endotoxaemia, Kerschen et al. (2007) demonstrated
that APC administration reduced lymphocyte apoptosis, vascular permeability and mortality
in wild type, but not PAR1”" mice, confirming an essential role for PAR1 signalling®*®.
Consistent with this, a non-proteolytic PC variant, PCs3gon, did not protect against LPS-
induced lethality. Further, the protective effect of APC was substantially reduced in mice
expressing <10% normal EPCR levels, suggesting a key role for this receptor.

The precise receptor repertoire through which APC mediates its survival benefit in
vivo remains controversial, however. Cao et al. (2010) demonstrated that Gla-domainless

APC, which lacks the EPCR-binding domain, also protects against endotoxaemia-related
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mortality albeit less effectively than wild type APC**°. In the same study, both APC and Gla-
domainless APC failed to protect against LPS-induced mortality in integrin CD11b” mice
indicating that CD11b-facilitated PAR1 signalling on macrophages, rather than EPCR-
dependent endothelial cell signalling, may mediate APC protective effects in murine models
of sepsis.

A recent study using bone marrow chimeric mice demonstrated expression of both
EPCR and PAR1 on immune cells to be critical to the beneficial effects of APC in vivo®*®. APC
reduced LPS-induced mortality in mice deficient in endothelial cell PAR1, although to a lesser
extent that wild type mice. This suggests that PAR1 signalling by exogenously administered
APC on immune cells is of greater significance than PAR1 signalling on the vascular
endothelium. Specifically, the protective effect of APC-PAR1 signalling on haemopoetic calls
was found to be mediated by EPCR-expressing CD8" splenic dendritic cells. EPCR expression
by immune cell subsets in mice varies greatly from that reported in humans however, taus
the relative contribution of APC-PAR1 signalling on immune cell subsets in human sepsis is
difficult to estimate. In contrast, Schuepbach and colleagues (2009) showed that
administration of APC reduces endotoxaemia-induced vascular barrier disruption and
pulmonary oedema in a PAR1l-dependent manner, demonstrating APC EPCR/PAR1-
dependent endothelial barrier stabilization occurs in vivo and can limit sepsis-related

% As such, the relative contributions of APC signalling on vascular and immune

morbidity
cells to its therapeutic efficacy in vivo are not fully determined.

Administration of APC has also been shown to confer beneficial effects in otier

murine disease models. Cheng et al (2003) demonstrated that APC reduced brain infarcton
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217

volumes when administered to mice after ischaemic stroke“"’. EPCR deficiency reduced the

efficacy of APC in this model and co-administration of anti-PAR1 antibodies completely
ablated the protective effect. Further work investigating the role of PARs in APC-mediated
neuroprotection demonstrated the importance of both PAR1 and PAR3, with the beneficial
effects of APC reduced in both PAR1”" and PAR3”" mice?*. Co-administration of APC with tPA

(a clot-lysing agent used in stroke treatment) has been shown to reduce cerebral injury in a

250

murine model of stroke™" and prevent tPA-induced haemorrhage, a pathogenic side effect of

251

tPA use”'. Importantly, administration of APC is effective post transient brain ischaemia®>*

and administration of 3K3A-APC, a non-anticoagulant ‘cytoprotective signalling selective’

253

variant, also enhances the therapeutic efficacy of tPA in rodent models“>". The adjunctive use

of recombinant APC with tPA in stroke in humans is currently being assessed in Phase Il
clinical trials.
In addition to reducing brain infarction volumes in stroke, APC has been shown to

slow disease progression and extend survival in a murine model of amyotrophic lateral

254

sclerosis (ALS)”" and APC can improve functional outcome in mice subjected to traumatic

255,256

brain injury . Administration of APC has also been demonstrated to be therapeutic in

257 8

murine models of diabetic nephropathy®®’, multiple sclerosis®*® and inflammatory bowel
disease®’, but the molecular basis of the protective effect of recombinant APC is not fully

characterised in these models.
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1.6.2: APC therapy in severe sepsis

