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SUMMARY

In addition to  facilitating  fibrin clot fo rm ation , a growing body of evidence suggests th a t  

coagulation factors play an im po rtant role in regulating the  innate im m une response to  

infection. V itam in  K -dependent (VKD) proteases th a t control haemostasis also possess the  

ability to  signal on cells via specific receptors to  e ither exacerbate or inhibit in flam m ation . In 

this thesis, the  capacity o f activated protein C (APC), factor Vila (FVIIa) and fac to r Xa (FXa), 

which share significant structural and receptor binding hom ology, to  m odulate in flam m atory  

signalling pathways was investigated.

APC m ediates cytoprotective effects on endothelia l cells via interaction w ith  the  

endothelia l protein  C receptor (EPCR) and activation of protease activated receptor 1 (PA R I). 

Despite binding to  EPCR w ith  sim ilar affin ity  to  APC, FVIIa failed to  em u late  APC-like 

cytoprotecive signalling on endothelia l cells and was unable activate P A R I. Further, 

substitution o f th e  APC Gla and EGFl dom ains w ith  those o f FVIIa ablated APC PARI 

signalling, indicating th a t the  light chain of APC possesses features that are crucial to  its 

cytoprotective activity on endothelia l cells. FXa, which binds to  EPCR w ith reduced affinity, 

m ediated  EPCR- and P A R l-dep en den t endothelia l barrier protective signalling and an ti- 

apoptotic  effects on endothelia l cells. Similarly, th e  presence o f FX displayed endothelia l 

barrier stabilising properties via interaction w ith  annexin-2.

APC can also m ediated an ti-in flam m ato ry  signalling on monocytes, independently  o f 

PARI. In this thesis, FXa is shown to  lim it p ro -in flam m atory  cytokine production by 

monocytes and m acrophages in response to  in flam m atory  stim uli. FXa an ti-in flam m ato ry  

signalling on monocytes and m acrophages also occurred independently o f PA R I, via



apolipoprotein E receptor 2 (ApoER2)-dependent activation of PAR2. Thus, FXa displays 

cytoprotective and anti-inflamm atory signalling properties on endothelial cells and myeloid 

cells which are comparable to those exerted by APC.

The anti-inflam m atory 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 3-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 3-APC displays enhanced PARl- 

dependent anti-inflamm atory activity on macrophages, but not ApoER2-dependent anti

inflam matory activity on monocytes. The enhanced activity mediated by removal of the Asn- 

329 glycan moiety occurs as a consequence of improved PARI proteolysis by APC. These 

results suggest that 3-APC is the predominant glycoform mediating PARl-dependent 

signalling by APC in vivo and may lead to APC preparations with enhanced signalling efficacy 

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

1.1: Blood Coagulation

Haemostasis refers to  the  m aintenance o f a closed and fluid circulatory system. In th e  event 

of vascular injury, a series o f events designed to  rapidly halt blood loss from  th e  site of 

dam age occur th a t facilitate  subsequent repair of th e  vasculature. This is achieved firstly by 

vasoconstriction o f the  dam aged blood vessel to  reduce blood flow  to  the  site o f injury and 

secondly via p la te le t aggregation and blood coagulation, which seals th e  breach in th e  vessel 

wall. Blood coagulation is th ere fo re  a cellular and biochem ical response to  vessel wall injury 

which involves fo rm ation  o f a tem po rary  p late let plug and fibrin generation to  reinforce  

plate let plug integrity^. These processes are fo llow ed by tissue repair and clot dissolution.
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1.1.1: Primary haemostasis

P rim a ry  h aem ostas is  re fers  to  th e  process by w h ich  p la te le ts  a d h e re  to  th e  s u b -e n d o th e lia l  

su rface  to  fo rm  ag g reg ates  in response to  vascu lar injury^. D a m a g e  to  th e  e n d o th e liu m  

d isrupts th e  b a rr ie r b e tw e e n  p lasm a c lo ttin g  c o m p o n e n ts  and  th e  s u b -e n d o th e lia l m a trix , 

w hich  is co m p o sed  o f co llagens, tissue fa c to r  (TF), f ib ro n e c tin , lam in in  an d  o th e r  m a trix  

proteins^. In itia l p la te le t ac cu m u la tio n  a t th e  site o f in ju ry  is fa c ilita te d  by von  W ille b ra n d  

fa c to r  (V W F ), a large m u ltim e ric  p lasm a g ly co p ro te in  synthesized  in e n d o th e lia l cells and  

m egakaryocytes^. U pon  exp o su re  o f th e  s u b -e n d o th e lia l su rface , V W F  binds fib r illa r  co llagen  

o f th e  vessel w a ll via its A 3 d o m a in . U n d e r sh ear fo rces p res en t w ith in  th e  va scu la tu re , 

c o lla g e n -te th e re d  V W F  u n w in d s  to  fo rm  strings, re ve a lin g  m u ltip le  b in d in g  sites fo r  th e  

p la te le t surface re c e p to r g ly co p ro te in  lb a lp h a  su b un it (G P Ib a ). This process en ab les  p la te le t  

ad h e re n c e  via th e  G P lb / IX /V  co m p lex , a co m p lex  co m p rised  o f G P Ib a , GPIb(3, GPIX and GPV  

subun its , and  p la te le t "ro llin g " along  V W F  strings'*.

T e th e rin g  to  V W F  strings fac ilita te s  ac tiv a tio n  o f p la te le ts  by th ro m b in  c leavage o f  

p ro te a s e  a c tiv a te d  re c e p to r 1 (P A R I), a cell su rface  th ro m b in  re c e p to r, and  o th e r  p la te le t  

agonists p res en t in th e  in ju red  vessel m ic ro e n v iro n m e n t. In a d d itio n , co llagen  in te rac ts  

d ire c tly  w ith  im m o b ilized  p la te le ts  via th e  p la te le t re c e p to r  g ly co p ro te in  V I. P la te le t  

a c tiv a tio n  leads to  m assive c o n fo rm a tio n a l chan g e in p la te le t in tegrin s  0 2 b3 3  and  a 2 Pi, g rea tly  

e n h an c in g  th e ir  a ff in ity  fo r  V W F , fib rin o g e n  and  collagen^'®. A c tiv a te d  p la te le ts  express  

so lub le  m essengers such as ADP and  th ro m b o x a n e  A 2 (TXA2 ) w h ich  re c ru it fu r th e r  p la te le ts  to  

th e  s ite o f in ju ry . In te r -p la te le t  bridges a re  fo rm e d  via 02b33 and  ad h es ive  p ro te in s  such as 

fib r in o g e n , fib rin  and  VW F'*. P la te le t ac tiv a tio n  induces s c ra m b la s e -m e d ia te d  tra n s p o rt o f
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negatively-charged phospholipids to  the platelet surface, providing a catalytic surface for 

enzyme complexes of the coagulation cascade.

1. Platelet 
Tethering

2. Activation 3. Aggregation

Thrombin

VWF
Collagen

and Adhesion

TxA
ADP .Platelet

.Platelet

VWFVWF
Collagen Collagen

Figure 1.1: Platelet aggregation: Platelet aggregation is in itiated by platelet adherence to 

exposed collagen or VWF at the site o f vascular injury. In large blood vessels, where the rate 

of flow/ and shear stress is high, VWF is required to  mediate high a ffin ity  interactions w ith  

platelet GPIba in order to  te the r 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 transform ation and release o f soluble 

mediators ADP and TxA2, which recruit and activate other platelets at the site o f injury.
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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 acti/ated  

vitamin K-dependent (VKD) serine protease factor VII (FVIIa), 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 

expression on peripheral blood monocytes both in v itro  and in  vivo^^'^^ and platelets have 

been reported to express TF in an activation-dependent manner^^'^^ although this has been 

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
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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- 

186-Cys-209, by the thioredoxin/thioredoxin reductase/NADPH system^ '̂^®. Formation of a 

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 

TF^°. 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 FVII(a) Gla domain 

binding to the negatively charged phospholipid surface^^. Once activated, FVIIa remains 

associated with TF to form a ternary complex with either FX or FIX, converting them  to FXa
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and FIXa respectively^'*. FXa generated by the ternary  (or 'extrinsic tenase ') com plex activates  

tiny  am ounts o f prothrom bin  to  th rom bin . Throm bin generated  in this initial phase is 

incapable o f supporting throm bus fo rm ation  but is sufficient to  activate procoagulant 

cofactors factor V (FV) and factor VIII (FVIII)^^. FVa and FVIIIa accelerate the enzym atic  

activity o f th e  prothrom binase and intrinsic tenase com plexes respectively and th e ir  

generation results in rapid am plification of th rom bin  generation^®. FVIIIa associates w ith  FIXa 

on the  surface o f negatively-charged phospholipids in the  presence of Ca^^ to  fo rm  the  

intrinsic tenase com plex, which converts zymogen FX to  FXa. Binding o f FIXa to  FVIIIa in the  

intrinsic tenase com plex enhances the efficacy o f FX activation by FIXa 200,000-fold^^, During 

the  propagation phase o f coagulation, the  intrinsic tenase com plex is th e  principal activator 

of FX, doing so 50-fold  m ore efficiently than the  extrinsic tenase^*.

An a lternative process exists by which th rom bin  generation can be in itiated th a t does 

not require TF. This process is referred  to  as th e  'contact pathw ay' and is in itiated by 

activation o f factor XII (FXII) to  FXIIa^®. C ontact w ith  th e  negatively charged phospholipid  

surface o f activated p latelets in th e  presence o f high m olecular w eight kininogen (H M W K ) 

and plasma kallikrein (PK) induces a conform ational change in th e  FXII zymogen resulting in 

generation  o f small am ounts o f FXIIa. N um erous o th er physiological activators o f FXII have 

also been proposed, including RNA, collagen and polyphosphate‘s . FXIIa subsequently  

activates PK, which reciprocally generates additional FXIIa^®. FXIIa in itiates coagulation via 

activation o f factor XI (FXI) which in turn activates FIX to  FIXa, a crucial com ponent o f th e  

intrinsic tenase complex.
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Interestingly, congenital deficiency of HMW K, PK or FXII is not associated with any 

bleeding phenotype'*^. FXII-deficient mice are also protected in models of arterial thrombosis, 

pulmonary embolism and stroke" '̂"*  ̂ and pharmacological inhibition of contact system 

activators can confer similar protection in these models'*'*. Moreover, blocking expression of 

contact system factors with antisense oligonucleotides provides protection in models of 

arterial and venous thrombosis'*^''*®. This suggests that FXIIa is not required for normal 

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 FXIa 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  FXIIa- 

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 m M 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 FXII and also accelerate FV 

activation, resulting in an accelerated throm bin 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
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contrast, short polyphosphates secreted by p latelets are sufficient to  enhance FVa 

generation and have also been im plicated as inhibitors o f TFPI function''®'^^'^^. Furtherm ore, 

plate let-derived  polyphosphate accelerates activation o f FXl by th rom bin  and FXI au to - 

activation^^.

The intrinsic and extrinsic pathways converge at th e  level o f FX activation. FVa 

associates w ith  FXa on the  negatively charged phospholipid surface of activated platelets in 

the  presence of Câ "̂  to  fo rm  the  prothrom binase com plex. The prothrom binase com plex  

generates th rom bin  rapidly, 300 ,0 0 0  tim es m ore effic iently  than FXa alone^'*. Throm bin  

converts fibrinogen m onom ers to  fibrin , via rem oval o f fibrinopeptides, which spontaneously  

polym erize to  form  an insoluble fibrous mesh^'*. The in tegrity  o f th e  fibrin mesh is stabilized 

by activated factor XIII (FXIIIa), a transglutam inase activated by th ro m b in ”  th a t covalently  

cross-links fibrin at Gin and Lys residues^® increasing fibrin clot resistance to  proteolytic  

degradation.

In this w ay prim ary haem ostatic mechanism s in concert w ith  fibrin  fo rm ation  in itiate  

d evelopm ent of a haem ostatic plug composed o f activated p latelets em bedded  w ith in  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/FVIIa), the intrinsic tenase complex (FVIIIa/FIXa) and the prothrombinase complex 

(FVa/FXa) are the 3 major enzyme complexes which assemble during coagulation. Each of 

these complexes requires the presence o f Ca^^ and anionic phospholipid in order to  function 

efficiently. The end result o f blood coagulation is the form ation o f a fibrin clot.
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1.1.3: Regulation of coagulation

Prevention o f pathogenic throm bosis in the  absence o f vascular injury is integral to  

m aintenance of the circulatory system. U nregulated haem ostasis can lead to  

th rom boem bolic  disease, vessel occlusion and ischaemic tissue injury. Thus, th e re  exists a 

delicate balance betw een p ro -th rom botic  and an ti-th ro m b otic  regulators in vivo. The  

constitutively an ti-th rom botic  endothelia l cell surface prevents in itiation  o f coagulation in 

th e  absence o f vascular injury. Furtherm ore, th e  coagulation cascade is regulated by 3 m ajor 

endogenous anticoagulant mechanisms; an tithrom bin  (AT)^^, tissue fac to r pathw ay inhib itor 

(TFPI)^® and th e  protein C (PC) pathway^®.

1.1 .3 .1 : Prevention o f  throm bus fo rm atio n  in the absence o f  vascular injury  

Preclusion o f throm bus form ation  in intact vessels is facilitated  by a layer o f endothelia l cells 

th a t line the blood vessel and act as a barrier betw een  quiescent blood clotting com ponents  

present in plasma and coagulation in itiators present in th e  sub-endothelia l matrix. 

Endothelial cells also produce th rom boregulatory  com ponents th a t actively inhib it blood clot 

fo rm ation . Nitric oxide (NO) is constitutively expressed by endothelia l cells and acts upon  

circulating cells to  inhibit throm bus form ation  via reduction o f vascular sm ooth muscle cell 

contractility, p late let activation and endothelial cell surface adhesion molecule  

expression®®'®^. Endothelial cells also express prostacyclin, which am plifies th e  effects o f 

NO®^. In addition to  these soluble m ediators, endothelia l cells express the  ectonucleoside  

CD39, a m em brane bound protease which degrades th e  p o tent p la te le t activators ATP and 

ADP®^

10



1.1 .3 .2 : A ntithrom bin

AT is a 58 kDa, 432  am ino acid glycoprotein th a t inhibits th rom bin , FXa, FIXa and FXIa^^. AT 

functions by form ing an initial reversible com plex w ith  the  target protease th a t causes 

disruption o f th e  peptide bond betw een  P I and P I '  residues contained w ith in  AT's reactive  

site loop. This disruption leads to  fo rm ation  o f a covalent bond betw een  th e  ta rg e t protease  

active site am ino  acid Ser residue and th e  AT P I residue, resulting in conform ational changes 

in both AT and th e  target protease. Covalent association w ith  AT renders th e  ta rg e t protease  

inactive and th e  com plex is cleared from  the  circulation®'*.

The inhib itory efficacy of AT in vivo is d ependent upon binding to  heparin or heparin  

sulphate, negatively charged linear polysaccharide molecules present on th e  surface of 

vascular endothelia l cells and secreted by mast cells®'*. Heparin's core pentasaccharide binds 

to  specific Lys residues present in AT in itiating a conform ational change th a t alters the  

reactive site loop, enhancing the  efficacy of AT in protease inactivation®^. Binding o f fu ll- 

length heparin (> 26 saccharide units in length) to  AT accelerates its in teraction w ith  

throm bin  1000-fo ld  and w ith  FXa 10,000-fold®®. Clot bound throm bin  and FXa are relatively  

protected from  inhibition by AT, suggesting th a t AT functions to  localize and prevent 

spreading of a growing thrombus®^'®^.

1.1 .3 .3 : Tissue Factor P athw ay Inhibitor

FXa generation by th e  extrinsic tenase com plex is regulated by TFPI. TFPi is a 43kD a, 276  

am ino acid glycoprotein comprised o f 3 Kunitz dom ains (K l, K2 and K3), an acidic N -term inal 

region and a highly basic C -term inal region. TFPI is produced by endothelia l cells and
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platelets®®. Inhibition of the extrinsic tenase complex by TFPI is proposed to occur in 2 steps. 

Firstly, the P I residue (Arg-107) of the K2 domain binds to the active site groove of FXa, 

inhibiting protease function. This is followed by K1 domain P I residue (Lys-36) binding to the 

active site of TF-associated FVIIa resulting in the formation of the quaternary  

TFPI/FXa/TF/FVIIa complex, w/hich has no catalytic activity^°.

Recent work by Hackeng et al. (2006) has demonstrated that the inhibitory activity of 

TFPI is enhanced by protein interaction between protein S and the TFPI K3 domain 

enhances the affinity of TFPI for FXa^ .̂ TFPI inhibition of TF-associated FVIIa 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 throm bin-thrombom odulin (TM) complex and attenuates 

coagulation by proteolytic inactivation of FVa and FVIIIa. 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

V ascu la r  r e p a i r  a t  t h e  s i t e of  injury is in i t i a t ed o n c e  t h r o m b u s  f o r m a t i o n  h a s  o c c u r r e d .  

P la t e l e t  d e r i v e d  g r o w t h  f a c t o r  (PDGF) is r e l e a s e d  f r o m  p la te l e t  a - g r a n u l e s  a n d  in d u c e s  

p r o l i f e r a t i on  o f  v as cu la r  s m o o t h  m u s c le  cells a n d  f i b rob las t s .  The  s t a b l e  c lot  is t h e n  d i s so lved  

via a t igh t ly  r e g u l a t e d  p r o c e s s  r e f e r r e d  t o  a s  fibrinolysis^^.  Fibrinolysis  o c c u r s  u p o n  

p r o t eo l y t i c  ac t iv a t io n  o f  p la s m i n o g e n  t o  p la sm in  by t i s s u e  p la s m i n o g e n  a c t i v a to r  (tPA) a n d  

u r o k in a s e  p l a s m i n o g e n  a c t i v a to r  (uPA)^^'^®. A c t iva ted  p la sm in  d e g r a d e s  t h e  f ibrin m e s h  in to  

l a rge so lu b le  f r a g m e n t s  t h a t  a r e  t h e n  r e l e a s e d  in to  t h e  c i rculat ion .  t P A - s t im u la te d  

p l a s m i n o g e n  ac t iv a t ion  is s t r ong ly  p r o m o t e d  by fibrin.  tPA b inds  t o  b o t h  f ibrin a n d  

p l a s m i n o g e n  t o  f o r m  a t e r n a r y  c o m p l e x  t h a t  r e su l t s  in (1000-fo ld )  e n h a n c e d  p l a s m i n o g e n  

ac t iva t ion  by tPA. Fibrinolysis by p la sm in  is inh ib i t ed  by  p la s m i n o g e n  ac t i v a to r  inhibi tor(PAI)-  

1, PAI-2, a 2- a n t i p la sm in  a n d  t h r o m b i n - a c t i v a t a b l e  f ibrinolysis  inhibi tor  (TAFI)^®.
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1.2: VKD coaeulation proteins

FVII, FIX, FX, pro throm bin , PC, protein Z and protein S are VKD coagulation proteins  

characterised by th e  presence of a y-carboxyglutam ic acid (Gla) domain^^. FVII, FIX, FX and PC 

are fu rther com prised o f 2 ep iderm al grow th  factor (EGF)-like dom ains and a C -term inal 

serine protease domain^®. This dom ain structure is largely conserved in pro throm bin , except 

fo r 2 Kringle dom ains th a t replace the  aforem entioned  EGF-like dom ains, and protein  Z, 

which contains a C -term inal pseudocatalytic dom ain in place of the  serine protease domain^®. 

Protein S differs from  this tem p la te  by th e  presence o f 4 EGF-like dom ains, a th ro m b in - 

sensitive region and a sex horm one-binding globulin dom ain in place o f th e  serine protease  

domain®”.

VKD coagulation proteins require post-translational m odification by the  VKD y- 

glutam yl carboxylase in o rder fo r th e  Gla dom ain to  adopt a function conform ation . The VKD 

y-glutam y! carboxylase converts reduced vitam in K to  th e  vitam in K epoxide w hile  

sim ultaneously converting Glu residues present in the  Gla dom ain o f VKD proteins to  

negatively charged Gla residues via y-carboxylation® \ This m odification is essential fo r 

in teraction o f the  Gla dom ain w ith  C a^\ a prerequisite fo r VKD coagulation protein folding  

and m em brane binding function.
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1.2.1: Glycosylation of VKD proteins

More than half o f all known proteins possess covalently attached glycan structures and all o f 

the VKD coagulation proteins are glycosylated^^. Glycosylation can be categorised into 2 

types; N-linked and 0-linked (Figure 1.3). N-linked glycosylation refers to  transfer o f 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 (GlcaMangGlcNAca) (Figure 1.3) tha t subsequently undergoes remodelling 

by a series o f ER glycosyltranfersases and glycosidases®^.

For N-linked glycosylation to  occur, Asn residues must exist as part o f the consensus 

sequon Asn-X-Ser/Thr (where X is any amino acid except Pro)^'’ . The hydroxy amino acid 

(Ser/Thr) is postulated to  relay a proton from  the Asn residue to  the active site o f the 

oligosaccharyitransferase, which renders the b-amide group o f the Asn residue more 

susceptible to  nucleophilic attack on the dolichol-oligosaccharide complex®^. The free 

sulfhydryl group o f a cysteine residue can sim ilarly facilita te N-linked glycosylation, allowing 

glycosylation o f Asn-X-Cys sequons, however this is believed to  occur at a slower rate*®. N- 

linked glycosylation happens concurrently w ith  o ther post-translational events including 

protein folding and as a result, not all viable Asn sequons are present at the lum inal aspect of 

the ER membrane long enough for N-linked glycosylation to  occur.

0-linked glycosylation refers to  attachm ent o f glycans to  Ser or Thr residues. 0-linked 

glycosylation differs from  N-linked glycosylation in tha t it occurs in the Golgi and involves 

sequential addition o f monosaccharide units rather than addition o f a preassembled
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oligosaccharide core structure®^. Further, 0-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®®.

O-linked Glycan Structures

Corel

Core 2

N-linked Glycan Structures

High-mannoseType ComplcMType
Blantcnnarv

Hybrid Type

1  N

A fucose

Trlant»nn«rY

4 0 - m ^

♦ o »

Figure 1.3: Examples of typical N- and O-linked glycan structures expressed on human 

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

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

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

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

acid residues. Reproduced from  Preston etaL,  Blood 2013; May 9;121(19):3801-10
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1.3: Coagulation and Inflammation

Although classically believed to  constitute independent physiological defence mechanisms, 

th e  idea th a t coagulation and in flam m atory  pathways are intrinsically linked has becom e an 

increasingly accepted paradigm . A large body o f evidence dem onstrates th a t activation of 

in flam m ation  sim ultaneously triggers activation o f th e  coagulation cascade and reciprocally, 

m any m ediators o f blood clotting also in itia te  and m odulate in flam m atory  signalling 

pathways*^.

1.3.1: Toll-like receptors

Toll-like receptors (TLRs) are a fam ily  o f transm em brane signalling pathogen recognition  

receptors (PRRs) th a t are crucial fo r im m une recognition o f pathogen-associated m olecular 

patterns (PAMPs) and certain endogenous danger-associated m olecular patterns (DAM Ps). 

TLR activation results in activation o f nuclear factor k B (NF-kB) and activator protein  1 (AP-1) 

resulting in induction o f im portan t m ediators o f th e  im m une response to  infection, including 

pro-in flam m atory  cytokines, chem okines and anti-m icrobial peptides. 13 m am m alian  TLRs 

have been identified to  date  in humans all o f which share significant structural hom ology 

w ith  each o th er and w ith  the  IL-1 receptor®”. TLRs possess a ligand binding extracellu lar 

leucine-rich repeat (LRR) dom ain and a cytoplasm ic Toll-IL-1 receptor (TIR) dom ain th a t upon 

ligand binding initiates intracellu lar signalling pathways via interaction w ith  T IR -adapter 

molecules®”'®̂  such as m yeloid d ifferen tia tion  factor 88 (M yD 88), m yeloid adapter-like  

protein (MAL), T IR -dom ain containing adaptor inducing protein inducing IFN-(3 (TRIP) and 

TRIF-related adapter m olecule (TRAM)®^.
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TLR signalling is mediated via formation of hetero- or hom odimers comprised of 2 TLR 

receptors. Different TLRs recognize different microbial structures. LPS from th e  cell wall of 

gram-negative bacteria is recognized by TLR4®̂  while lipopeptides and lipoteichoic acid from

94gram-positive bacteria are recognized by TLR2 in conjunction with TLRl or TLR6 . TLR5 is 

activated by flagellin from bacterial flagella®^ and viral/bacterial nucleic acids are  recognized 

by TLRS, TLR7, TLRS and TLR9. TLRll recognizes uropathogenic bacteria and a protozoan- 

derived profilin-like protein®^. The ligands for TLRIO, TLR12 and TLR13 are currently 

unknown.

TLRs are reported  to  stimulate coagulation via num erous mechanisms. Activated 

TLR4®̂ '®®, TLR2®® and TLR3^°° have been reported  to  induce expression of TF on peripheral 

m onocytes/endothelial cells upon stimulation. Further, TLR 1, 2, 4, 6, 8 and 9 have been 

identified on platelets^°^ and activation of TLR2 and 4 has been reported  to  facilitate platelet 

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

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

models of LPS-induced sepsis dem onstra te  an increase in circulating TF^'’'’. TF-positive 

monocytes have also been identified in patients with severe sepsis and circulating TF 

correlates with unfavourable ou tcom e in cases of meningococcal infection^°^. Recently, 

Kamimura e t  al. (2005) dem onstra ted  th a t  th e  anti-inflammatory cytokine IL-10 down- 

regulates TF expression on human monocytes, indicating th e  existence of common 

mechanisms tha t  regulate both inflammation and coagulation^®.
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1.3.2: Protease-activated receptors

Coagulation proteases modulate inflam m atory pathways via activation o f protease-activated 

receptors (PARs), a subset of the G protein coupled receptor (GPCR) family^°^. GPCRs are 

typically comprised o f 7 transmembrane domains attached to  an intracellular C term inus and 

extracellular N-term inal ta il and represent the largest known receptor fam ily“ .̂ Activation of 

GPCRs is typically achieved via ligand binding to  a site upon or between the transmembrane 

domains. This initiates conform ational change in the intracellular portion of the GPCR^°® tha t 

results in substitution of GDP w ith  GTP from  the a-subunit o f the inactive heterotrim eric 

(aPv) G protein, which in tu rn  dissociates the G protein into Ga-GTP and G3y subunits. This 

process initiates activation o f GPCR-mediated cytoplasmic signalling^°^. GPCRs can couple to 

at least 16 heterotrim eric G protein subtypes^^° tha t can be broadly characterised into Gs, Gj, 

Gq and G n /u  types. GPCRs can also signal in a G protein-independent manner, fo r example 

via 3-arrestins. 3-arrestin-mediated GPCR signalling leads to  activation of Src fam ily kinases 

and mitogen-activated protein kinases (MAPKs)“ \

PARs possess a unique mode o f receptor activation. Activation of PARs requires 

proteolytic cleavage o f the extracellular N-term inal tail, resulting in generation o f a 'tethered 

ligand' which binds to  the 2nd extracellular loop o f the receptor, in itia ting intracellular 

signalling (Figure 1.4)^°^. To date 4 PARs have been identified: PARI, PAR2, PAR3 and PAR4. 

PARI was identified in 1991 as the prototypical throm bin receptor^^^. APC, FXa and FVIIa 

have since been identified as activators o f PAR1^°^. PAR2 is activated by trypsin, FXa and 

FVIIa^^^. PAR3 is activated by throm bin and APC^"* and PAR4 by trypsin, th rom bin , FXa and
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FVIIa^^^. PA R I, PAR2 and PAR4 can also be activated by synthetic peptides th a t m im ic the ir  

respective te th e red  ligands^°^.

The PAR dom ain structure is conserved and all 4 share ~25%  sequence hom ology. The 

activating protease specificity o f d iffe ren t PARs is th e re fo re  a ttrib u ted  to  distinct N -te rm in a l 

tail cleavage sequences and 2"̂ * extracellu lar loop te thered  ligand recognition sites^^^. PAR 

activation is unlike o ther GPCRs in th a t it is irreversible. Once cleaved, the  PAR te th e re d  

ligand th a t cannot diffuse aw ay from  th e  receptor; how/ever th e  duration o f PAR signalling is 

tightly  regulated^^^. PAR signalling can be shut o ff by phosphorylation o f Ser and Thr residues 

present on th e  intracellular C -term inus, leading to  uncoupling from  G -protein  signalling^^®, or 

via p -a rre s tin -l binding^^®. Phosphorylation o f C -term inal residues initiates receptor 

in ternalisation, preventing fu rth e r protease exposure, w/hich is fo llow ed e ither by lysosomal 

degradation or recycling o f the  receptor back to  the  cell surface^^°.
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Figure 1.4: PAR activation and signalling: PARs are comprised o f 7 transmembrane domains 

attached to an intracellular C term inus and extracellular N-term inal tail. PAR activation is 

mediated by proteolytic cleavage o f the extracellular N-term inal ta il to  reveal a 'te thered 

ligand' agonist which binds to  the 2nd extracellular loop o f the receptor. This results in 

substitution o f GDP w ith  GTP from  the a-subunit o f the inactive apy G protein, which 

dissociates the G protein into Ga-GTP and G3y subunits and initiates signalling.
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1.3 .2 .1 : PAR I signalling by throm bin

T h ro m b in  ac tiv a tio n  o f P A R I leads to  ac tiv a tio n  o f b o th  p la te le ts  and  e n d o th e lia l cells. 

H u m an  p la te le ts  express P A R I and  PAR4. A t low  c o n c e n tra tio n s  o f th ro m b in , b lockade o f  

P A R I p re v e n ts  p la te le t a c tiv a tio n , w h ile  a t  high c o n c e n tra tio n s  b lo ckad e o f  b oth  P A R I and  

PAR4 is re q u ire d  to  p re v e n t th ro m b in  ac tiv a tio n  o f platelets^^^. M u r in e  p la te le ts  e>press 

PARS and  PAR4. S im ila rly , PAR3 is re q u ire d  fo r  th ro m b in -m e d ia te d  ac tiv a tio n  a: lo w  

c o n c e n tra tio n s , w h ile  PAR3 and PAR4 a p p e a r to  act in co n ce rt a t h ig h er concentraticns^^^. 

N o ta b ly , P A R I and  PAR3, b u t n o t PAR4, possess h iru d in -lik e  sequences in th e  N -te rm in a l ta il. 

This seq u e n c e  binds ex o s ite  I o f th ro m b in  to  fa c ilita te  PAR a c tiv a tio n  and  its absence m ay  

exp la in  th e  redu ced  sens itive ly  o f PAR4 to  th ro m b in  activation^^^'^^^.

P A R I co n s titu te s  th e  m a jo r m e d ia to r  o f th ro m b in -e n d o th e lia l cell signalling in both  

h um an s  and in m ice , inducing  expression  o f p la te le t a c tiv a tin g  factors^^^, expression  of pro - 

in f la m m a to ry  cytokines^^^ and  e n d o th e lia l cell b a rr ie r  perm eability^^^. T h ro m b in  activates  

P A R I by c leavage a t A rg -4 1  w ith in  th e  N -te rm in a l tail^^°. P A R I can co u p le  to  3 a  G pro te in  

subunits; GOj, GOq, and  G a i 2/ i 3 ^̂ ®. T h ro m b in  ac tiv a tio n  o f P A R I on cu ltu red  e n d o th e lia l cells 

resu lts  in co u p ling  to  G a i 2 / i 3 and  GOq, w h ich  in itia tes  ac tiv a tio n  o f RAS h o m o lo g  g en e  fam ily  

m e m b e r A (R hoA ). This in tu rn  causes d isassem bly o f  a d h e re n  ju n c tio n s  and  reorgan isation  o f 

th e  ac tin  cy to s k e le to n , lead ing  to  tra n s ie n t d is ru p tio n  o f th e  e n d o th e lia l cell barrier^^®. 

T h ro m b in  ac tiv a tio n  o f P A R I also in itia tes  m u ltip le  in tra c e llu la r kinase cascades leading to  

n u c le a r tra n s lo c a tio n  o f  NF-kB , p ro -in fla m m a to ry  cy to k in e  expression  an d  ind u ction  o f  

apoptosis^°^.
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1 .3 .2 .2 :  PAR2 s ig n a llin g  b y  F V IIa  a n d  FXa

PAR2 is a c tiv a te d  by tryp s in , FXa and  FVIla and  can co u p le  to  GOq, Gttj, o r G a i2/ i 3 subunits^^^. 

FVIIa ac tiv a te s  PAR2 w/hen in connplex w ith  N o n -c o a g u la n t, cryptic  TF su p p o rts  FV IIa-

PAR2 activation^® and has b een  associated  w ith  a c tiv a tio n  o f  in fla m m a to ry  s ignalling  

pathways^^°. PAR2 ac tiv a tio n  induces ac tiv a tio n  o f N F -kB ^^\ expression  o f p ro -in fla m m a to ry  

cytok ines and  ad h es io n  molecules^^^ and  p h o sp h a tid y lin o s itid e  3 -k in ase  (P I3K) signalling^^^. 

PAR2 ac tiv a tio n  also in itia te s  G p ro te in -in d e p e n d e n t signalling th ro u g h  re c ru itm e n t o f 3 -  

arrestin^^'* and  in d u ctio n  o f E R K l/2  and  p 38  M A P K  signalling^^^ w h ich  m o d u la te s  cell 

m ig ra tio n  and  n eg a tive ly  re g u la te s  G p ro te in -c o u p le d  re c e p to r signalling pathways^^^. TF- 

V lla -P A R 2 signalling on cancer cells is th o u g h t to  p lay a ro le  in ang iogenesis and  metastasis^^^  

and in vivo  stud ies using m u rin e  m o d els  o f tu m o u r  m etas tas is  have  linked  TF-V lla -P A R 2  

signalling w ith  tu m o u r  progression^^®. FXa can also a c tiv a te  PAR2, as p a rt o f th e  ex trins ic  

ten as e  com plex^^° and  via in te ra c tio n  w ith  a lte rn a tiv e  cell su rface  receptors^^®'^^°.
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1.4: Factor X 

1.4.1: FX Structure

Human FX is a VKD coagulation zymogen synthesized in the liver tha t circulates at a 

concentration o f approximately 170nM^'*V^^- The gene encoding human FX spans 27kb on 

chromosome 13q34 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 pro throm bin  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 heterodim er 

by excision of an Arg-Lys peptide bond between the second EGF-like domain and the 

activation peptide (Figure 1.5)^'*''. The heavy chain is 303 amino acid residues in length and 

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 m odification. 11 Glu residues in 

the N-term inal Gla domain o f FX are converted to  Gla by VKD gamma glutamyl carboxylase 

(1.2.1) and Asp-63 in the EGFl domain undergoes |3-hydroxylation, a modification required 

fo r Câ '̂  binding in this domain^'*^. FX possesses 2 N-linked and 2 0-linked glycosylation sites 

contained w ith in  the activation peptide o f FX tha t regulate activation and plasma half



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 SI specificity pocket, a binding 

region that largely determines the substrate specificity of FXâ '̂̂ . Once activated, FXa 

converts prothrombin to 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 

(ZPI) w/hich 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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SP PP Gla Domain EGFl
■
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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; ^  - (3-hydroxy am ino acid residues; 9  - N-linked glycans; 0  -  0-linked 

glycans]
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1.4.3: PAR signalling by FXa

FXa can activate PA R I, PAR2 and PAR4 w ith  varying efficacy (i.e. PAR2 > PAR I > PAR4)^^°. FXa 

has been described to  activate PAR I a n d /o r PAR2 on Hela cells^^\ mesangial cells^^^ 

osteoblasts^^^ and endothelia l and has been im plicated in a w ide variety  o f

im m unom odulatory  roles. FXa induces expression o f cytokines and chem okines M C P -1, IL-6 

and IL-8 from  HUVECs^^®'^^^ and IL-1 from  macrophages^^®. Additionally, FXa has a potent 

m itogenic effect upon hum an fetal lung fibroblasts^^® and stim ulates lym phocyte and hum an  

mesangial cell proliferation^™.

Conversely, recent studies have identified th a t FXa activation of P A R l/2  on 

endothelia l cells can m ediate dow nstream  an ti-in flam m ato ry  and cytoprotective signalling, 

reducing TNFa-induced activation o f NF-kB and endothelia l cell barrier permeability^^®'^^'*'^®^. 