Sepsis is the leading cause of mortality in non-coronary intensive care units, and accounts for
200,000 deaths per annum in the USA incurring a financial burden of $17 billion annually?®°.
Plasma PC levels are reduced in up to 80% of patients with severe sepsis and are inversely

261262 pespite this, use of recombinant APC in the

associated with morbidity and mortality
treatment of severe sepsis has produced confounding results. The PROWESS trial, carried out
in 2001, reported that administration of recombinant APC reduced the risk of mortality by
19.4% in severe sepsis, leading to its approval by the FDA for use in this setting”®’. The
subsequent ADDRESS trial, evaluating the use of recombinant APC in patients with a low risk
of death, demonstrated no enhancement in 28-day mortality, however®®®. Similarly, in
paediatric sepsis, the RESOLVE trial failed to observe any significant difference in 28-day
mortality between APC and placebo groups®®. A systematic review published by the

265 and

Cochrane Collaboration in 2011 advocated against the use of recombinant APC
recently, the PROWESS-SHOCK trial failed to identify any survival benefit associated the use
of APC in severe sepsis, leading to its withdrawal from the market**®.

Differences in inclusion criteria, dosing strategy and initiation of treatment may
account for the discrepant outcomes of different clinical trials as the bleeding risk associated
with APC administration discourages its use at dosages that are likely to be therapeutic. The
ENHANCE trial confirmed the importance of APC initiation and dosing, demonstrating that
early commencement of recombinant APC administration enhanced its ability to reduce

267

mortality”’. In an effort to improve APC therapy in severe sepsis, APC variants with altered

anticoagulant and cytoprotective signalling functions have been engineered. Mosnier et al.
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(2004) synthesized an APC variant (5A-APC) with impaired ability to bind FVa due to
mutations in the positively charged surface loop that participate in APC-substrate
interactions®®®. This variant possessed normal EPCR-PAR1 cytoprotective function on
endothelial cells but severely (>95%) reduced anticoagulant activity and reduced mortality in

i Using an

a murine model of endotoxaemia in a similar manner to wild type APC
alternative approach, Bae et al. (2007) eliminated APC anticoagulant activity by engineering a
disulfide bond in the Ca**-binding 70-80 loop, while maintaining EPCR-PAR1 barrier stabilizing
function®’.

2 APC variants with altered properties have previously been generated in this
laboratory. Preston et al. (2006) eliminated APC interaction with its anticoagulant cofactor,
protein S, via a single point mutation at Leu-38, reducing APC anticoagulant efficacy in
plasma ~50-fold?°®>. Ni Ainle et al. provided the first description of an APC variant with
enhanced cytoprotective signalling function?’®. Mutation of the glycan attachment site at
Asn-329, to generate the APCysy9q variant, increased APC barrier protective and anti-
apoptotic signalling 5-fold compared to wild type APC. Combination of these point mutations

HARiNae produced a “non-anticoagulant” APC variant with enhanced

to generate APC
cytoprotective signalling function. This variant vyields significant therapeutic promise,
potentially conferring enhanced anti-inflammatory effects without incurring any bleeding
side effects. Notably, APCy329q possesses a glycosylation profile identical to that of the

glycoform of PC. Thus, the generation of APCy3,9q NOt only provides a novel therapeutic tool,

but may inform the molecular mechanism regulating APC-PAR1 signalling in vivo.
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1.7: Project Aims