Variation in experim ental conditions and cell types used may explain the  discrepant pro- and 

an ti-in flam m atory  effects o f FXa reported in the  literature . A study by Bachli e t al. (2003) 

identified th a t th e  duration o f exposure im pacts hugely upon the  nature o f FXa signalling 

w ith  prolongation o f incubation periods increasing th e  p ro -in flam m atory  potency o f FXa^^^. 

Alternatively , non-canonical PAR signalling, such as th a t observed in th e  case o f PA R I, may 

facilitate  diverse signalling pathways in itiated by FXa activation of PAR2.

Various cell surface receptors have been im plicated in FXa signalling on d iffe ren t cell 

types both in concert w ith  and independently  o f PARs. A putative FXa receptor, e ffec to r cell 

protease receptor 1 (EPR-1), which binds to  FXa via its inter-EGF sequence (residues Leu®^ to  

Leu**), was identified  on lym phocytes by A ltieri e t al. (1994) and later on vascular endothelia l 

cells and VSMCs by Nicholson and colleagues^®^'^®''. EPRl was reported  to  fac ilita te  FXa
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signalling leading to stimulation of lymphocyte proliferation^”, stimulation endothelial cell 

mitogenesis and nitric oxide release^^ '̂^ '̂*. Recently, the existence of EPR-1 has been 

questioned based on the inability to detect EPR-l-specific mRNA transcripts^®^. 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- 

1̂39,140,166 ggg colleagues (2010) recently reported this sequence to be crucial for PAR2- 

mediated barrier protective and anti-inflamm atory signalling by FXa on endothelial cells^^®.

FXa has also been reported to mediate PARl-dependent endothelial cell barrier 

protective effects^^ '̂^^  ̂ via interaction with the endothelial cell protein C receptor (EPCR; 

1.5.3)^^^. Human FXa possesses a M et residue at position 8 within the EPCR binding m otif of 

the Gla domain co-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 mem ber of the ubiquitously expressed annexin family, has also been 

implicated as a putative co-receptor for FXa-PARl 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 

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

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

not been further elucidated^®^.

28



1.5: Protein C 

1.5.1: PC structure

PC is a plasma VKD zymogen first identified by Stenflo et al. in 1976^® .̂ PC is synthesised in 

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

encoding human PC spans l lk b  and consists of 8 exons and 7 introns^^°'^^^. Exons 1 and 2 

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)^^^ 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 EGFl domain undergoes 3- 

hydroxylation^^'* to facilitate Câ "̂  binding that is required for anticoagulant function^^^. PC 

contains 4 sites for putative N-linked glycosylation within the EGFl (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 (|3-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.

? 9 9
SP pp Gla Domain EGFl EGF2 AP Protease Domain

PC:

APC:

Disulphide bond
mm ? 9 9 9 9

Gla Domain EGFl EGF2 AP Protease Domain

Light Chain Heavy Chain

Disulphide bond
mm 9 9 9 9 9

Gla Domain EGFl 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; ^  - 3-hydroxy 

amino acid residues; 9  - 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 

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 

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

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
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1.5.3: The endothelial protein C receptor

Initially characterised by Fukudom e e t al. (1996), EPCR is a 46kD a, 238  am ino acid 

transm em brane receptor which enhance th e  rate o f PC activation by thrombin-TM^®^'^^'’'̂ ®̂ . 

In vitro, the  presence o f EPCR results in a =3-fo ld  reduction in Km for protein  C activation by 

th ro m b in -T M  com plex on endothelial cells, causing a =3-fo ld  enhancem ent 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 m ore p rom inent than  observed  

using cultured endothelial cells.

EPCR is also expressed on vascular sm ooth muscle cells^®®, eosinophils^®^ 

neutrophils^®°, monocytes^®\ keratinocytes^®^ hippocam pal neurons^®^ and placental 

trophoblasts^^'*. Further, EPCR has recently been detected  on the  surface o f bone marrow^^^ 

and feta l liver em bryonic haem atopoietic  stem cells (HSCs)^®®. The gene encoding hum an  

EPCR is located on chrom osom e 2 0 q l l .2 ,  spans 6 kb and is comprised o f 4 exons and 3 

introns^®^. Exon 1 encodes th e  5'-untranslated  region and signal peptide. The m ajority  o f the  

extracellu lar region is coded fo r by exons 2 and 3, w hile  exon 4 encodes th e  rem aining  

extracellu lar dom ain, th e  transm em brane region, the  cytoplasmic tail and th e  3 '-un translated  

region.

EPCR shares both sequence and structural hom ology w ith  the  m ajor 

histocom patibility class 1 (M H C )/C D 1 fam ily o f proteins, in particular m urine CDld^®^. The 

EPCR a -1  and a -2  dom ains consist of 2 antiparaliel a-helices separated by a M HC-like  

hydrophobic lipid filled groove th a t sits upon an 8-stranded 3-sheet platform^^®. Unlike M HC  

class 1/ C D l receptors, how ever, EPCR lacks th e  a -3  dom ain and th e re fo re  is unlikely to
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associate w ith  3-2 m icroglobulin. EPCR contains 4 putative N -linked glycan a ttach m en t 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 m otifs in th e  N -te rm in a l Gla 

dom ain and bind EPCR w ith  com parable affinity^°°. (A)PC-EPCR binding is m ed ia ted  via 

hydrophobic interactions betw een  Phe-4 and Leu-8 located in the  conserved w -loop  o f the  

(A)PC Gla dom ain and Tyr-154  and Thr-157  residues at the  distal end o f EPCR a -1  and a -2  

chains^°^. Additionally, (A)PC Gla residues Gla-7, G la-27 and G la-29 partake in hydrogen  

bonding w ith  EPCR residues G lu-86, Arg-87 and G ln -150. The Gla dom ain co-loop am ino  acid 

residues which m ed iate  EPCR binding are highly conserved across o th er VKD proteins, and 

are identical in FVII(a)^°^. Recent studies have confirm ed th a t FVil(a) constitutes an additional 

EPCR ligand, binding to  recom binant soluble and cell-bound EPCR w ith  sim ilar a ffin ity  to  

(A)PC^°^'^°'*. FX(a) has also been reported  to  in teract w ith  EPCR^^°, although th e  affin ity  of 

FXa for EPCR in comparison to  APC and FVIIa is not established.
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1.5.4: APC anticoagulant pathway

APC anticoagulant activ ity is mediated via inactivation o f cofactors FVa and FVIIIa^°^'^°®. APC 

inactivation of FVa occurs via cleavage at Arg-306, Arg-506 and Arg-679^^^. APC cleavage of 

FVa in itia lly occurs at Arg-506 and results in generation o f a FVa interm ediate, w ith  reduced 

cofactor activity due to  dim inished a ffin ity  fo r FXa. Subsequent cleavage at Arg-306 cause 

dissociation o f the FVa A2 domain and complete loss o f cofactor activity^°^. Complete 

inactivation o f FVa is greatly accelerated by the presence o f negatively charged 

phospholipids^”®. The function o f APC cleavage o f FVa at Arg-679 has not been established. 

Of note, FVa degradation by APC on the surface o f activated platelets is markedly less 

effic ient than upon the surface of endothelial cells^°^. The molecular basis fo r this 

discrepancy is unclear; however it suggests tha t APC functions prim arily as a regulator of 

lateral clot expansion by inhibiting throm bin generation at the endothelial perim eter o f the 

clot, rather than extension o f the clot upwards into the lumen o f the blood vessel.

Efficient APC inactivation of FVa in plasma requires the VKD cofactor protein S. APC 

anticoagulant activ ity is enhanced ~50-fold by protein S using in vitro purified protein assays, 

but is entire ly dependent upon protein S fo r anticoagulant activ ity in plasma^^°. Protein S 

binds negatively-charged phospholipids to  form  a membrane-bound complex w ith  APC which 

stimulates APC cleavage o f FVa at Arg-306, and to  a lesser extent, at Arg-506^^®.

APC also mediates anticoagulant activity via inactivation o f FVIIIa, which fo llows a 

sim ilar pattern to  tha t o f FVa. APC cleaves FVIIIa at Arg-336, Arg-562 and Arg-740 leading to  

loss o f cofactor function^”®. This process is enhanced by protein S and procofactor FV^^\ The 

physiological significance o f FVIIIa inactivation by APC is unclear, however, as circulating FVIII

34



is p ro tected  from  APC cleavage w hen bound to  VW F and in free form  FVIIIa is extrem ely  

labile and prone to  spontaneous disassembly. Further, incorporation into the  intrinsic tenase  

com plex prevents APC inactivation o f FVIIIa^^^.
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1.5.5: APC cellular signalling

In addition to  its anticoagulant function, APC can also m odulate in flam m ation  on various cell! 

types via activation o f P A R l-dep en den t and independent signalling pathv^^ays^^^. A=>C'. 

signalling broadly induces an ti-in flam m atory , an ti-apopto tic  and endothelia l barrer' 

stabilizing effects and is believed to  contribu te  to  th e  beneficial properties o f exogenous A^C: 

adm inistration in m urine m odels of in flam m atory  disease and patients w ith  severe sepsis.

1.5 .5 .1 : APC cytoprotective signalling on endothelia l cells

APC m ediates cytoprotective signalling on endothelial cells via EPCR-dependent activation o f  

PARl^^'^'^^'’ . In contrast to  th ro m b in -P A R l signalling, APC activation of PAR I enhances t ie '  

in tegrity o f th e  endothelial cell barrier and protects against th rom bin  disruption^^^. 

Furtherm ore, APC inhibits endothelia l cell N F-kB activation, cell surface adhesion molecLle' 

expression and apoptosis^^®'^^®.

The m olecular determ inants o f APC cytoprotective signalling are not fu ly ' 

characterised, how ever EPCR binding is an essential prerequisite to  APC-PARl signalling jn i 

endothelia l cells^^'*’^^*. In addition, Yang e t al. (2007) have dem onstrated  th a t m utation  o f  

protease dom ain residues G iu -330 a n d /o r G lu-333 ablates APC cytoprotective endothela ll 

cell signalling and proteolysis o f PA R I, w ith o u t a ltering EPCR binding or anticoagulant; 

properties^^®. This suggests th a t G lu -330 /G lu -333  constitute an im po rtant PARI binding; 

exosite on APC. The cytoprotective activity o f APC on endothelia l cells also requires co

localization of PA R I w ith  EPCR in caveolae, lipid-rich m icrodom ains present on th e  cell! 

membrane^^°. It has been suggested th a t co-localization w ith  EPCR in this m anner m ay select:
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PARI 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 

throm bin activation of PARI from a "barrier disruptive" to a "barrier protective" signalling 

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

Gla domain enhanced endothelial cell barrier integrity, while thrombin itself exerted a 

barrier-protective effect when co-incubated with an inactive PC mutant, PCsssoâ ^̂ - This 

suggests that when occupied by its canonical ligand, EPCR allosterically regulates the nature 

of PARI signalling via currently unknown mechanisms.

The paradoxical consequences of PARI activation by thrombin and APC occur due to  

induction of divergent signalling pathways by PARI in response to either activating protease. 

While thrombin activation of PARI results in coupling to 0 1 2 / 1 3  and Oq G protein subunits^^® 

APC activation of the same receptor dose not induce canonical G protein signalling. Rather, 

APC-PARl activation induces |3-arrestin signalling and recruitment of dishevelled-2, a scaffold 

protein, which regulates the actin cytoskeleton via activation of Racl^^^. Russo and 

colleagues (2011) identified that PARI present in caveolar microdomains exists in a 

preassembled complex with P-arrestin^^'', supporting the hypothesis that this cellular fraction 

of PARI is primed for cy to protective signalling.

PARI signalling by APC, but not thrombin, has also been reported to induce 

transactivation of the sphingosine-1 phosphate 1 receptor (S lP l)  and the angiopoietin (Ang) 

receptor, Tie2̂ ^ '̂̂ ^ '̂^^®. EPCR-dependent activation of PARI by APC induces activation of 

sphingosine kinase-1 (SKI), an intracellular kinase responsible for generation of sphingosine- 

1 phosphate (SIP), the ligand for SlPl^^^'^^^. S lP l activation modulates Rac-1 signalling,
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cytoskeletal rearrangem ent and P I3K /Akt signalling. The A ng/Tie2 axis regulates endothelial 

barrier perm eab ility  by activation of APC enhances expression o f T ie2 and A n g l in

addition to  inhibiting Ang2 expression in an EPCR- and P A R l-dep en den t manner^^^'^^®.

Recent w ork has indicated th a t the site o f proteolysis o f PAR I by th rom bin  and A PI is 

distinct. Throm bin cleaves PAR I at the canonical A rg-41 site, to  generate  a te th e re d  ligind 

agonist beginning at Ser-42. EPCR-dependent cleavage of P A R I by APC, how ever, occjrs 

predom inantly  at Arg-46, generating an a lternative  te thered  ligand agonist beginning at Asn- 

47^29.230 lyiutation o f th e  PAR I A rg-46 cleavage site prevents APC an ti-apop to tic  effects on 

endothelia l cells^^^ and a synthetic peptide m imicking the  APC-derived te th e red  ligind 

induces APC-like activation of R a d  and endothelial cell barrier protection both in vitro  and in 

vivo^^°. These studies suggest th a t P A R l-p-arrestin -m ed ia ted  cytoprotective signaling 

activity is m ediated  by proteolysis of A rg-46 by APC, w hereas proteolysis o f A rg-41 result; in 

G pro te in -dependent p ro -in flam m atory  signalling by th rom bin .
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1.5 .5 .2 : N on-endothelia l cell an ti-in flam m ato ry  cell signalling by APC

APC possesses an ti-in flam m atory  and an ti-apopto tic  signalling properties on o th er cell types, 

including monocytes^^^'^^®, macrophages^^^ dendritic cells^‘’°, and neuronal cells^^ '̂^^^. 

Exposure to  APC dow n regulates LPS-induced TN F-a production on prim ary hum an blood  

monocytes^^^'^^®, T H P l m onocytic cells^^^ and U 937 cells^^^. APC is also reported  to  inhibit 

m onocyte expression of o th er p ro -in flam m atory  cytokines and chemokines such as IL-6, IL-8, 

m onocyte chem otactic protein  (M CP) and m acrophage in flam m atory  protein 1 

(MIP-1)^^^ in addition to  increasing expression o f th e  an ti-in flam m atory  cytokine APC

reduces activation of NF-kB and AP-1 in LPS stim ulated hum an monocytes via inhibition of 

I k Bo  degradation^^®.

The m echanism through which APC signals on moncytes is distinct from  th a t observed  

on endothelia l cells. The m ajority  o f studies report th a t APC's an ti-in flam m atory  effects on 

monocytes occur independently  o f EPCR and Yang e t al. (2009 ) recently

dem onstrated  th a t th e  an ti-in flam m atory  activity o f APC on monocytes is m ed iated  via 

in teraction w ith  ApoER2, a m em ber o f th e  low -density lipoprotein  receptor (LDLR) fam ily, 

which triggers activation o f PI3K and GSK33 signalling pathways upon APC binding^^^. This 

signalling axis is facilitated by interaction o f the  ApoER2 cytoplasmic dom ain NXPY m o tif w ith  

Fyn and Src kinases th a t in itia te  phosphorylation of disabled-1 (D a b l). Dab 1 in turn  activates  

PI3K- and G SK 33-dependent signalling^'’'’ . APC binds to  ApoER2 w ith  high affinity^'’  ̂ how ever, 

the  precise residues governing this interaction are currently  unknow n. O f note, m utation  of 

G lu-149 in th e  EGF2 dom ain ablates APC inhibition o f LPS-induced cytokine expression on
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monocytes, w ithout effecting EPCR-dependent PARI activation^^®. This residue represents a 

potential site through which APC-receptor interactions on monocytes may be mediated.

Conversely, APC anti-inflamm atory signalling on murine macrophages requires PARI. 

Cao et al. (2010) demonstrated that both human and murine APC inhibits LPS-induced pro- 

inflammatory cytokine expression on wild type, but not PARl'^' murine bone marrow-derived  

macrophages (BMDM)^^®. Interestingly, the same study reported that EPCR is not required 

for APC activation of PARI on this cell type. APC PARI signalling was maintained on EPCR 

BMDMs and Gla-domainless APC mediated a similar anti-inflam m atory effect as its wild type 

counterpart. Instead, APC was shown to bind to integrin C D llb /C D 18  on the surface of 

macrophages and this interaction was essential for APC-PARl anti-inflamm atory 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 th a t APC may be of therapeu tic  benefit in in flam m atory  disease was first 

proposed by Taylor e t at. in 1987, fo llow ing th e  observation th a t inhibition o f PC activation  

was associated w ith  increased m orta lity  in a baboon m odel o f f.co/;-induced sepsis and 

fu rthe rm o re , th a t APC infusion enhanced survival in th e  same sepsis model^''^. In itia lly, the  

an ti-in flam m ato ry  e ffect o f APC in vivo was a ttrib u ted  solely to  down regulation o f th rom bin  

generation , a potent p ro -in flam m atory  m ediator. In vitro, th rom bin  proteolysis o f PA R I is 

~1000-fo ld  m ore effic ient than th a t o f APC^'*^ and, as th rom bin  must be present in o rd er for 

APC generation  to  occur; the  physiological relevance of APC-PARl signalling has in th e  past 

been questioned. How ever, experim enta l studies using PARl'^ mice have confirm ed th a t APC 

cytG protective signalling via PA R I occurs in vivo and is central to  its conferred  survival 

benefit, at least in m urine models o f in flam m atory  disease^'*®.

In a m urine m odel o f LPS-induced endotoxaem ia, Kerschen e t al. (2007 ) dem onstrated  

th a t APC adm inistration reduced lym phocyte apoptosis, vascular perm eability  and m orta lity  

in wild type , but not PARI'"' mice, confirm ing an essential role fo r PAR I signalling^'’®. 

Consistent w ith  this, a non-proteo lytic  PC variant, PCsbsoa/ did not protect against LPS- 

induced lethality. Further, the  protective effect o f APC was substantially reduced in mice 

expressing <10%  norm al EPCR levels, suggesting a key role fo r this receptor.

The precise receptor reperto ire  through which APC m ediates its survival b enefit in 

vivo rem ains controversial, how ever. Cao e t al. (2010) dem onstrated  th a t G la-dom ainless  

APC, which lacks the EPCR-binding dom ain, also protects against endo toxaem ia-re la ted
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m orta lity  a lbeit less effectively  than wild type APC‘ ®̂. In the  same study, both ARC and Gla- 

dom ainless ARC failed to  protect against LRS-induced m orta lity  in integrin C D l lb  '̂  mice 

indicating th a t C D llb -fa c ilita te d  RARl signalling on m acrophages, rather than ERCR- 

dependent endothelia l cell signalling, m ay m ediate  ARC protective effects in m urine models 

of sepsis.