A growing body of evidence illustrates the importance of VKD protease-mediated regulation
of inflammation via PAR activation. APC cytoprotective signalling has been observed both in
vitro and in vivo and has been translated into a therapeutic agent for severe sepsis.
Numerous other VKD proteins share significant structural and receptor binding homology
with APC, yet their capacity to modulate cytoprotective and anti-inflammatory signalling
pathways is poorly defined. The clinical use of APC has been limited by the risk of severe
bleeding complications. Recent work in our laboratory suggests that APC glycosylation may
crucially regulate APC signalling, such that B-APC possesses significantly enhanced
cytoprotective function and represents a potentially improved therapeutic tool. However the

molecular basis for this enhanced activity is unknown. This project aims to:

e Investigate the molecular regulation of VKD protease EPCR-dependent

cytoprotective signalling on endothelial cells

e Determine the capacity of VKD proteases, other than APC, to modulate TLR-induced

myeloid cell pro-inflammatory signalling

e Determine the molecular basis of the enhanced PAR1-dependent cytoprotective

signalling capacity of a recombinant APC variant mimicking the glycosylation profile

of B-APC
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CHAPTER 2: METHODOLOGY

2.1: Cell culture

All cell culture was carried out in a class Il flow cabinet using standard aseptic techniques.
Work surfaces and all materials used within the flow cabinet were sterilised with 70% (v/v)
ethanol prior to use. All cells and cell lines used are outlined in Appendix | along with growth

conditions. Cells were grown in humidified incubators at a temperature of 37°C with 5% CO,.

2.1.1: Maintenance of immortalised cell lines

Adherent cell lines (HEK293, HEK293T, HEK Blue, EA.hy926 and RAW Blue) were passaged
when 80-90% confluent. Media was decanted from the culture flasks and cells were washed
with 5-10 mL sterile PBS buffer warmed to 37°C. In the case of HEK293, HEK293T, HEK Blue
and EA.hy926 cells, trypsin was used to dissociate the cultured cells from the flask surface.
Cells were incubated with 1-2mL of 0.25% (v/v) trypsin/EDTA (Invitrogen, Life Technologies)
for 5 minutes at 37°C, which was then inactivated by the addition of serum-containing
medium. RAW Blue cells were detached using a cell scraper. Pre-warmed culture medium
was added to create a cell suspension which was then used to reseed new tissue culture
fiasks at the density required. THP1 and THP1X-Blue-CD14 cell lines grow in suspension and
were maintained between 1x10° and 1x10° cells per mL. Cell number was determined using a
hemocytometer (Millipore) and passaged to the density required by addition of pre-warmed
culture media. Long term storage of immortalised mammalian cell lines was achieved by

cryo-preservation and storage in liquid nitrogen.
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2.1.2: Isolation of peripheral blood mononuclear cells (PBMCs) from buffy coat whole
blood component

Primary human PBMCs were isolated from buffy coat whole blood component obtained from
healthy donors provided by the Irish Blood Transfusion Service. The buffy coat was mixed
1:4 with PBS warmed to 37°C and 10mL volumes of this mixture layered on top of 3mL of
Ficoll-HistoPaque 1044 reagent (Sigma-Aldrich) in sterile 15mL Falcon tubes. Tubes were
centrifuged at 2000rpm for 30 minutes at 18°C with no brake resulting in separation of the
blood into a red cell pellet, white cell layer and plasma/platelet layer. The white cell layer,
which resides between the plasma/platelet and the ficoll interface, was removed and washed
extensively with PBS. The cells were re-suspended in RPMI 1640 medium supplemented with
1U/mL penicillin/0.1mg/mL streptomycin solution and 10% (v/v) FBS and counted using a
hemocyometer. Cells were seeded in 96-well microtitre plates at a density of 2 x10° cells/mL,
incubated at 37°C/5% CO, for 3 hours and subsequently washed twice with PBS to remove
any non-adherent cells. Culture medium was replaced and cells were incubated for a further

24 hours prior to use.

2.1.3: Mice

Primary murine macrophages were obtained from wild type BALB/c mice and PAR2”" mice on
a BALB/c background (originally from Jackson Laboratories) which were maintained in house
by the Translational Immunology Group, Trinity College Dublin. Animals were kept in
individually ventilated and filtered cages under positive pressure (Teniplast, Northants, UK)
and Specific Pathogen-Free conditions. Mice were fed an irradiated diet and housed on

irradiated bedding. Food and water were supplied ad libitum. All animal experiments were
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performed in compliance with Irish Department of Health and Children regulations and were

approved by the Trinity College Dublin Bio Resources ethical review board.