A recent study using bone marrow/ chim eric mice dem onstrated  expression of both 

EPCR and P A R I on im m une cells to  be critical to  the  beneficial effects o f ARC in vivo^^°. ARC 

reduced LRS-induced m orta lity  in mice defic ient in endothelia l cell RARl, although to  a lesser 

exten t th a t w ild  type mice. This suggests th a t RARl signalling by exogenously adm iniste'ed  

ARC on im m une cells is o f g reater significance than RARl signalling on the vascular 

endothe lium . Specifically, the  protective effect o f ARC-RARl signalling on haem opoetic  cells 

was found to  be m ed iated  by EPCR-expressing CD8^ splenic dendritic cells. EPCR expression 

by im m une cell subsets in mice varies greatly from  th a t reported in humans how ever, tnus 

th e  relative contribution  of ARC-RARl signalling on im m une cell subsets in hum an sepsis is 

difficult to  estim ate . In contrast, Schuepbach and colleagues (2009) showed that 

adm in istration  o f ARC reduces endotoxaem ia-induced vascular barrier disruption and 

pulm onary oedem a in a P A R l-dep en den t m anner, dem onstrating ARC EPCR/PA^l- 

dependent endothelia l barrier stabilization occurs in vivo and can lim it sepsis-related 

morbidity^''®. As such, the relative contributions o f ARC signalling on vascular and immune 

cells to  its therap eu tic  efficacy in vivo are not fully determ ined.

A dm in istration  o f ARC has also been shown to  confer beneficial effects in o t ie r  

m urine disease m odels. Cheng e t a l (2003) dem onstrated  th a t ARC reduced brain infarcton
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volum es w hen adm inistered to  mice a fte r ischaemic stroke^^^. EPCR deficiency reduced the  

efficacy o f APC in this m odel and co-adm inistration o f an ti-P A R l antibodies com pletely  

ablated th e  protective effect. Further w/ork investigating th e  role of PARs in A PC -m ediated  

neuroprotection  dem onstrated  the  im portance o f both PAR I and PAR3, w ith  th e  beneficial 

effects o f APC reduced in both PARl'^' and PAR3'^' mice^"*^. Co-adm inistration o f APC w ith  tPA  

(a clot-lysing agent used in stroke tre a tm e n t) has been shown to  reduce cerebral injury in a 

m urine m odel o f stroke^^° and prevent tPA-induced haem orrhage, a pathogenic side e ffect of 

tPA use^^\ Im portantly , adm inistration o f APC is effective post transient brain ischaemia^^^ 

and adm in istration  o f 3K3A-APC, a non-anticoagulant 'cytoprotective signalling selective' 

variant, also enhances the therapeu tic  efficacy o f tPA in rodent models^^^. The adjunctive use 

of recom binant APC w ith  tPA in stroke in hum ans is currently  being assessed in Phase II 

clinical trials.

In addition to  reducing brain infarction volum es in stroke, APC has been shown to  

slow disease progression and extend survival in a m urine m odel o f am yotrophic lateral 

sclerosis (ALS)^^"* and APC can im prove functional outcom e in mice subjected to  traum atic  

brain injury^^^'^^®. A dm inistration o f APC has also been dem onstrated  to  be th erap eu tic  in 

m urine m odels o f d iabetic nephropathy '^^ m ultip le scierosis^^* and in flam m atory  bowel 

disease^^^ but th e  m olecular basis o f the  protective e ffect o f recom binant APC is not fu lly  

characterised in these models.

43



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 

associated with morbidity and mortality^® '̂^®^. Despite this, use of recombinant APC in the 

treatm ent of severe sepsis has produced confounding results. The PROWESS trial, carried out 

in 2001, reported that administration of recombinant APC reduced the risk of m ortality 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 

Cochrane Collaboration in 2011 advocated against the use of recombinant APC^®  ̂ and 

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 treatm ent 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 

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) w ith  im paired ability to  bind FVa due to  

m utations in th e  positively charged surface loop th a t participate in APC-substrate  

interactions^^®. This variant possessed norm al EPCR-PARl cytoprotective function  on 

endothelia l cells but severely (>95% ) reduced anticoagulant activity and reduced m o rta lity  in 

a m urine m odel o f endotoxaem ia in a sim ilar m anner to  wild type APC^''*. Using an 

altern ative  approach, Bae e t al. (2007) e lim inated  APC anticoagulant activity by engineering  a 

disulfide bond in the  Ca^”̂ -binding 70 -80  loop, w hile  m aintaining EPCR-PARl barrier stabilizing  

function^®^.

2 APC variants w ith  altered properties have previously been generated  in this 

laboratory. Preston e t al. (2006) e lim inated  APC interaction w ith  its anticoagulant cofactor, 

protein  S, via a single point m utation  at Leu-38, reducing APC anticoagulant efficacy in 

plasma ~50-fold^°^. Ni Ainie e t al. provided the  first description of an APC variant w ith  

enhanced cytoprotective signalling function^^°. M u ta tio n  o f th e  glycan a ttachm ent site at 

A sn-329, to  generate  the APCn329q variant, increased APC barrier p rotective and an ti- 

apoptotic  signalling 5-fold com pared to  wild type APC. Com bination o f these point m utations  

to  generate  ApcLsso/Nszgo produced a "non-anticoagulant" APC variant w ith  enhanced  

cytoprotective signalling function. This variant yields significant therap eu tic  prom ise, 

potentia lly  conferring enhanced an ti-in flam m ato ry  effects w ith o u t incurring any bleeding  

side effects. N otably, APCn329q possesses a glycosylation profile identical to  th a t o f th e  3 

glycoform  of PC. Thus, the generation o f APCn329q not only provides a novel th erap eu tic  too l, 

but may inform  th e  m olecular m echanism regulating APC-PARl signalling in vivo.
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1.7: Project Aims

A growing body o f evidence illustrates the importance o f VKD protease-mediated regulation 

o f inflammation via PAR activation. APC cytoprotective signalling has been observed both in 

vitro  and in vivo and has been translated into a therapeutic agent fo r severe sepsis. 

Numerous other VKD proteins share significant structural and receptor binding homology 

w ith  APC, yet the ir capacity to  modulate cytoprotective and anti-in flam m atory signalling 

pathways is poorly defined. The clinical use o f APC has been lim ited by the risk o f severe 

bleeding complications. Recent work in our laboratory suggests tha t APC glycosylation may 

crucially regulate APC signalling, such tha t 3-APC possesses significantly enhanced 

cytoprotective function and represents a potentia lly improved therapeutic tool. However the 

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

•  Investigate the molecular regulation of VKD protease EPCR-dependent 

cytoprotective signalling on endothelial cells

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

myeloid cell pro-inflammatory signalling

• Determine the molecular basis of the enhanced PARl-dependent cytoprotective 

signalling capacity of a recombinant APC variant mimicking the glycosylation profile 

of p-APC
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CHAPTER 2: METHODOLOGY

2.1: Cell culture

All cell c u ltu re  w as  carried  o u t  in a class II f lo w  c a b in e t  using standard  aseptic  tec h n iq u es .  

W o r k  surfaces and all m a ter ia ls  used w ith in  th e  f lo w  cab in e t  w e r e  sterilised w ith  7 0 %  (v /v )  

e th a n o l  p r io r  to  use. All cells and  cell lines used are  o u t l ine d  in A p p en d ix  I a long  w ith  g ro w th  

co ndit ions . Cells w e r e  g ro w n  in h u m id if ie d  incubators a t  a te m p e r a t u r e  o f  37 °C  w ith  5%  C O 2 .

2.1.1: Maintenance of immortalised cell lines

A d h e r e n t  cell lines (HEK 293 , HEK293T, HEK Blue, E A .h y926  and R A W  Blue) w e r e  passaged

w h e n  8 0 -9 0 %  co n f lu en t .  M e d ia  w as d e c a n te d  f ro m  th e  cu lture  flasks and  cells w e r e  w a s h e d

w ith  5 -1 0  mL steri le PBS b u f fe r  w a r m e d  to  37°C. In th e  case o f  HEK293, HEK 293T , HEK Blue

an d  E A .h y9 26  cells, trypsin  w as used to  dissociate th e  cu ltured  cells f ro m  th e  f lask surface.

Cells w e r e  incub ated  w ith  l - 2 m L  o f  0 .2 5 %  (v /v )  t ry p s in /E D T A  (Inv itrogen , Life T echnolog ies )

fo r  5 m in u te s  a t  37 °C ,  w hich  w as  th e n  inac tiva ted  by th e  ad d it io n  o f  se ru m -c o n ta in in g

m e d iu m .  R A W  Blue cells w e r e  d e ta c h e d  using a cell scraper. P re -w a rm e d  c u ltu re  m e d iu m

w a s  a d d ed  to  c rea te  a cell suspension w h ich  w as  th e n  used to  reseed n e w  tissue cu ltu re

flasks a t  th e  den s ity  requ ired .  T H P l  and  T H P 1 X -B lu e -C D 1 4  cell lines g ro w  in suspension and

w e r e  m a in ta in e d  b e tw e e n  1x10^ and 1x10® cells p er  mL. Cell n u m b e r  w as d e te r m in e d  using a

h e m o c y t o m e t e r  (M i l l ip o re )  and  passaged t o  th e  den s ity  requ ired  by ad d it io n  o f  p r e - w a r m e d

c u ltu re  m e d ia .  Long te r m  s torage o f  im m o rta l is e d  m a m m a l ia n  cell lines w as ach ieved  by

c ryo -p res erv a t io n  and storage in liquid n itrogen .
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2.1.2: Isolation of peripheral blood mononuclear cells (PBMCs) from buffy coat whole 

blood component

P rim ary  h u m an  PBM C s w e re  iso la ted  fro m  b u ffy  co at w h o le  b lood  c o m p o n e n t o b ta in e d  fro m  

h e a lth y  d on o rs  p ro v id e d  by th e  Irish Blood T ran sfu s io n  Service. T he b u ffy  co at w as m ixed  

1 :4  w ith  PBS w a rm e d  to  37 °C  and  lO m L  v o lu m es  o f  th is  m ix tu re  layered  on to p  o f 3m L  of 

F ico ll-H is to P aq ue 1 0 4 4  re a g e n t (S igm a-A ld rich ) in s te rile  15m L  Falcon tu b e s . Tubes w e re  

c e n tr ifu g e d  a t 2 0 0 0 rp m  fo r  3 0  m in u te s  a t 18 °C  w ith  no b rake  resu ltin g  in se p a ra tio n  o f  th e  

blood in to  a red  cell p e lle t, w h ite  cell layer an d  p la s m a /p la te le t  layer. T h e  w h ite  cell layer, 

w hich  resides b e tw e e n  th e  p la s m a /p la te le t  an d  th e  fico ll in te rfa c e , w as re m o v e d  and w ashed  

ex ten s ive ly  w ith  PBS. T h e  cells w e re  re -su sp en d ed  in R P M I 1 6 4 0  m e d iu m  s u p p le m e n te d  w ith  

lU /m L  p e n ic il l in /0 . Im g /m L  s trep to m yc in  so lu tio n  and  10%  (v /v )  FBS and co u n te d  using a 

h e m o c y o m e te r . Cells w e re  seed ed  in 9 6 -w e ll m ic ro titre  p la tes  a t a d en s ity  o f 2 xlO® ce lls /m L , 

in c u b ate d  a t 3 7 °C /5 %  CO2 fo r  3 hours and  su b se q u en tly  w as h e d  tw ic e  w ith  PBS to  re m o v e  

an y  n o n -a d h e re n t cells. C u ltu re  m e d iu m  w as re p la ced  and  cells w e re  in c u b ate d  fo r  a fu r th e r  

2 4  hours p rio r to  use.

2.1.3: Mice

P rim a ry  m u rin e  m a cro p h a g es  w e re  o b ta in e d  fro m  w ild  ty p e  BALB/c m ice and  PAR2'^‘ m ice on

a BALB/c backg ro un d  (o rig in a lly  fro m  Jackson L ab o ra to ries ) w h ich  w e re  m a in ta in e d  in house

by th e  T ran s la tio n a l Im m u n o lo g y  G ro up , T rin ity  C o llege D u b lin . A n im als  w e re  ke p t in

in d iv id u a lly  v e n tila te d  and  f ilte re d  cages u n d e r p os itive  p ressure (T en ip last, N o rth a n ts , UK)

and  Specific P a th o g e n -F re e  co n dition s . M ic e  w e re  fed  an irra d ia te d  d ie t and  housed on

irra d ia te d  bed d in g . Food an d  w a te r  w e re  su p p lied  a d  lib itu m . All an im a l e x p e rim e n ts  w e re
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p e rfo rm e d  in co m p lia n c e  w ith  Irish D e p a rtm e n t o f H e a lth  and  C h ild ren  re g u la tio n s  and  w e re  

a p p ro v e d  by th e  T rin ity  C o llege D ub lin  Bio Resources e th ica l re v ie w  b oard .

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

B M D M s , o b ta in e d  fro m  th e  fe m u rs  and  tib ia  o f m ice , w e re  iso la ted  using s tan d ard  

techniques^^^. B M D M s  w e re  p la ted  in 6 -w e ll p la tes  and  cu ltu red  in R P M I 1 6 4 0  m e d iu m  

s u p p le m e n te d  w ith  lU /m L  p e n ic il l in /0 . Im g /m L  s tre p to m y c in  so lu tio n , 10%  (v /v )  FBS and  

lO n g /m L  g ra n u lo c y te  m acro p h a g e  c o lo n y -s tim u la tin g  fa c to r  (R & D  System s) fo r  7 days p rio r  

to  use.

2.1.5: Culture of murine peritoneal macrophages (PECs)

PECs w e re  o b ta in e d  via lavage o f th e  m u rin e  p e rito n e a l cavity  w ith  5m L  ice -co ld  PBS. The  

resu ltin g  cells w e re  w ash ed  in PBS and re -su sp en d ed  in R P M I 1 6 4 0  m e d iu m  s u p p le m e n te d  

w ith  lU /m L  p e n ic il l in /0 . Im g /m L  s trep to m yc in  so lu tio n  and  10%  (v /v )  FBS^^^. Cells w e re  

seed ed  in 2 4 -w e ll m ic ro titre  p la tes  a t  a d en s ity  o f 2x10^ ce lls /m L , in c u b a te d  a t 3 7 °C /5 %  CO 2 

fo r  3 hours and  su b se q u en tly  w as h e d  tw ic e  w ith  PBS to  re m o v e  an y n o n -a d h e re n t cells. 

C u ltu re  m e d iu m  w as rep laced  and  cells w e re  in c u b ate d  fo r  a fu r th e r  2 4  hours p rio r to  use.
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2.2: Recombinant protein expression

H u m an  w ild  ty p e  PC and va ria n ts  (PCn248q,PCn313q and PCn329q) w e re  g e n e ra te d  p rev io u s ly  in 

th e  lab. R econnbinant m u rin e  w ild  ty p e  PC and m u rin e  cD N A  p lasm ids p rev io u s ly

p ro d u ced  in th e  la b o ra to ry , using a p R c /C M V /P C  p lasm id  te m p la te  (a kind g ift fro m  P ro fesso r  

Bjorn D ahlback, U n ive rs ity  o f  Lund, S w ed en ; A p p en d ix  III) using s tan d ard  c lo n in g  

techniques^^^. A re c o m b in a n t PC /FV II hybrid  (PC pvii-G ia/EG Fi) consisting th e  FVII Gla and  E G F l 

d o m ain s  a tta c h e d  to  th e  EGF2 and p ro teas e  d o m ain s  o f PC w as also expressed  using a 

p C M V 6  p lasm id  (A p p en d ix  III). Large-scale expression  o f re c o m b in a n t PC p re p a ra tio n s  w as  

ach ieved  by s tab le  tra n s fe c tio n  o f  a HEK 293 cells. T ran s fe c te d  cells w e re  iso la ted  using  

se lec tive  an tib io tics  and  h igh ly expressing  co lon ies  e x p a n d e d . T h e  g ro w th  m e d iu m  

co n ta in in g  re c o m b in a n t PC w as co llec ted  and  iso la ted  using a m o d ifie d  a n io n -e x c h a n g e  

'p s e u d o -a ffin ity ' c h ro m a to g ra p h y  p ro to co l.

2.2.1: Stable transfection of HEK293 cells

H EK 293 cells w e re  se lec te d  fo r  expression  d u e  to  th e ir  cap ac ity  to  express re c o m b in a n t PC 

w ith  c o rre c t p o s t-tra n s la tio n a l m odifications^^'*. C u ltu re  m e d iu m  w as s u p p le m e n te d  w ith  

lO m g /m L  v ita m in  K to  fa c ilita te  y -c a rb o xy la tio n  o f re c o m b in a n t PC. H E K 293 cells w e re  

tryps in ised  and  se ed ed  in 6 -w e ll m ic ro titre  p la tes a t a d en s ity  o f  2 x 10^ ce lls /m L . T h e  p la te  

w as in c u b a te d  a t 3 7 °C /5 %  CO 2 un til ~ 5 0 -7 0 %  co n flu en ce  w as reached  (a p p ro x im a te ly  2 4  

hours la te r).

P lasm ids w e re  p re p a re d  fo r  tra n s fe c tio n  by d ilu tin g  4 |ig  p lasm id  cD N A  in 2 5 0 |iL  

O p tiM E M  redu ced  seru m  m e d iu m  (In v itro g en , Life T ech n o lo g ies ). lOpiL o f lip o fe c ta m in e  2 0 0 0
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(a t 2 m g /m L ; In v itro g en , Life T ech n o lo g ies ), a liposom al tra n s fe c tio n  re a g e n t, w as  

s im u ltan eo u s ly  d ilu te d  in a se p a ra te  25 0 n L  v o lu m e  o f O p tiM E M . T h e  2 m ix tu re s  w e re  

in c u b a te d  s e p a ra te ly  fo r  5 m in u te s  a t ro o m  te m p e ra tu re  th e n  co m b in e d  and  le ft  to  s tan d  a t 

ro o m  te m p e ra tu re  fo r  a fu r th e r  2 0  m in u te s . HEK 293 cells g ro w n  to  co n flu e n c e  in 6 -w e ll  

tissue c u ltu re  p la tes  w e re  w as h e d  tw ic e  w ith  Im L  s te rile  PBS. T h e  p la s m id /lip o fe c ta m in e  

m ix tu re  w as ad d ed  to  cells and  th e  p la te  in c u b a te d  fo r  4  hours , a fte r  w h ich  th e  cells w e re  

w as h e d  again w ith  PBS and g ro w th  m e d ia  ap p lied . T h e  cells w e re  in c u b a te d  a t 3 7 °C /5 %  CO 2 

u n til fu ll co n flu en ce  w as reached  (a p p ro x im a te ly  2 4 -4 8  hours post tra n s fe c tio n ). A f te r  th is , 

cells w e re  try p s in ized  and  re -su sp en d ed  in g ro w th  m e d iu m  co n ta in in g  th e  se lec tive  ag en t  

G 4 1 8  a t a fina l c o n c e n tra tio n  o f SOpig/mL. Cells w e re  p la ted  in lO cm ^ dishes and  g ro w n  in th e  

p resen ce o f G 4 1 8 -c o n ta in in g  m ed ia  (re p lac ed  ev e ry  2 4  hours to  m a in ta in  se lec tive  p ressure ) 

u n til u n tra n s fe c te d  H EK 293 cells d ie d , leaving  b eh in d  co lon ies o f  tra n s fe c te d  cells 

(a p p ro x im a te ly  10  days post tra n s fe c tio n ). Ind iv idu al tra n s fe c te d  co lon ies w e re  p icked  and  

seed ed  in to  w ells  o f a 9 6 -w e ll m ic ro titre  p la te . O nce c o n flu e n t, co lon ies w e re  assessed fo r  PC 

expression  using an ELISA.

2.2.2: Expression and concentration of recombinant PC

T ran sfe c te d  cell co lon ies expressing  PC w e re  se lec te d , ex p a n d e d  and  s to re d  by 

c ryo p res erv a tio n . Large scale p ro d u c tio n  w as  ach ieved  by expansion  o f se lec te d  co lon ies  to  

fu ll co n flu en ce  in a m u lti-s u rfa c e  cell vessel (500m L ; HYPERflask; C o rn ing ). A t th is  p o in t  

g ro w th  m e d iu m  w as re p la ced  w ith  5 0 0 m L  s e ru m -fre e  O p tiM E M  co n ta in in g  v ita m in  K 

( lO ^ g /m L ) and  th e  flask w as in c u b ate d  fo r  4 -5  days. T h e  m e d iu m  w as c o lle c te d  and
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c o n c e n tra te d  to  ~ 5 0 m L  by f iltra t io n  using a Pellicon XL ta n g e n tia l f lo w  f i lte r  (TFF) d evice

(M illip o re ).

2.2.3: Isolation of fully y-carboxylated recombinant PC

A Fast P e rfo rm a n c e  Liquid C h ro m a to g ra p h y  (FPLC) system  (GE H e a lth c a re ) w as used to  p urify  

re c o m b in a n t PC. Sam ples w e re  firs t d esa lted  in to  a ru n n in g  b u ffe r  (5 0 m M  T r is /1 5 0 m M  NaCI, 

pH 7 .4 ; A p p en d ix  II) using a H iTrap  H iP rep  2 6 /1 0  53 m L  d esa ltin g  co lum n  (GE H e a lth c a re )  

packed w ith  Sephadex™  G 25  su p erfin e . D uring  re c o m b in a n t expression , PC synthesis o fte n  

o v e rw h e lm s  th e  cell's en d o g en o u s  cap ac ity  to  fu lly  y -c a rb o xy la ted  th e  PC Gla d o m a in . This  

p o s ttran s la tio n a l m o d ific a tio n  is essentia l fo r  PC function^^^. R e co m b in a n t PC w as  th e re fo re  

su b jected  to  "p s e u d o -a ffin ity "  ch ro m a to g ra p h y  to  iso la te  th e  c o rre c tly  y -c a rb o xy la ted  

fra c tio n  using a H iT rap  Q. HP 5m L  sepharose an ion  exchange co lum n  (GE H e a lth c a re ).

The H iTrap™  Q  HP co lum n  w as w ashed  w ith  d e io n ised  w a te r  an d  th e n  e q u ilib ra te d  

w ith  5 co lum n  vo lu m es  o f  ru n n in g  b u ffe r. T h e  sam p le  fo r  p u rifica tio n  w as passed across th e  

co lu m n  via su p er loop in jec tio n  and  PC binds to  and  re ta in e d  in th e  co lu m n . T h e  co lu m n  w as  

th e n  w as h e d  w ith  ru n n in g  b u ffe r  to  re m o v e  loosely bou n d  p ro te in s  and  re c o m b in a n t PC w as  

th e n  e lu te d  by passing o v e r a Ca^^ co n ta in in g  e lu tio n  b u ffe r  (5 0 m M  T r is /1 5 0 m M  N a C I/lO m M  

CaCl2, pH 7 .4 ; A p p en d ix  II). Positive ly  charged  Ca^^ ions bind y -c a rb o xy la ted  PC w ith  high  

a ffin ity , and  th u s  re lease  it fro m  th e  co lum n  by c o m p e tin g  fo r  n eg a tive ly  ch arged  Gla res id ue  

b ind ing . E luted  PC w as co llec ted  in Im L  fra c tio n s , poo led  and  d esa lted  back in to  ru n n in g  

b u ffe r  using a 5m L  HiTrap™  d esa ltin g  co lum n  (as o u tlin e d  ab o v e ). R em a in in g  u n c arb o xy la ted  

PC w as  su b se q u en tly  d issociated  fro m  th e  co lum n  by I M  NaCI e iu c tio n .
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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 (5|ig/mL) was incubated with 0.25U Protac in a buffer containing 50mM Tris-HCI/lOOmM 

NaCI, pH 7.4 (Appendix II) in a total volume of ImL, for 1 hour at 37°C followed by overnight 

incubation at 4°C^™.

2.3.2; Activation of PC using Thrombin CleanCleave kit

100^1 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 10mMCaCl2 (Appendix 

II) followed by centrifugation as outlined above. PC was desalted into TBS containing 

lOmMCaCb using Zeba Spin desalting columns (Pierce) and 900|il was mixed with lOOjil 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. IIU  

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

Hum an and m urine PC sandwich ELISAs w ere  developed in-house to  assess th e  concentration  

of all hum an and m urine PC variants utilized.

2.4.1: Human PC ELISA

M axisorp 96-w ell plates (Nunc, UK) w ere  coated w ith  a polyclonal sheep an ti-hum an  PC 

antibody (Haem atological Technologies Inc.) d iluted to  a final concentration o f 2 5 n g /m l in a 

carbonate buffer (5 0 m M  N a2C03 /N aH C 03 , pH 9.6; Appendix II) and incubated overnight at 

4°C. W ells w ere  washed 3 tim es w ith  400nL TBS/0.05%  (v /v ) Tw een 20 (TBS-T) and incubated  

w ith  2% (w /v ) bovine serum  album in (BSA) in TBS for 2 hours at room  te m p era tu re  to  block 

non-specific binding sites. A standard curve consisting o f serial dilutions o f hum an PC 

(6 2 .5 n M -1 0 0 0 n M ) in TBS containing 0.2%  (w /v ) BSA was used. The standard curve and test 

samples w ere applied to  the  plate in duplicate and incubated fo r 1 hour a t room  

tem p era tu re . The p late was washed and PC bound to  each well was detected  using 

horseradish peroxidise (HRP)-conjugated polyclonal sheep anti-hum an PC antibody  

(Haem atological Technologies Inc.) diluted in TBS-T containing 0.2%  (w /v ) BSA to  a final 

concentration o f 10 |ig /m l.

HRP-conjugation of th e  antibody fo r detection was carried out using th e  Lightning 

Link HRP Conjugation Kit (InnovaBiosciences) according to  th e  m anufacturer's  instructions. 

HRP-conjugated polyclonal sheep anti-hum an PC antibody was incubated w ith  th e  p late for 1 

hour at room  te m p e ra tu re . The plate was washed once again and the  HRP-conjugated  

antibody detected  using 3 ,3 ',5 ,5 '-Te tram eth y lben zid ine  (TM B). TM B  can act as a hydrogen
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donor fo r th e  reduction of hydrogen peroxide to  w a te r by HRP and th e  resulting diim ine  

causes th e  solution to  take on a blue colour. The reaction was halted by addition o f H2SO4, 

turn ing  th e  solution yellow. The colour change was m easured at an optical density (OD) of 

450n m  at room  tem p era tu re  using a spectrophotom eter (SpectraM ax Plus384 Absorbance 

M icro p ia te  Reader, M o lecu lar Devices, CA, USA).

2.4.2: Murine PC ELISA

M axisorp 96 -w e ll plates w ere  coated w ith  a polyclonal sheep an ti-m u rin e  PC antibody  

(H aem atological Technologies Inc.) d iluted to  a final concentration of 15pig/m l in carbonate  

buffer and incubated overnight at 4°C. W ells w ere  washed 3 tim es w ith  400^1  TB S/0.05%  

(v /v ) Tw een 20 (TBS-T) and incubated w ith  2% (w /v ) bovine serum album in (BSA) in TBS for 2 

hours at room  te m p era tu re  to  block non-specific binding sites. A standard curve was 

developed using serial dilutions o f m urine plasma in TBS containing 0 .2%  (w /v ) BSA. The PC 

concentration o f m urine plasma is ~ 5n g /m l. M u rin e  plasma dilutions ranging from  1 /5  to  

1 /8 0  (~ 1 0 0 0 -6 2 .5 n g /m l) w ere  used. Serial dilutions o f test samples w ere  also carried o u t in 

TBS containing 0.2%  (w /v ) BSA. The standard curve and test samples w ere  applied to  the  

plate in duplicate and incubated fo r 1 hour at room  tem p era tu re . The p late was washed as 

outlined  above and m urine PC bound to  each well was detected  using HRP-conjugated  

polyclonal sheep anti-m urine PC antibody (H aem atological Technologies Inc.) d iluted in TBS-T 

containing 0.2%  (w /v ) BSA to  a final concentration o f 5 |ig /m l. The p late was incubated for 1 

hour at room  tem p era tu re , washed and th e  HRP-conjugated antibody detected  using TM B  as 

outlined  in 2.4 .1 .

55



2.5: Assessment of APC amidolvtic activity

The proteolytic activities of hum an/m urine/bovine APC and variants thereof w/as determ ined  

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 lOOmM  

NaCI/20m M  Tris-HCI/2.5m M CaC^/O.lm g/m L BSA, pH 7.5 (Appendix II). The rate of CS-21(66) 

hydrolysis was measured at an OD of 405nm  at room tem perature 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 su lphate-polyacrylam ide gel electrophoresis (SDS PAGE) fo llow ed by e ither  

comassie staining or w estern  blot analysis was used to  confirm  the  m olecular w e ig h t and 

glycosylation status of hum an, m urine and bovine PC/APC variants.

2.6.1: Comassie staining

l^ g  o f PC/APC was d iluted in NuPAGE loading buffer (Invitrogen, Life Technologies) and Ip l  

of Reducing Agent (Invitrogen, Life Technologies) was added fo r reduced samples. Each 

sample was incubated at 70°C fo r 10 m inutes to  denature  the  protein and separated by SDS- 

PAGE on a precast NuPAGE 10% polyacrylam ide BisTris gel (Invitrogen, Life Technologies) for 

35 m inutes at 200V . The gel was then washed w ith  lO m L of w a te r 3 tim es and ag itated  in 

20m L of S im ly  Blue Stain (Invitrogen, Life Technologies) for 1 hour. The stain was decanted  

and the  gel washed repeated ly prior to  exam ination .

2.6.2: Western blotting

10-50ng of protein was diluted in NuPAGE loading buffer and l^ L  of Reducing Agent, 

incubated a t 70°C fo r 10 m inutes and separated by SDS-PAGE on a precast NuPAGE 10%  

polyacrylam ide BisTris gel (Invitrogen, Life Technologies) fo r 35 m inutes at 200V . Following  

electrophoresis, th e  protein samples w ere  transferred  on to  a polyvinylidene fluoride (PVDF) 

m em brane using the iBIot sem i-dry transfer system (Invitrogen, Life Technologies). The 

m em brane was washed 3 tim es in lO m L PBS-0.02% (v /v) Tw een (PBS-T) fo r 5 m inutes prior 

to  incubation w ith  20m L 5% (w /v ) dried milk in PBS-T (5% m ilk) 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) 

Dilution: 1:2000

Anti-sheep HRP (SantaCruz Biotech) 

Dilution: 1:10000

Murine PC Monoclonal rat anti-murine PC (HTI) 

Dilution: 1:1000

Anti-rat HRP (SantaCruz Biotech) 

Dilution: 1:10000

Bovine PC Polyclonal sheep anti-murine PC (HTI) 

Dilution: 1:1000

Anti-sheep HRP (SantaCruz Biotech) 

Dilution: 1:10000

HIS-tagged

protein

HRP-conjugated anti-HIS antibody (Sigma- 

Aldrich)

FVII Polyclonal sheep anti-human FVII (HTI) 

Dilution: 1:1000

Anti-sheep HRP (SantaCruz Biotech) 

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

Activation o f hum an PC variants by th rom bin  on th e  surface o f EA.hy926 cells was m easured. 

EA.hy926 cells w ere  seeded 96-w ell m icrotitre  plates at a density o f 2x10^ cells/m l and grown  

to  confluence over 24 hours. Cells w ere  washed 3 tim es in Hank's buffered  salt solution  

(HBSS; Appendix II) and incubated w ith  PC in HBSS supplem ented  w ith  3mlVI CaCl2 and 

0 .6 m M  MgCIa, 1% (w /v ) BSA and 0.1%  (w /v ) sodium azide. Activation was in itiated  by 

addition o f th rom bin  (5n M ) to  each well fo llow ed by incubation at 37°C fo r 30 m inutes. The 

reaction was then  stopped w ith  135n M  hirudin (Sigma). APC generation was d e term ined  by 

assessment o f APC am idolytic activity in th e  cell supernatant. 5 0 |il o f the  supernatant was 

added to  50pl CS-21(66) (Biophen) (2m g /m l). The rate o f absorbance change was m easured  

at 405n m . The kinetic param eters w ere  determ ined  according to  the  M ichaelis -M enten  

equation  using Prism® softw are.
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2.8: Assessment of coagulation protease bindinR to soluble EPCR

The binding affin ity  o f coagulation proteases fo r sEPCR was characterised by Surface Plasmon 

Resonance (SPR) using a dual flow cell BIAcore X biosensor system (BIAcore, Sweden). BIAcore 

sensor chips w ere  used as a surface upon which coagulation protein binding to  sEPCR was 

determ ined . BIAcore sensor chips are comprised o f glass coated w ith  a th in  layer o f gold 

m odified w ith  a carboxym ethylated dextran (CMS) layer. The dextran layer provides a 

hydrophilic environm ent to  facilitate m olecule a ttachm ent and prevent denaturation .

10 |ig /m L  m onoclonal anti-EPCR antibody, RCR-2 (kind g ift o f Dr. K. Fukudom e, Saga 

M edical School) was covalently im m obilized on a CMS sensor chip using am ine coupling 

chem istry. RCR-2 was selected as a capture antibody because it does not inhibit APC binding 

to  EPCR. The sensor chip surface carboxym ethyl groups m odified using N-hydroxysuccinim ide 

(NHS) and l-E thy l-3 -[3 -d im ethy lam inopropyl]carbod iim ide  hydrochloride (EDC) to  facilitate  

covalent a ttachm ent. EDC reacts w ith  carboxyl groups to  fo rm  am ine-reactive  Interm ediates  

which in th e  presence of NHS, form  stable am ine-reactive NHS esters that react w ith  RCR-2 

amines and o th er nucleophilic groups to  form  covalent bonds. This technique allowed  

perm anent im m obilisation o f RCR-2 onto th e  surface o f th e  2 flow  ceils o f the  sensor chip.

Soluble EPCR was desalted into HBS-P buffer (lO O m M  HEPES/lSO m M  NaCI, pH7.4) 

containing 3 m M  CaCb, 0 .6 m M  MgCb and bound to  the  test flow  cell via RCR-2. Coagulation  

proteases w ere  individually injected over both flow  cells (the RCR-2 only flow  cell was used to  

identify non-specific binding) at a rate o f lO n L /m in  fo r 60 seconds and binding kinetics 

recorded. Samples w ere  then  dissociated using HBS-EP buffer (containing 3 m M  EDTA) and 

the  RCR-2 im m obilised CMS chip was regenerated w ith  10|iL  o f lO m M  glycine-HCI (pH 2).
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2.9: GIvcosidase removal of N-linked givcans from VKD coaeulation proteases

Rem oval o f N -linked glycan structures was achieved by incubation o f VKD coagulation  

proteases (Ipig) w ith  N-glycosidase from  Flavobacterium  m eningosepticum  (PNGase F; 

lOOOlU; N ew  England Biolabs Inc., Ipswich, M A ) in 5 0 m M  sodium phosphate b u ffer a t a pH o f 

7.5 fo r 1 hour at 37°C. PNGase F cleaves betw een  th e  innerm ost GlcNAc and asparagines 

residues o f com plex oligosaccharides from  N-linked glycoproteins, enzym atically rem oving  

en tire  N -linked carbohydrate chains.
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2.10: Assessment of endothelial barrier permeability 

2.10.1: Coagulation protease mediated endothelial barrier protection

APC can mediate endothelial barrier protection via EPCR and PARI dependent cellular 

signalling^^^. In order to assess the barrier protective capacity of other VKD coagulation 

proteases, a protease barrier permeability assay was developed. EA.hy926 cells were 

trypsinised and plated on polycarbonate membrane transwell inserts (Costar, 3 piM pore size, 

12-mm diameter) contained within a 12-well microtitre plate. Plates were incubated at 

37°C/5%C02 until full confluence was achieved (approximately 48 hours). The transwell 

inserts were drained and the cells washed with sterile PBS then treated with serum-free 

DMEM supplemented with 3mM CaCb and 0.6mM MgC^ (assay buffer 2; Appendix II). Cells 

were incubated with VKD coagulation proteases and activate site inhibited VKD proteases 

(Haematological Technologies, USA) for 3 hours, and then treated with 5nM thrombin for 10 

minutes to induce endothelial permeability. The transwell inserts were drained and the cells 

were washed with sterile PBS and incubated with 200)iL FITC dextran (Sigma-Aldrich) 

(250ng/mL) in PBS. Endothelial barrier permeability was determined by assessment of the 

increase in fluorescence at 490nM Excitation (Ex)/ 525nM Emission (Em) in the outer 

chamber beneath the transwell insert over time due to transmigration of FITC dextran.