2.1.4: Culture of murine bone marrow-derived macrophages (BMDM:s)

BMDMs, obtained from the femurs and tibia of mice, were isolated using standard
techniques’’’. BMDMs were plated in 6-well plates and cultured in RPMI 1640 medium
supplemented with 1U/mL penicillin/0.1mg/mL streptomycin solution, 10% (v/v) FBS and
10ng/mL granulocyte macrophage colony-stimulating factor (R&D Systems) for 7 days prior

to use.

2.1.5: Culture of murine peritoneal macrophages (PECs)

PECs were obtained via lavage of the murine peritoneal cavity with 5mL ice-cold PBS. The
resulting cells were washed in PBS and re-suspended in RPMI 1640 medium supplemented
with 1U/mL penicillin/0.1mg/mL streptomycin solution and 10% (v/v) FBS?’?. Cells were
seeded in 24-well microtitre plates at a density of 2x10° cells/mL, incubated at 37°C/5% CO,
for 3 hours and subsequently washed twice with PBS to remove any non-adherent cells.

Culture medium was replaced and cells were incubated for a further 24 hours prior to use.
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2.2: Recombinant protein expression

Human wild type PC and variants (PCya4sq,PCn313q and PCyzzgq) Were generated previously in

N330Q cDNA plasmids previously

the lab. Recombinant murine wild type PC and murine PC
produced in the laboratory, using a pRc/CMV/PC plasmid template (a kind gift from Professor
Bjorn Dahlback, University of Lund, Sweden; Appendix Ill) using standard cloning
techniquesm. A recombinant PC/FVII hybrid (PCryi.cia/ecr1) consisting the FVII Gla and EGF1
domains attached to the EGF2 and protease domains of PC was also expressed using a
pCMV6 plasmid (Appendix Ill). Large-scale expression of recombinant PC preparations was
achieved by stable transfection of a HEK293 cells. Transfected cells were isolated using
selective antibiotics and highly expressing colonies expanded. The growth medium

containing recombinant PC was collected and isolated using a modified anion-exchange

‘pseudo-affinity’ chromatography protocol.

2.2.1: Stable transfection of HEK293 cells
HEK293 cells were selected for expression due to their capacity to express recombinant PC
with correct post-translational modifications®’. Culture medium was supplemented with
10mg/mL vitamin K to facilitate y-carboxylation of recombinant PC. HEK293 cells were
trypsinised and seeded in 6-well microtitre plates at a density of 2 x 10° cells/mL. The plate
was incubated at 37°C/5% CO, until ~50-70% confluence was reached (approximately 24
hours later).

Plasmids were prepared for transfection by diluting 4ug plasmid ¢cDNA in 250uL

OptiMEM reduced serum medium (Invitrogen, Life Technologies). 10uL of lipofectamine 2000
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(at 2mg/mL; Invitrogen, Life Technologies), a liposomal transfection reagent, was
simultaneously diluted in a separate 250uL volume of OptiMEM. The 2 mixtures were
incubated separately for 5 minutes at room temperature then combined and left to stand at
room temperature for a further 20 minutes. HEK293 cells grown to confluence in 6-well
tissue culture plates were washed twice with 1mL sterile PBS. The plasmid/lipofectamine
mixture was added to cells and the plate incubated for 4 hours, after which the cells were
washed again with PBS and growth media applied. The cells were incubated at 37°C/5% CO,
until full confluence was reached (approximately 24-48 hours post transfection). After this,
cells were trypsinized and re-suspended in growth medium containing the selective agent
G418 at a final concentration of 50ug/mL. Cells were plated in 10cm? dishes and grown in the
presence of G418-containing media (replaced every 24 hours to maintain selective pressure)
until untransfected HEK293 cells died, leaving behind colonies of transfected cells
(approximately 10 days post transfection). Individual transfected colonies were picked and
seeded into wells of a 96-well microtitre plate. Once confluent, colonies were assessed for PC

expression using an ELISA.