Endothelial permeability relative to thrombin only-treated cells was determined using 

the following equation:

Permeability (%) = (|X-N)/ (P-N)) X 100 

Where X is the test sample, N is the PBS-treated negative control sample and P is the 

thrombin-treated positive control sample.

62



2.10.2: Zymogen mediated endothelial barrier protection

Zym ogen PC occupancy of EPCR can recruit PAR I to  a barrier p rotective signalling pathw ay  

irrespective o f th e  activating protease^^^. In o rder to  assess th e  barrier p rotective capacity of 

o th e r VKD zymogens, a zym ogen barrier perm eab ility  assay was developed. EA.hy926 cells 

w e re  grown to  confluence on polycarbonate m em brane transw ell inserts and prepared fo r  

assay as outlined in 2 .10 .1 . Cells w ere  incubated w ith  PC/ FX/ FVII fo r 1 hour, a fte r which  

lO n M  throm bin  was added to  each w ell and incubated fo r a fu rth e r 3 hours to  induce  

endothelia l perm eability. Endothelial barrier perm eab ility  was d e term in ed  using FITC dextran  

as previously described.
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2.11: Assessment of endothelial cell apoptosis

Endothelial cell apoptosis was assessed using the APO Percentage'^ kit (Biocolor). During 

apoptosis phosphatidylserine, which is usually confined to the inner cell membrane leaflet, 

transfers to the outer cell membrane leaflet. This process permits intracellular uptake of APO 

Percentage dye by apoptotic cells, enabling visible differentiation from healthy cells.

EA.hy926 cells were trypsinised, plated on a 96-well microtitre plate and incubated at 

37°C/5%C02 until full confluence was achieved (approximately 24 hours). Medium was 

decanted and cells were washed with PBS and then treated with serum-free DMEM 

supplemented with 3mM CaC^ and 0.6mM MgC^. Cells were incubated with APC/FXa for 3 

hours, after which 20|iM staurosporine was added to each well and incubated for a period of 

3 hours to induce apoptosis. Supernatant was decanted and cells were then treated with 

100^1 serum-free DMEM containing 10^1 APO Percentage dye and 20 nM staurosporine for 

45 minutes.

Finally, cells were washed to remove non-bound dye and digital microscopic images 

were taken. Cellular APO Percentage dye uptake was quantified by conversion of digital 

images into pixel counts with Adobe™ Photoshop™ software. Average pixel counts were 

based on analysis of at least 3 images per well. Endothelial apoptosis relative to 

staurosporine only-treated cells was determined using the following equation:

Apoptosis (%) = l(X -N )/ (P-N)) X 100 

Where X is the test sample, N is the PBS-treated negative control sample and P is the 

staurosporine-treated positive control sample.
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2.12: THPl cell viability

T H P l cell v ia b ility  w as assessed using th e  C e llT ite r-F lu o r™  Cell V ia b ility  Assay (P ro m e g a )  

w h ich  m eas u res  th e  re la tiv e  n u m b e r o f v ia b le  cells in a p o p u la tio n  (NB REF). T h e  assay uses 

c o n s titu tiv e  p ro te a s e  ac tiv ity  w ith in  live cells as a b io m a rk e r o f cell v ia b ility . A flu o ro g en ic , 

c e ll-p e rm e a b le , p e p tid e  su b s tra te  (G ly -P he-A FC ) e n te rs  in ta c t cells and is c leaved  by a " liv e -  

cell" p ro te a s e  to  g e n e ra te  a flu o re s c e n t signal p ro p o rtio n a l to  th e  n u m b e r o f  liv ing cells. 

A c tiv ity  o f th is  " live -ce ll"  p ro teas e  is lost upon loss o f m e m b ra n e  in te g rity  co n s is te n t w ith  

apoptosis^^®.

T H P l cells w e re  p e lle te d  via c e n tr ifu g a tio n  a t IS O O rpm  fo r 5 m in u te s . C u ltu re  

m e d iu m  w as d iscarded  and  ceils w e re  re -su sp en d ed  in s e ru m -fre e  R P M I 1 6 4 0  m e d iu m  

s u p p le m e n te d  w ith  0 .6 m M  CaCl2 and  0 .2 m M  M g C ^  (assay b u ffe r  3; A p p en d ix  II). Cells w e re  

s e ed ed  in 9 6 -w e ll  m ic ro titre  p la tes  a t a d en sity  o f 2 x lO ^ ce lls /m L , t re a te d  w ith  FXa 

(2 0 n M )/P B S  fo r  3 hours and  su b se q u en tly  s tim u la te d  w ith  5 0 0 n g /m L  LPS fo r  4  hours. 

lO n L G Iy -P h e-A FC  V ia b ility  S u b s tra te  w as d ilu te d  in 2m L  o f  th e  assay b u ffe r  as p e r th e  

m a n u fa c tu re r 's  instructions. 2 0 ^ 1  o f th e  m ix tu re  w as ad d ed  to  each  te s t w e ll and  th e  p la te  

w as m ixed  by o rb ita l shaking (3 0 0 -5 0 0 r p m )  fo r  3 0  seconds. T h e  p la te  w as in c u b a te d  fo r  a t  30  

m in u te s  a t 37°C . F luorescence w as m e a s u re d  a t 4 0 0 n M  E x / 5 0 5 n M  Em.
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2.13: TNFg secretion from THPl cells usinR HEK Blue TNFa/ILlB reporter cells

HEK Blue T N F a / IL - ip  cells a re  a H EK 293 re p o rte r  cell line expressing T N F a  and  IL-1|3 

rece p to rs  as w e ll as a N F -kB /A P -1 ind u cib le  se cre ted  ALP re p o r te r  (A p p en d ix  I). Exposure o f  

th e  HEK Blue T N F a / IL - ip  cells to  T N F a  resu lts in d o s e -d e p e n d e n t ac tiv a tio n  o f th e  N F -kB /A P -  

1 p a th w a y s  an d  expression  o f th e  secreted  ALP re p o rte r  g en e . T hese cells can thus be used  

to  d e te c t T N F a  se cre tio n . HEK Blue T N F a / IL - lp  cells w e re  tryps in ised  (o u tlin e d  in section  

2 .1 .1 ), re -su sp en d ed  in fresh  cu ltu re  m e d iu m  and p la ted  in 9 6 -w e ll m ic ro titre  p la tes  a t a 

d en s ity  o f 5 xlO ^ ce lls /m L . Cells w e re  in c u b ate d  a t 37 °C  fo r  a p p ro x im a te ly  8 hours.

T H P l cells w e re  p e lle te d  via c e n tr ifu g a tio n  a t IS O O rpm  fo r 5 m in u te s . C u ltu re  

m e d iu m  w as d iscard ed  and  cells w e re  resu sp en d ed  in s e ru m -fre e  R PM I 1 6 4 0  m e d iu m  

s u p p le m e n te d  w ith  0 .6 m M  CaCl2 and 0 .2 m M  M g C ^ . Cells w e re  seed ed  in 9 6 -w e ll m ic ro titre  

p la tes  a t a d en sity  o f 3 xlO® ce lls /m L  and tre a te d  w ith  VKD co ag u la tio n  p ro teas es  fo r 3 hours  

fo llo w e d  by s tim u la tio n  w ith  PRR agonists. S u p e rn a ta n ts  w e re  co llected  th e re a fte r  and  

in c u b a te d  w ith  HEK Blue T N F a / IL - lp  re p o rte r  cells (p la te d  as o u tlin e d  ab o ve ) fo r 18  hours. 

ALP ac tiv ity  in th e  HEK Blue cell s u p e rn a ta n t w as d e te c te d  using Q U A N T I-B lu e  (In v iv o g en ) 

d e te c tio n  m e d iu m  th a t  co n ta ins  a c o lo r im e tr ic  ALP su b s tra te . C o lo r im e tric  m e a s u re m e n ts  

w e re  ta k e n  using a s p e c tro p h o to m e te r  a t 6 5 0 n m .

ALP a c tiv ity  re la tiv e  to  LPS o n ly -tre a te d  cells w as d e te rm in e d  using th e  fo llo w in g  eq u a tio n :  

ALP activity (%) = ((X-N)/ (P-N)| X 100 

W h e re  X is th e  tes t sam p le , N is th e  P B S -trea ted  n eg a tive  co n tro l sam p le  and  P is th e  LPS- 

t re a te d  p os itive  c o n tro l sam ple.
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Figure 2.1: Assessment of TNFa secretion by THP-1 ceils using HEK Blue TNFa/IL-ip  

reporter cells: THPl cells were stim ulated w ith  PRR agonists fo r 4 to 6 hours to  induce 

secretion of pro-inflam m atory cytokines. THP-1 cell supernatant was then applied to  HEK 

Blue TNFa/IL-ip reporter cells and incubated overnight. TNFa present in the THPl cell 

supernatant binds to  the TNF receptor (TNFR) and initiates activation o f NFkB resulting in 

expression o f ALP. The amount of ALP present in the HEK Blue supernatant, measured using a 

colorim etric ALP substrate, is therefore relative to  TNFa expression by THPl cells.
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2.14: Quantification of NF-kB/AP-1 activation by THPl-XBIue-CD14

NF-kB activation was m easured using th e  TH P l-XB lue-C D 14 cell line (Appendix I). T H P l-  

XBlue-CD14 cells are T H P l cells stably expressing a N F-K B /A P-l-inducib le secreted ALP 

rep o rter and co-expressing CD14 to enhance sensitivity to  LPS. TH P l-XB Iue-C D 14 w ere  re 

suspended in serum -free RPMI 1640 m edium  supplem ented w ith  0 .6 m M  CaCl2 and 0 .2 m M  

MgCIa at a density o f 3x10® cells/m L, then  seeded in 96-w ell m icrotitre  plates. Cells w ere  

trea ted  w ith  FXa (0 -2 0 n M ) fo r 3 hours and stim ulated overnight w ith  LPS (500n g /m l). ALP 

activity in th e  supernatant was detected  using Q U ANTI-B lue m edium  containing a 

colorim etric ALP substrate. Colorim etric m easurem ents w ere  taken at 650nm .
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2.15: Assessment of cytokine secretion by PBMCs and murine macrophages

Sandwich ELISAs purchased from  R&D Systems were used to  measure TNFa, IL-6 and IL-10 

expression from  human PBMCs, m urine RAW cells and prim ary macrophages, according to 

the m anufacturer's instructions.
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2.16: Quantification of NF-kB/AP-1 activation using RAW Blue

M acrophage N F-kB activation was m easured using the RAW Blue cell tine. RAW Blue cells are 

a mouse leukaem ic m acrophage cell line stably expressing an N F-kB /A P-1 inducible secreted  

ALP reporter. RAW Blue cells w ere  grown to  confluence in 24 -w e ll m icro -titre  plates. Ceils 

w ere  washed w ith  PBS and trea ted  VKD proteases in serum free RPMI 1640 m edium  

supplem ented w ith  0 .6 m M  CaCb and 0 .2 m M  M gCb fo r 3 hours prior to  stim ulation w ith  LPS 

fo r 6 hours. ALP activity in th e  supernatant was detected  using Q U A NTI-B lue m edium  

containing a co lorim etric  ALP substrate. C olorim etric m easurem ents w ere  taken  at 650nm .
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2.17: Preparation of cDNA plasmids for assessment of PARI proteolysis

Assessment o f PA R I proteolysis was carried out using a PA R I construct fused to  secreted  

hum an placental ALP at A la-36 w ith an intervening FLAG ep itope (DYKDDDD) contained w ith  

th e  m am m alian expression vector pRc/CMV^^^ (AP-PARl; a generous gift from  S. Coughlin, 

University o f California, San Francisco). In this case, th e  pRc/CM V vector contains th e  AP- 

P A R l cDNA sequence cloned betw een  Hind III and N otl restriction endonuclease sites.

Proteolysis of this construct by e ith e r th rom bin  or APC resulted in liberation of the  

ALP tag into th e  cell supernatant, which was then  quantified using a co lorim etric  ALP 

substrate. Tw o variants o f the  A P-PA R l cDNA construct, generated by G enew iz (Boston), 

w ere  used to  identify  the  specific site at which hum an APC variants cleaved PAR I. Individual 

m utation  o f the  throm bin  (A rg-41) and APC (Arg-46) PAR I cleavage sites to  alanine residues 

produced A P-PA Rl variants th a t could exclusively be cleaved at th e  A rg-45 and Arg-41  

cleavage sites, respectively. The experim ents w ere  carried out on HEK293T cells co

transfected w ith  a hum an EPCR construct containing an N -term ina l green fluorescent protein  

(GFP) tag (previously produced in the  laboratory) or M a d  integrin subunits C Dllb^^^ and 

CD18^^® obtained from  Addgene (Plasmids 8631  and 8638) (Appendix III). Standard  

subcloning techniques w ere used to  increase th e  quantity  o f A P-PA R l, variant A P-PA Rl, 

EPCR-GFP and TM -G FP cDNA plasmids.
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2.18: Assessment of PARI proteolysis by VKD proteases 

2.18.1: Transient transfection of HEK293T cells

HEK293T cells w ere  trypsinised and seeded in 24-w ell m icro titre  plates at a density o f 1 x 10^ 

cells/m L. The plate was incubated at 37°C /5%  CO2 until ~50%  confluence was reached  

(approxim ate ly  24 hours later).

A P -P A R l/A P -P A R l variants, EPCR-GFP, C D llb  and CD18 plasmids w ere  prepared for 

transfection by diluting 0 .5 |ig  plasmid cDNA in 50nL O p tiM E M  reduced serum m edium  in the  

presence of 1.5|iL  o f TransIT 2 0 /2 0  (M irus), a liposomal transfection reagent, per well to  be 

transfected . The m ixture was incubated fo r 20 m inutes at room  tem pera tu re . Supernatant 

was decanted from  HEK293 cells th a t had been plated fo r transfection. Cells w ere  washed  

w ith  Im L  sterile PBS and trea ted  w ith  450^1  fresh culture m edium . The p lasm id/TransIT  

2 0 /2 0  m ixture was added to  each well and th e  plate was incubated at 37°C for 24 hours.

2.18.2: Assessment of PARI proteolysis using AP-PARl assay

Cells w ere  drained o f culture m edium , washed w ith  sterile PBS and trea ted  w ith  serum -free  

D M E M  supplem ented w ith  0 .6 m M  CaCl2 and 0 .2 m M  M gCl2 (assay buffer 1; A ppendix II). Cells 

w ere  incubated w ith  VKD coagulation proteases as outlined fo r 3 hours a fte r which th e  

supernatant was rem oved and ALP activity was m easured using Q U A NTI-B lue detection  

m edium  th a t contains a colorim etric ALP substrate. C olorim etric m easurem ents w ere  taken  

using a spectrophotom eter at 650nm .
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Figure 2.2: AP-PARl proteolysis assay: HEK293T cells were transfected a w ith  a PARI 

construct fused to  secreted human placental ALP at Ala-36 and cotransfected w ith  EPCR. APC 

trea tm ent of the cells resulted in EPCR binding, proteolysis of the AP-PARl construct and 

liberation o f the ALP tag into the cell supernatant. ALP activ ity in the supernatant was then 

quantified using a colorim etric ALP substrate.
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2.19: Data analysis

Data are presented as mean +/- SD of at least 3 separate experiments. Statistical analysis of 

experimental data was performed using the 2-tailed Student's t test and the level of 

significance was set at a probability of <0.05.
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CHAPTER 3: ROLE OF EPCR-BINDING VITAMIN K-DEPENDENT 

COAGULATION PROTEINS IN MAINTAINING ENDOTHELIAL CELL

INTEGRITY

3.1: EPCR-PARl signalling properties of APC and FVIIa 

3.1.1: Activation of PARI by APC and FVIIa

To investigate EPCR-dependent activation o f PARI by VKD proteases, an assay tha t directly 

measures the rate o f PARI proteolysis w/as established. HEK293T cells w^ere transfected w ith 

plasmid constructs expressing human EPCR, possessing a C-terminal GFP tag to  facilitate 

assessment o f transfection efficacy (EPCR-cGFP), and a modified human PARI m utant, AP- 

PARl. AP-PARl contains an alkaline phosphatase (AP) tag N-term inal to  the canonical PARI 

cleavage site. Proteolysis o f this construct results in liberation of the AP tag into the cell 

supernatant, w/hich is then quantified using a colorim etric substrate (Chapter 2.18)^''^.

HEK293T cells expressing EPCR-cGFP and AP-PARl (2 9 3 t^pcr/ap-parij generated. 

Expression o f EPCR-cGFP was determ ined by light microscopy and was observed in >90% of 

transfected cells (Figure 3.1.1). AP-PARl expression was determ ined by trea tm ent w ith 

th rom bin, the canonical activator o f PARI. Thrombin induced substantial release o f AP into 

the cell supernatant such tha t all AP was released by incubation w ith  lOOpM throm bin 

(Figure 3.1.1 a). In contrast, no AP was released in the absence o f throm bin. Treatment of 

293T^^‘' ’̂ '̂ '̂ '’ ‘'’*'̂  ̂ cells w ith  throm bin in itia ted dose-dependent release o f AP (Figure 3.1.1 c), 

indicating tha t EPCR-cGFP expression does not hinder AP-PARl proteolysis.
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Figure 3.1.1: Thrombin activation of PARI on 293T cells transfected with EPCR/AP-PARl:

HEK293T cells transfected w ith  (a) AP-PARl (b) EPCR-cGFP or (c) AP-PARl and EPCR-cGFP 

were treated w ith  th rom bin  ( • ;  0 .1 -lnM ) for 3 hours in assay buffer 1. EPCR-cGFP and AP- 

PARl expression were assessed using light microscopy and by measurement o f AP activ ity in 

the cell supernatant using QUANT! Blue, respectively (Chapter 2.18). Experiments were 

performed in trip licate and data are presented as mean ± S.D..



To examine w hether co-expression o f EPCR is required fo r APC activation o f AP-PARl on 293T 

cells, APC was incubated w ith  both cells and cells and PARI

proteolysis was measured. Incubation of APC w ith  failed to  induce significant

release o f AP into the cell supernatant (Figure 3.1.2 a, black bars). In contrast, incubation 

w ith  throm bin resulted in robust proteolysis o f AP-PARl in the absence o f EPCR (Figure 3.1.2 

a, black bars). Incubation o f e ither throm bin or APC w ith  cells induced

significant liberation o f AP (Figure 3.1.2 a, white bars). AP-PARl proteolysis by APC was 

dose-dependent (Figure 3.1.2 b, closed circles) and 3-4 orders of magnitude less effic ient 

than that of th rom bin  (Figure 3.1.2 b, triangles), in keeping w ith  previous results An

APC variant rendered proteolytically inactive due to  activate site blockade using a tripeptide 

chlorom ethyl ketone inh ib ito r (APCdegr); which is incapable o f cleaving a short APC-specific 

chromogenic substrate (data not shown), was also tested. As expected, incubation of 

cells w ith  APCdegr did not result in AP release (Figure 3.1.2 b, open circles). 

Thus, APC activation of PARI on is EPCR-dependent and requires a functional

APC active site. This expression system can therefore replicate the receptor requirements fo r 

APC proteolysis o f PARI on endothelial cells.
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Figure 3.1.2: EPCR-dependent activation of PARI by APC using 2937^'’'̂ ’'^*’’ '’*'̂ :̂ (a) 2937*^ 

cells (black bars) or 29 3 7 ’̂’ -̂’’^^ '̂^*'^  ̂cells (white bars) were treated w ith  throm bin (In M ) 

or APC (lOOnM) fo r 3 hours in assay buffer 1 and AP activ ity in the cell supernatant was 

assessed using QUAN7I Blue, (b) cells were treated w ith  throm bin (A;  InM ),

APC ( • ;  25-lOOnM) or A P C degr (0; lOOnM) fo r 3 hours in assay buffer 1 and A P  activity in the 

cell supernatant was assessed. Experiments were perform ed in trip licate and data are 

presented as mean ± S.D.. [ * * *  = p < 0.001; * *  = p < 0.01]
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FVIIa was incubated w ith  cells to  examine w hether co-expression o f EPCR can

facilita te  activation o f PARI by FVIIa on this cell line. Treatm ent w ith  FVIIa failed to  induce 

release o f AP from  cells (Figure 3.1.3) dem onstrating tha t although FVIIa

binds to  EPCR in an identical manner to  APC, it is unable to  emulate APC-like EPCR- 

dependent activation o f AP-PARl on HEK293T cells.

Figure 3.1.3: Comparative rate of PARI activation by APC and FVIIa using 

cells: cells were treated w ith  throm bin (In M ), APC (lOOnM) or FVIIa (lOOnM)

fo r 3 hours in assay buffer 1 and AP activity in the cell supernatant was measured using 

QUANTI Blue. Experiment was performed in trip licate and data are presented as mean ± S.D.. 

[ * * *  = p <0.001; * *  = p < 0 .0 1 ; * = p< 0 .05 ]
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3.1.2: APC mediates endothelial cell barrier protective signalling

An endothelial cell barrier permeability assay was used to investigate whether EPCR- 

dependent PARI activation potential correlated with the cytoprotective signalling capacity of 

EPCR-binding VKD proteases. Endothelial cell barrier permeability was determined by 

measuring migration of FITC-dextran through a layer of confluent EA.hy926 cells (Chapter 

2.10). To establish thrombin-mediated endothelial cell barrier permeability, EA.hy926 cells 

were treated with thrombin. Thrombin, as expected, induced a significant increase in 

endothelial cell barrier permeability which was proportional to the length of incubation (p < 

0.001) (Figure 3.1.4 a). To assess the ability of APC to counteract thrombin-induced 

endothelial cell barrier permeability, APC (2.5-20nM) was incubated with EA.hy926 cells prior 

to thrombin treatment. Treatment with APC mediated dose-dependent protection from 

thrombin-induced barrier disruption such that 20nM APC inhibited barrier permeability 

induced by thrombin by 89±2% and half maximal inhibition ( I C 5 0 )  was observed at ~ 3.8nM 

APC (p < 0.001) (Figure 3.1.4 b).
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Figure 3.1.4: APC protection against throm bin-induced endothelial cell barrier 

perm eability: (a) EA.hy926 cells were grown to confluence on polycarbonate mennbrane 

permeable transwell inserts and treated with PBS (0) or thrombin ( • ;  SnIVI) in assay buffer 2 

for 10 minutes. The cells were then washed with PBS and incubated with 400^1 FITC dextran 

(250ng/mL). Migration of FITC dextran through the EA.hy926 cell layer into the outer 

chamber is dependent upon endothelial cell barrier permeability and was assessed over time 

(2-20 minutes) by measuring fluorescence in the outer chamber at OD490nm/s25nm (Chapter 

2.10). (b) Confluent EA.hy926 cells were treated with APC ( • ;  2.5-20nM ) for 3 hours in assay 

buffer 2 prior to treatm ent with thrombin (5nM ) for 10 minutes, after which and endothelial 

cell barrier permeability was assessed. Endothelial permeability is presented as a percentage 

of maximum permeability induced by thrombin (i.e. 100% permeability). Experiments were 

performed in triplicate and data are presented as mean ± S.D..
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Protection o f the endothelial cell barrier by APC against throm bin-induced permeability 

requires EPCR binding to  facilita te PARI activation^^'*. To determ ine w hether the observed 

protection mediated by APC in this assay was EPCR-dependent, 3 approaches were used. 

Firstly, a truncated APC variant missing the EPCR-binding Gla domain, Gla-domainiess APC 

(APCgd)/ was tested fo r its ability to  maintain endothelial cell barrier integrity. Unlike APC, 

APCgd failed to  confer any protection against throm bin-induced perm eability (Figure 3.1.5 a). 

Secondly, a monoclonal anti-EPCR antibody (RCR-252) that prevents APC-EPCR binding was 

added to  the cells prior to  incubation w ith  APC. The presence of RCR-252 also completely 

blocked the barrier protective effect of APC (Figure 3.1.5 b). Finally, EA.hy926 cell were 

incubated w ith  APClsv, an APC variant w ith  defective EPCR binding^°^ and endothelial cell 

barrier perm eability was induced by throm bin and assessed. APClsv failed to  protect the 

endothelial cell barrier against throm bin-induced permeability (Figure 3.1.5 c). Collectively, 

these data indicate tha t the ability of APC to  enhance endothelial barrier in tegrity w ith in  this 

assay is entire ly dependent on its ability to  bind to  EPCR.
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Figure 3.1.5: APC protection against thrombin-induced endothelial cell barrier permeability 

is dependent upon EPCR binding: EA.hy926 cells were grown to confluence on 

polycarbonate membrane permeable transwell inserts and treated with (a) APC or APCqd 

(both lOnM), (b) APC (lOnM) in the presence and absence of RCR-252 (25|ig/ml) or (c) APC 

or APClsv (both lOnM) for 3 hours in assay buffer 2. Cells were subsequently treated with 

thrombin (5nM) for 10 minutes, after which endothelial cell barrier permeability was 

assessed. Experiments were performed in triplicate and data are presented as mean ± S.D..

[* * *  = p<0.001; **  = p<0.01]
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To confirm the role of PARI in APC-mediated endothelial cell barrier protection in this assay, 

EA.hy926 cells were incubated with APC in the presence of a monoclonal anti-PARl antibody 

(ATAP2), which prevents PARI activation by APC^ '̂*. ATAP2 blocked the barrier protective 

effect of APC (Figure 3.1.6) demonstrating that APC enhancement of endothelial cell barrier 

integrity requires PARI activation. Together, these results confirm that the endothelial cell 

barrier permeability assay is a sensitive and accurate tool with which to investigate EPCR- 

PARl-dependent endothelial cell barrier protective signalling.
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Figure 3.1.6: APC protection against thrombin-induced endothelial cell barrier permeability 

is dependent upon activation of PARI: EA.hy926 cells were grown to  confluence on 

polycarbonate membrane permeable transwell inserts and treated w ith  APC (lOnM ) fo r 3 

hours in the presence and absence of ATAP2 (lO ng/m l), then treated w ith  throm bin (5nM) 

fo r 10 minutes and endothelial cell barrier perm eability was assessed. Experiments were 

performed in trip licate and data are presented as mean ± S.D.. [ * * *  = p < 0.001]
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3.1.3: Effect of FVIIa on endothelial cell barrier permeability

The ability o f FVIIa to  confer APC-like PARl-dependent barrier protection was investigated. 

FVIIa can bind to  EPCR w ith  sim ilar a ffin ity  to  APC^°^, however its capacity to  mediate PARI 

dependent endothelial cell barrier protective effects is controversial. FVIIa failed to  activate 

AP-PARl on 293T cells co-expressing EPCR (Figure 3.1.3). Therefore we sought to  compare 

FVIIa protection o f the endothelial cell barrier to  tha t o f APC. APC and FVIIa (1.25-20nM) 

were incubated w ith  EA.hy926 cells prior to  throm bin treatm ent. As expected, APC mediated 

dose-dependent protection from  throm bin-induced barrier disruption (Figure 3.1.7, circles). 

FVIIa, however, failed to  mediate any protection at all concentrations tested (Figure 3.1.7, 

triangles) indicating tha t despite binding to  EPCR in a sim ilar manner to  APC, FVIIa is unable 

to  mediate APC-like PARl-dependent signalling to  induce protection o f endothelial cell 

barrier integrity.
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Figure 3.1.7: FVIIa does not mediate protection against thrombin-induced endothelial cell 

barrier permeability; EA.hy926 cells were grown to  confluence on polycarbonate nnembrane 

permeable transwell inserts and treated w ith  APC ( • )  or FVIIa ( A)  ( both 1.25-20nM) fo r 3 

hours in assay buffer 2 prior to  trea tm ent w ith  th rom bin  (5nM) fo r 10 m inutes after which 

endothelial cell barrier perm eability was assessed. Experiment was perform ed in trip licate 

and data are presented as mean ± S.D..
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3.2: Characterisation of a recombinant PC.:vii.f:in̂ Ff:.:i chimeric protein 

3.2.1: Expression and characterisation of PCFvii-Gia/ECFi

To investigate the discrepancy between APC and FVIIa EPCR-dependent PARI signalling, a 

hybrid protein consisting of the FVII Gla and EGFl doamins attached to the EGF2 and 

protease domains of PC, PCpvn-Gia/EGFi/ was generated (Figure 3.2.1 a). A pCMV6 vector 

containing cDNA encoding the FVII Gla and EGFl domains attached to  the EGF2 and serine 

protease domain of APC was used to stably transfect HEK293 cells. This vector also contained 

a HHHHH (HIS) tag to enable simple identification of the hybrid protease. Colonies expressing 

P C pvii-G ia/E G F i were expanded and incubated with serum-free conditioned media for 3-5 days in 

the presence of Vitamin Ki, to ensure proper y-carboxylation. The resulting protein was 

partially purified (Chapter 2.2) and activated by thrombin (Chapter 2.3). Amidolytic activity 

was determined by measurement of steady-state hydrolysis of the APC-specific chromogenic 

substrate CS-21(66) over time (Chapter 2.5) and used to determine the concentration of 

APCpvil-Gla/EGFl-

To determine whether the structural integrity was retained, recombinant PC pvii-G ia/E G Fi 

was subjected to SDS-PAGE analysis followed by Western blotting (Chapter 2.6) using anti- 

HIS, anti-PC and anti-FVII antibodies. Under reducing conditions, the heavy chain of 

recombinant P C fvh-g ib / e g f i migrated with a molecular weight of ~41kDa, corresponding to that 

of PC (Figure 3.2.1 b and c). Interestingly, PC pvn-G ia/EG Fi migrated as a doublet, which is 

indicative of 2 distinct glycoforms (a and 3) similar to that observed with wild type PC. To 

investigate the glycosylation status of P C F v ii-c ia /E G F i, PCpvn-G ia/EG Fi was treated with PNGase F to 

enzymatically remove putative N-linked glycans. PNGase F treatment reduced the molecular

89



mass o f PCpvii-G ia/EGFi by ~10kDa (Figure 3.2.1 c) corresponding w ith  the loss o f N-linked glycan 

moieties and confirm ing tha t PCpvii-G ia/EGFi is glycosylated. Under non-reducing conditions, 

PCpvii-Gia/EGFi migrated w ith  a molecular weight o f ~60kDa as detected using a polyclonal 

antibody directed against FVII (Figure 3.2.1 d), indicating tha t the presence o f FVII epitope(s) 

derived from  the FVII Gla and EGFl domains in PCpvii Gia/EGFi. FVIIa, as expected migrated w ith  

a molecular weight o f ~50kDa. The molecular weight o f PCpvn-Gia/EGFi (~60kDa) was close to  

tha t predicted based on the combined molecular w eight o f the FVII light chain (~20kDa) and 

the heavy chain o f PC (~41kDa). Collectively, these data confirm  tha t PCpvnGia/EGFi is 

structurally intact and normally glycosylated.

90



FVIi

PCFV IIG U /E G F l

b c
EW

45kDa m 45kOa

GOkD^

t45kOa

Figure 3.2.1: Characterization of PCfvii-Gia/EGFi by western blotting: (a) Schematic diagram of 

the domain structure o f PC, FVII and P C p v ii-G ia /E G F i-  (b, c and d) Recombinantly expressed 

P C p v ii-G ia /E G F i O F  PNGase F treated PCpvii G ia /E G F i was subjected to  SDS-PAGE under reducing (b 

and c) and non-reducing (d) conditions and Western b lot analysis using (b) an anti-HIS 

antibody (c) and an anti-PC polyclonal antibody or (d) an anti-FVII polyclonal antibody.
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3.2.2: The anticoagulant function of APCFvii-Gia/EGFi

To assess the role of the APC Gla and EGFl domains in APC anticoagulant function, APCpvii- 

Gia/EGFi inhibition of TF-initiated thrombin generation in PC-deficient plasma was determined. 

Initiation of coagulation with soluble TF (IpM ) and CaCb (16.67mM) resulted in rapid 

generation of thrombin (Figure 3.2.2). As expected, APC dose-dependently attenuated TF- 

initiated thrombin generation such that peak thrombin generated was reduced ~3.5-fold by 

2.5nM APC (Figure 3.2.2 a and c). In contrast, APCpvii-Gia/EGFi exhibited significantly impaired 

ability to reduce thrombin generation (Figure 3.2.2 b and c) such that lOnM APCFvii-Gia/EGPi 

reduced total thrombin generation by less than 20%, indicative of reduced anticoagulant 

activity of the chimeric enzyme.
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Figure 3.2.2: APCpvii-Gia/EGFi displays m inim al anticoagulant function in plasma: The

anticoagulant activity of (a) APC and (b) APCpvii-Gia/EGFi was assessed in PC-deficient plasma 

using a thrombin generation assay. Plasma was incubated with phospholipid vesicles (4^M ; 

60% phosphatidylcholine, 20% phosphatidylserine and 20% phosphatidylethanolamine) and 

TF alongside APC or APCpvii-Gia/EGFi- Thrombin generation was initiated with Ip M  sTF and CaCl2 

and measured by comparing rate of fluorogenic substrate hydrolysis to a thrombin calibrated 

standard. Thrombin generated in the absence of APC is represented by the red line, (c) 

Endogenous thrombin potential (ETP) (which represents area under a graph of thrombin  

generation) was calculated. Experiments were performed in duplicate and are presented as 

mean ± S.D..
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3.2.3: EPCR binding and endothelial cell activation of PCpvn-Gia/EGFi

To investigate whether PCpvii-Gia/EGFi possesses an intact Gla domain tha t can bind EPCR, 

EPCR-dependent activation o f PCpvn-Gia/EGFi on endothelial cells by the throm bin-TM  complex 

was assessed. Ea.hy926 cells were treated w ith  PC (20nM)/PCFvii-Gia/EGFi (18nM) and throm bin 

(5nM) fo r 3 hours in the presence and absence o f RCR-252. APC generation was measured 

using the APC-specific chromogenic substrate CS-21(66). As expected, incubation o f PC w ith  

th rom bin  on the surface o f endothelial cells resulted in generation of APC (Figure 3.2.3) and 

was significantly reduced in the presence o f RCR-252. Activation o f PCpvii-G ia/EGFi by throm bin 

on endothelial cells was also observed (Figure 3.2.3) and was reduced ~3-fold by the 

presence of RCR-252. This demonstrates tha t PCpvii G ia /E G F i possesses an intact Gla domain 

tha t binds EPCR to  enhance the rate o f activation by the throm bin-TM  complex on 

endothelial cells.

95



PC
P^FVII-Gla/EGF1
Thrombin
RCR-252

Figure 3.2.3: EPCR-dependent activation of PCpvii-Gia/EGFi by thrombin: EA.hy926 cells were 

treated with PCpvn-G ia/EG Fi (18nM) and thrombin (InM ) the presence of RCR-252 (25(ig/mL) for 

3 hours in assay buffer 2. APC generation was measured by incubation of cell supernatant 

with the APC-specific chromogenic substrate CS-21(66). Experiments were performed in 

triplicate and data are presented as mean ± S.D.. [* * *  = p < 0.001; * *  = p < 0.01]
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3.2.4: EPCR-dependent PARI signalling by APCpvii-Gia/EGFi

To measure EPCR-dependent proteolysis o f PARI, APC, FVIIa and APCpvii-Gia/EGFi were 

incubated w ith  cells and AP-PARl proteolysis measured. As expected, APC

but not FVIIa activated AP-PARl in this system (Figure 3.2.4 a). Despite retaining EPCR- 

binding capacity, APCFvii-cia/EGFi displayed severely dim inished ability to  cleave AP-PARl. The 

ability  o f APCpvii-Gia/EGFi to  mediate endothelial cell barrier protection was also compared to 

tha t o f APC and FVIIa. APC, FVIIa or A P C fvii-gib/ e g f i was incubated w ith  EA.hy926 ceils prior to 

th rom bin  treatm ent. Similar to  FVIIa, APCfvn-Gia/EGFi failed to  mediate protection against 

throm bin-induced barrier perm eability (Figure 3.2.4 b) indicating tha t despite possessing the 

EGF2 and protease domains o f APC and normal EPCR binding capacity, APCpvn-Gia/EGFi cannot 

mediate APC-like PARl-dependent signalling to  induce protection o f endothelial cell barrier 

integrity. Thus, features o f APC Gla and EGFl domains o f APC, in addition to  EPCR binding, 

are necessary fo r EPCR-dependent activation o f PARI by APC.
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Figure 3.2.4; PARI- dependent signalling by APCFvn-Gia/EGFi’- (a) cells were

treated w ith  throm bin (In M ), APC (50nM), FVIIa (50nM) or APCpvii-Gia/EGFi (50nM) fo r 3 hours 

in assay buffer 1 and AP activity in the cell supernatant was measured using QUANTI Blue, (b) 

EA.hy926 cells were grown to  confluence on polycarbonate membrane permeable transwell 

inserts and treated w ith  APC or APCFvii-cia/EGFi (both 20nM) fo r 3 hours in assay buffer 2 prior 

to  trea tm ent w ith  th rom bin  (5nM) fo r 10 minutes after which endothelial cell barrier 

perm eability was assessed. Experiments were performed in trip licate and data are presented 

as mean ± S.D.. [ * * *  = p < 0.001]
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3.2.5: PARl-independent signalling by APCFvii-Gia/EGFi

APC-mediated cellular signalling on monocytic cells inhibits pro-inflammatory cytokine 

release in response to LPŜ ^̂ . Unlike APC cytoprotective signalling on endothelial cells, the 

anti-inflammatory effects of APC on monocytes occur independently of PARI activation via 

ApoER2^^^. To confirm that PARI is not required for APC signalling on monocytes, PBMCs 

were treated with a PARI antagonist (FR131117) prior to incubation with APC. The cells were 

then stimulated with LPS and TNFa secretion measured by ELISA. PARI antagonism did not 

induce TNFa expression from unstimulated cells and had no effect upon LPS-induced pro- 

inflammatory cytokine production (Figure 3.2.5 a, white and black bars). Treatment with 

20nM APC inhibited LPS-induced TNFa secretion by 64±13% (Figure 3.2.5 a, grey bars) and 

PARI antagonism failed to prevent APC impairment of pro-inflammatory cytokine release in 

response to LPS. This data indicates that APC anti-inflammatory signalling on monocytes, in 

contrast to APC cytoprotective signalling on endothelial cells, does not require PARI 

activation.