2.2.2: Expression and concentration of recombinant PC

Transfected cell colonies expressing PC were selected, expanded and stored by
cryopreservation. Large scale production was achieved by expansion of selected colonies to
full confluence in a multi-surface cell vessel (500mL; HYPERflask; Corning). At this point
growth medium was replaced with 500mL serum-free OptiMEM containing vitamin K

(10pg/mL) and the flask was incubated for 4-5 days. The medium was collected and
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concentrated to ~50mL by filtration using a Pellicon XL tangential flow filter (TFF) device

(Millipore).

2.2.3: Isolation of fully y-carboxylated recombinant PC

A Fast Performance Liquid Chromatography (FPLC) system (GE Healthcare) was used to purify
recombinant PC. Samples were first desalted into a running buffer (50mM Tris/150mM NaCl,
pH 7.4; Appendix Il) using a HiTrap HiPrep 26/10 53mL desalting column (GE Healthcare)
packed with Sephadex™ G25 superfine. During recombinant expression, PC synthesis often
overwhelms the cell’s endogenous capacity to fully y-carboxylated the PC Gla domain. This

275 Recombinant PC was therefore

posttranslational modification is essential for PC function
subjected to “pseudo-affinity” chromatography to isolate the correctly y-carboxylated
fraction using a HiTrap Q HP 5mL sepharose anion exchange column (GE Healthcare).

The HiTrap™ Q HP column was washed with deionised water and then equilibrated
with 5 column volumes of running buffer. The sample for purification was passed across the
column via super loop injection and PC binds to and retained in the column. The column was
then washed with running buffer to remove loosely bound proteins and recombinant PC was
then eluted by passing over a Ca’" containing elution buffer (50mM Tris/150mM NaCl/10mM
CaCl,, pH 7.4; Appendix Il). Positively charged Ca”* ions bind y-carboxylated PC with high
affinity, and thus release it from the column by competing for negatively charged Gla residue
binding. Eluted PC was collected in 1mL fractions, pooled and desalted back into running

buffer using a SmL HiTrap™ desalting column (as outlined above). Remaining uncarboxylated

PC was subsequently dissociated from the column by 1M NaCl eluction.
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2.3: Activation of human/murine PC

Activation of recombinant human/murine PC was carried out in 2 ways, depending on the
assay in which the APC preparation was to be assessed; using Protac, a thrombin-like snake
venom activator isolated from Akigstrodon Contirtrix (Immuno, Sweden) or using the

Thrombin CleanCleave kit (Sigma-Aldrich).

2.3.1: Activation of PC using PROTAC
PC (5pg/mL) was incubated with 0.25U Protac in a buffer containing 50mM Tris-HCI/100mM
NaCl, pH 7.4 (Appendix Il) in a total volume of 1mL, for 1 hour at 37°C followed by overnight

incubation at 4°C%”°,

2.3.2: Activation of PC using Thrombin CleanCleave kit

100ul Thrombin agarose gel from the Thrombin CleanCleave kit was re-suspended by gentle
agitation and pelleted by centrifugation at 2500rpm for 2 minutes. The agarose gel was
washed twice by re-suspension in Tris Buffered Saline (TBS) containing 10mMCacCl, (Appendix
Il) followed by centrifugation as outlined above. PC was desalted into TBS containing
10mMCacCl, using Zeba Spin desalting columns (Pierce) and 900u! was mixed with 100ul of
the thrombin agarose gel and incubated on a rotating platform for 3 hours. The thrombin
agarose was pelleted by centrifugation at 7500rpm for 5 minutes and the APC preparation
decanted. This process was repeated twice to ensure full activation of the PC sample. 11U

hirudin was added to all APC preparations to inactivate any remaining trace of thrombin.
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2.4: Human and murine PC ELISAs

Human and murine PC sandwich ELISAs were developed in-house to assess the concentration

of all human and murine PC variants utilized.

2.4.1: Human PC ELISA
Maxisorp 96-well plates (Nunc, UK) were coated with a polyclonal sheep anti-human PC
antibody (Haematological Technologies Inc.) diluted to a final concentration of 25ug/ml in a
carbonate buffer (50mM Na,CO3/NaHCOs, pH 9.6; Appendix Il) and incubated overnight at
4°C. Wells were washed 3 times with 400uL TBS/0.05% (v/v) Tween 20 (TBS-T) and incubated
with 2% (w/v) bovine serum albumin (BSA) in TBS for 2 hours at room temperature to block
non-specific binding sites. A standard curve consisting of serial dilutions of human PC
(62.5nM-1000nM) in TBS containing 0.2% (w/v) BSA was used. The standard curve and test
samples were applied to the plate in duplicate and incubated for 1 hour at room
temperature. The plate was washed and PC bound to each well was detected using
horseradish peroxidise (HRP)-conjugated polyclonal sheep anti-human PC antibody
(Haematological Technologies Inc.) diluted in TBS-T containing 0.2% (w/v) BSA to a final
concentration of 10ug/ml.

HRP-conjugation of the antibody for detection was carried out using the Lightning
Link HRP Conjugation Kit (InnovaBiosciences) according to the manufacturer’s instructions.
HRP-conjugated polyclonal sheep anti-human PC antibody was incubated with the plate for 1
hour at room temperature. The plate was washed once again and the HRP-conjugated

antibody detected using 3,3’,5,5’-Tetramethylbenzidine (TMB). TMB can act as a hydrogen
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donor for the reduction of hydrogen peroxide to water by HRP and the resulting diimine
causes the solution to take on a blue colour. The reaction was halted by addition of H,SO,,
turning the solution yellow. The colour change was measured at an optical density (OD) of
450nm at room temperature using a spectrophotometer (SpectraMax Plus384 Absorbance

Microplate Reader, Molecular Devices, CA, USA).

2.4.2: Murine PC ELISA

Maxisorp 96-well plates were coated with a polyclonal sheep anti-murine PC antibody
(Haematological Technologies Inc.) diluted to a final concentration of 15ug/ml in carbonate
buffer and incubated overnight at 4°C. Wells were washed 3 times with 400uL TBS/0.05%
(v/v) Tween 20 (TBS-T) and incubated with 2% (w/v) bovine serum albumin (BSA) in TBS for 2
hours at room temperature to block non-specific binding sites. A standard curve was
developed using serial dilutions of murine plasma in TBS containing 0.2% (w/v) BSA. The PC
concentration of murine plasma is ~ 5ug/ml. Murine plasma dilutions ranging from 1/5 to
1/80 (~1000-62.5ng/ml) were used. Serial dilutions of test samples were also carried out in
TBS containing 0.2% (w/v) BSA. The standard curve and test samples were applied to the
plate in duplicate and incubated for 1 hour at room temperature. The plate was washed as
outlined above and murine PC bound to each well was detected using HRP-conjugated
polyclonal sheep anti-murine PC antibody (Haematological Technologies Inc.) diluted in TBS-T
containing 0.2% (w/v) BSA to a final concentration of 5ug/ml. The plate was incubated for 1
hour at room temperature, washed and the HRP-conjugated antibody detected using TMB as

outlined in 2.4.1.
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2.5: Assessment of APC amidolytic activity

The proteolytic activities of human/murine/bovine APC and variants thereof was determined
by steady-state hydrolysis of the APC-specific chromogenic substrate CS-21(66) (Biophen).
Serial dilutions of each APC preparation were incubated with CS-21(66) in 100mM
NaCl/20mM Tris-HCl/2.5mM CaCl,/0.1mg/mL BSA, pH 7.5 (Appendix ). The rate of CS-21(66)
hydrolysis was measured at an OD of 405nm at room temperature using a
spectrophotometer. The rate of substrate hydrolysis for each APC preparation tested was

determined and then compared to a standard curve.
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2.6: SDS-PAGE, comassie staining and western blot analysis

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS PAGE) followed by either
comassie staining or western blot analysis was used to confirm the molecular weight and

glycosylation status of human, murine and bovine PC/APC variants.

2.6.1: Comassie staining

1ug of PC/APC was diluted in NuPAGE loading buffer (Invitrogen, Life Technologies) and 1pl
of Reducing Agent (Invitrogen, Life Technologies) was added for reduced samples. Each
sample was incubated at 70°C for 10 minutes to denature the protein and separated by SDS-
PAGE on a precast NUPAGE 10% polyacrylamide BisTris gel (Invitrogen, Life Technologies) for
35 minutes at 200V. The gel was then washed with 10mL of water 3 times and agitated in
20mL of SimLy Blue Stain (Invitrogen, Life Technologies) for 1 hour. The stain was decanted

and the gel washed repeatedly prior to examination.

2.6.2: Western blotting

10-50ng of protein was diluted in NuPAGE loading buffer and 1uL of Reducing Agent,
incubated at 70°C for 10 minutes and separated by SDS-PAGE on a precast NuPAGE 10%
polyacrylamide BisTris gel (Invitrogen, Life Technologies) for 35 minutes at 200V. Following
electrophoresis, the protein samples were transferred on to a polyvinylidene fluoride (PVDF)
membrane using the iBlot semi-dry transfer system (Invitrogen, Life Technologies). The
membrane was washed 3 times in 10mL PBS-0.02% (v/v) Tween (PBS-T) for 5 minutes prior

to incubation with 20mL 5% (w/v) dried milk in PBS-T (5% milk) for 1 hour to block non-
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specific membrane binding sites and subsequently washed 3 more times, as outlined above.

Detection of human, murine and bovine PC/APC variants was achieved by incubation of the

membrane with species-specific primary anti-bodies (Table 2.1) diluted in 5% milk. The

membrane was washed 3 more times and incubated with a HRP-conjugated secondary

antibody (Table 2.1) diluted in 5% milk for 1 hour, followed by 3 further washes. Protein

bands were detected by incubation of the membrane with ECL Plus detection reagents (GE

Healthcare) for 1 minute prior to exposure to photographic film for 1-30 seconds, which was

subsequently developed to allow visualization of the protein bands.

Table 2.1 Human, murine and bovine PC western blotting antibodies

Primary anti-body

Secondary anti-body

Human PC Polyclonal sheep anti-human PC (HTI) Anti-sheep HRP (SantaCruz Biotech)
Dilution: 1:2000 Dilution: 1:10000

Murine PC Monoclonal rat anti-murine PC (HTI) Anti-rat HRP (SantaCruz Biotech)
Dilution: 1:1000

Dilution: 1:10000

Bovine PC Polyclonal sheep anti-murine PC (HTI) Anti-sheep HRP (SantaCruz Biotech)
Dilution: 1:1000 Dilution: 1:10000

HIS-tagged HRP-conjugated anti-HIS antibody (Sigma-

protein Aldrich)

Fvil Polyclonal sheep anti-human FVII (HTI) | Anti-sheep HRP (SantaCruz Biotech)

Dilution: 1:1000

Dilution: 1:10000
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2.7:Activation of PC on the surface of an endothelial cell line

il

Activation of human PC variants by thrombin on the surface of EA.hy926 cells was measured.
EA.hy926 cells were seeded 96-well microtitre plates at a density of 2x10° cells/ml and grown
to confluence over 24 hours. Cells<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>