To investigate the domain requirements for APC-mediated PARl-independent 

inhibition of pro-inflammatory cytokine expression from monocytes, PBMCs were incubated 

with APCpvii-Gia/EGFi and stimulated with LPS (Figure 3.2.5 b). APCpvii-Gia/EGFi exhibited anti

inflammatory activity on LPS-treated monocytes similar in efficacy to that of APC, reducing 

TNFa production by ~40%. Collectively, these results show that the presence of APC EGF2 

and serine protease domains in APCpvii-Gia/EGFi is sufficient to enable APC-like, PARl- 

independent anti-inflammatory activity on monocytes, but precludes EPCR/PARl-dependent 

signalling.
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Figure 3.2.5: PARI- independent signalling by APCFvii-Gia/EGFi: (a) PBMCs were isolated from 

buffy coat whole blood component and treated with FR171113 (1.25|iM) for 30 minutes, 

prior to incubation with PBS (black bars) or APC [grey bars) for 3 hours in assay buffer 3, then* 

stimulated with LPS (50ng/mL) for 18 hours. TNFa secretion was measured by ELISA. PBS 

treatment (white bars) was used as a negative control, (b) PBMCs were isolated from buffy 

coat whole blood component and treated APC or APCpvii-G ia/EG Fi (both 20nM) for 3 hours in 

assay buffer 3, then stimulated with LPS (50ng/mL) for 18 hours. TNFa secretion was 

measured by ELISA. Experiments were performed in triplicate and data are presented as 

mean ± S.D.. [* = p < 0.05]
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3.3: EPCR-dependent PARI siRnalling properties of FXa

3.3.1; FXa mediates endothelial cell barrier protective signalling

Human FXa has been reported to bind to EPCR and activate both PARI and PAR2 on 

endothelial cells^ '̂* and mediates EPCR-PARl dependent enhancement of endothelial cell 

barrier integrity^^^. To compare the endothelial cell barrier protective function of FXa with 

APC, EA.hy926 cells were incubated with APC or FXa (1.25-20nM) for 3 hours prior to 

induction of endothelial cell barrier permeability using thrombin. As expected, APC 

treatment protected the endothelial cell barrier from thrombin-induced disruption (Figure 

3.3.1). FXa similarly mediated dose-dependent protection from thrombin-induced barrier 

disruption, such that 20nM FXa reduced thrombin-induced permeability by 59±4% (p < 0.01) 

(Figure 3.3.1).
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Figure 3.3.1: FXa mediates protection against thrombin-induced endothelial cell barrier 

permeability: EA.hy926 cells were grown to  confluence on polycarbonate membrane 

permeable transwell inserts and treated with APC ( • )  or FXa (A)  (both 1.25-20nM) for 3 

hours in assay buffer 2 prior to treatment with thrombin (5nM) for 10 minutes. Experiment 

was performed in triplicate and data are presented as mean ± S.D..
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To determine whether EPCR is important for FXa protection of the endothelial cell barrier, 2 

approaches were used. Firstly, EA.hy926 cell were treated with a truncated FXa variant 

missing the EPCR-binding Gla domain, Gla-domainless FXa (FXaGo)/ and its ability to  maintain 

endothelial cell barrier integrity in response to thrombin was tested. FXaGo failed to confer 

any protection against thrombin-induced permeability (Figure 3.3.2 a). Secondly, EA.hy926 

cells were treated with FXa in the presence of the monoclonal anti-EPCR antibody RCR-252 

prior to induction of endothelial cell barrier permeability with thrombin. RCR-252 completely 

blocked the FXa-mediated barrier protective effect (Figure 3.3.2 b) confirming that, like APC, 

the ability of FXa to enhance endothelial barrier integrity is dependent on EPCR.
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Thrombin: - + + + Thrombin: - + + +

Figure 3.3.2: FXa protection against thrombin-induced endothelial cell barrier permeability 

is dependent upon EPCR binding; (a) EA.hy926 cells were grown to confluence on 

polycarbonate membrane permeable transwell inserts and treated with FXa or FXacD (20nM) 

for 3 hours in assay buffer 2 prior to treatment with thrombin (5nM) for 10. (b) Confluent 

EA.hy926 cells were treated with FXa (20nM) for 3 hours in the presence and absence of RCR- 

252 (25ng/ml) then treated with thrombin (5nM) for 10 minutes. Experiments were 

performed in triplicate and data are presented as mean ± S.D.. [* * *  = p < 0.001; **  = p <



To determine the role of PARI in FXa-mediated endothelial cell barrier protection, EA.hy926 

cells were incubated with FXa in the presence of the cleavage blocking monoclonal anti-PARl 

antibody ATAP2 and endothelial cell barrier permeability was induced using thrombin. ATAP2 

reduced the protective effect of FXa by ~ 70% (Figure 3.3.3). However small, but significant, 

PARI independent reduction in thrombin-induced barrier permeability was also observed.

(/)

FXa: . . + +
ATAP2: - - - +

Thrombin: - + + +

Figure 3.3.3: FXa protection against thrombin-induced endothelial cell barrier permeability 

is dependent upon activation of PARI: EA.hy926 cells were grown to confluence on 

polycarbonate membrane permeable transwell inserts and treated with FXa (20nM) for 3 

hours in the presence and absence of ATAP (25ng/ml) then treated with thrombin (5nM) for 

10 minutes Experiment was performed in triplicate and data are presented as mean ± S.D..

[* * *  = p < 0 .0 0 1 ;**  = p<0.01]
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Bovine FXa is a close structural homolog of its human counterpart, with > 70% of the amino 

acid sequence conserved between both species. To investigate the ability of bovine FXa to 

confer barrier protective effects on human endothelial cells, EA.hy926 cells were incubated 

with bovine FXa for 3 hours prior to induction of endothelial barrier permeability with 

thrombin. Treatment of cells with bovine FXa failed to mediate any significant protection 

against thrombin-induced permeability (Figure 3.3.4) suggesting that specific structural 

features of the human FXa molecule mediate EPCR-dependent PARI signalling that result in 

protection of human endothelial cell barrier integrity.
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Figure 3.3.4: Bovine FXa does not mediate protection against thrombin-induced endothelial 

cell barrier permeability: EA.hy926 cells were grown to confluence on polycarbonate 

membrane permeable transwell inserts and treated with FXa or FXaeoviNE (20nM) for 3 hours 

in assay buffer 2 prior to treatment with thrombin (5nM) for 10 minutes Experiment was 

performed in triplicate and data are presented as mean ± S.D.. [**  = p < 0.01]
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3.3.2: FXa inhibition of endothelial cell apoptosis

In addition to  enhancing barrier integrity, activation o f the EPCR-PARl signalling axis on 

endothelial cells by APC can confer protection against cellular apoptosis^^®. The anti- 

apoptotic activ ity o f APC was assessed by measuring the effect o f APC on staurosporine- 

induced Ea.hy926 cell apoptosis using the Apo Percentage kit. During apoptosis 

phosphatidylserine, which is usually confined to  the inner cell membrane leaflet, transfers to 

the outer cell membrane leaflet. This process perm its intracellu lar uptake o f the pink APO 

Percentage dye by apoptotic cells, enabling visualization o f apoptotic cells using light 

microscopy. APO Percentage dye uptake was then quantified by conversion o f digital images 

into pixel counts w ith  Adobe™ Photoshop™ software (Chapter 2.11).

To establish staurosporine-induced endothelial cell apoptosis, EA.hy926 cells were 

treated w ith  staurosporlne for 3.5 hours and apoptotic cells quantified by trea tm ent w ith  the 

APO Percentage pink dye. M inimal dye accumulation was observed the contro l PBS-treated 

cells (Figure 3.3.5). As expected, staurosporine trea tm ent induced dye accumulation in 

almost all cells visualized (Figure 3.3.5). To establish APC efficacy in mediating anti-apoptotic 

signalling on endothelial cells, APC was incubated w ith  EA.hy926 cells fo r 3 hours prior to 

staurosporine treatm ent. Prior incubation w ith  20nM APC mediated an 80±10% reduction in 

staurosporine-induced apoptosis (Figure 3.3.5).
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Figure 3.3.5: APC mediates protection against staurosporine-induced apoptosis on 

endothelial cells: EA.hy926 cells were grown to confluence in a 96-well plate and treated 

with control PBS or APC (20nM) in assay buffer 2. Medium was aspirated and cells were then 

incubated with staurosporine (20nM) for 3.5 hours after which lOO^il fresh assay buffer 

containing lOni APO Percentage dye and staurosporine (20|iM) was added to each well. Cells 

were incubated for 45 minutes and washed twice using PBS (Chapter 2.11). (a) Cells were 

visualized by light microscopy and photographed, (b) Uptake of APO Percentage dye was 

quantified by converting digital photograph images into pixel counts using Adobe™ 

Photoshop™ software. Average pixel counts were based on analysis of at least 3 images per 

well. Results presented in panel (b) represent mean ± S.D. of 3 separate experiments. [* *  = p 

< 0 .01]
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To investigate the ability of FXa to mediate protection against apoptosis, EA.hy926 cells were 

incubated with FXa (1.25-20nM) for 3 hours prior treatment with staurosporine. FXa 

significantly inhibited staurosporine-induced endothelial cell apoptosis with similar efficacy 

to APC (Figure 3.3.6). The effect of FXa was dose-dependent such that 20nM FXa reduced 

staurosporine-induced apoptosis by 89±6% (p < 0.001) and half maximal protection ( I C 5 0 )  was 

observed at ~ 5.6nM FXa (Figure 3.3.6 b).

110



O '
Dye Accumulation 

(Pixel count)

ooo ho
oo

s

0 )



Figure 3.3.6: FXa mediates protection against staurosporine-induced apoptosis on 

endothelial cells: EA.hy926 cells were grown to confluence in a 96-well plate and treated 

with control PBS (O) or FXa ( • ;  1.25-20nM) in assay buffer 2. Medium was aspirated and 

cells were then incubated with staurosporine (20nM) to induce apoptosis. (a) Apoptotic cells 

were visualized by light microscopy and photographed, (b) Uptake of APO percentage dye 

was quantified by converting digital photograph images into pixel counts using Adobe™ 

Photoshop™ software. Average pixel counts were based on analysis of at least 3 images per 

well. Results presented in panel (b) represent mean ± S.D. of 3 separate experiments. [* *  = p 

< 0 .01]
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3.4: Proteolysis-independent endothelial cell cvtoprotective activity of PC and

Mai

3.4.1: EPCR-dependent protection of endothelial cell barrier integrity by PC

Occupancy of EPCR by PC reverses thrombin-induced barrier disruption by recruiting 

thrombin activated PARI to a protective signalling pathway^^^. To investigate this, a modified 

endothelial cell barrier permeability assay was used to assess the barrier protective effect of 

thrombin when EPCR was occupied by PC (Chapter 2.11). To prevent the confounding effect 

of PC activation by thrombin during the experiment, a PC variant rendered inactive by 

substitution of the active site serine to alanine (PCs36oa) was used^^®. EA.hy926 cells were  

grown to confluence upon 12-well membrane permeable transwell inserts and treated with 

PCs360A (2.5-20nM ) for 1 hour, after which thrombin (5nM ) was added and incubated for 3 

hours. Endothelial cell barrier permeability was determ ined by measuring migration of FITC 

dextran from the insert into the outer chamber, as before (Chapter 2.11). PCsseoA mediated 

significant and dose-dependent protection from thrombin-induced barrier disruption such 

that 20nM PCsseoA reduced thrombin-induced permeability by 65±3% (p < 0.01) (Figure 3.4.1).
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Figure 3.4.1: PCsseoA-mediated protection against thrombin-induced endothelial cell barrier 

permeability: EA.hy926 cells w e re  grown to confluence on polycarbonate m em brane  

perm eable  transwell inserts and trea ted  with PCsssoa ( • ;  2 .5 -2 0 n M ) for 1 hour in assay buffer  

2 prior to tre a tm e n t w ith  th rom bin  (5n M ) for 3 hours after which endothelial barrier 

permeability  was assessed. Experiment was perform ed in triplicate and data are presented as 

mean ± S.D..
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The role of EPCR binding in enabling PCsbsoa protection of the endothelial cell barrier was 

determ ined using the monoclonal anti-EPCR antibody RCR-252. EA.hy926 cells were 

incubated with PCsseoA and RCR-252 prior to induction of endothelial cell barrier permeability 

using thrombin. Blockade of EPCR completely prevented PCsaeoA reversal of throm bin- 

mediated barrier disruption (Figure 3.4.2), confirming the protective ability of thrombin in 

the presence of PCsssoa is mediated via PCs36oa-EPCR occupancy.

-k ifk

L l* l
PCs360a : - - + +
RCR-252: - ■ - +
Thrombin: - + + +

Figure 3.4.2: PCsaeoA protection against throm bin-induced endothelial cell barrier 

perm eability is m ediated via occupancy of EPCR: EA.hy926 cells were grown to confluence 

on polycarbonate membrane permeable transwell inserts and treated with PCsssoa (20nM ) in 

the presence and absence of RCR-252 (25|ig /m l) for 1 hour in assay buffer 2. Cells were then 

treated with throm bin (5nM ) for 3 hours and endothelial barrier permeability was assessed. 

Experiment was performed in triplicate and data are presented as mean ± S.D.. [ * * *  -  p < 

0.001]
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3.4.2: FXaoEGR and FX protection against endothelial cell barrier permeability

FX has been described to  recruit both PARI and PAR2 to  an endothelial cell barrier protective

pathway^^^. To determ ine w hether FX(a) can reverse throm bin-induced endothelial cell 

barrier d isruption independently o f PARI proteolysis, 2 approaches were used.

Firstly, a variant of FXa in which the active site was blocked using a tripep tide  

chlorom ethyl ketone inh ib ito r (FXaoEGR) was used. Blockade o f the active site prevents the 

confounding effects o f FXa proteolysis o f PARI, allowing independent analysis o f the effect of 

FXa-EPCR interaction on th rom bin-PAR l barrier-disruptive signalling. FXaoECR was unable to 

mediate cleavage o f a short chromogenic substrate, confirm ing the lack o f FXa enzymatic 

activ ity (data not shown). EA.hy926 cells were treated w ith  FX3degr (2.5-20nM) fo r 1 hour 

fo llow ed by trea tm ent w ith  th rom bin  (5nM) fo r 3 hours. Treatm ent o f cells w ith  FXaoECR prior 

to  th rom bin  resulted in significant and dose-dependent reduction in endothelial cell barrier 

perm eability. 20nM FXapEGR reduced throm bin-induced barrier disruption by 40±9% (p < 

0.05) (Figure 3.4.3).
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Figure 3.4.3: FXaoEGR mediates protection against thrombin-induced endothelial cell barrier 

permeability: EA.hy926 cells were grown to confluence on polycarbonate membrane 

permeable transwell inserts and treated with FXaoECR ( • ;  2.5-20nM) for 1 hour in assay 

buffer 2 prior to treatment with thrombin (5nM) for 3 hours after which endothelial barrier 

permeability was assessed. Experiment was performed in triplicate and data are presented as 

mean ± S.D..
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Secondly, to compare the protective effect of FX to PCsssoa, EA.hy926 cells were incubated 

with PCs36oa or FX at plasma concentration (72nM and 170nM , respectively) for 1 haur 

followed by treatm ent with thrombin (5nM ) for 3 hours. As expected, PCsssoa significantly 

reduced thrombin-induced endothelial barrier disruption (Figure 3.4.4 a). Prior incubation 

with FX (170nM ) resulted in a similar reduction in endothelial cell barrier perm eablity  

(79±8%) (Figure 3.4.4 a). The protective effect of FX was dose-dependent and half maxinal 

reduction in barrier permeability was observed at ~ 85nM  FX (Figure 3.4.4 b).
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Figure 3.4.4: FX mediates protection against thrombin-induced endothelial cell barrier 

permeability: (a) EA.hy926 cells were grown to  confluence on polycarbonate membrane 

permeable transwell inserts and treated w ith  PCsssoa (72nM) or FX (170nM) fo r 1 hour in 

assay buffer 2 prior to  trea tm en t w ith  th rom bin  (5nM) fo r 3 hours after which endothelial 

barrier permeability was assessed, (b) Confluent EA.hy926 cells were treated w ith  FX ( • ;  

12.5-200nM) fo r 1 hour in assay buffer 2, then treated w ith  throm bin (5nM) fo r 3 hours and 

endothelial perm eability was assessed. Experiments were performed in trip licate and data 

are presented as mean ± S.D.. [* * *=  p <0.001; * *  = p < 0.01]
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3.5: Cellular receptors required for FX-mediated protection of endothelial cell

barrier integrity

3.5.1: The role of EPCR in FX3degr and FX protection of endothelial cell barrier integrity

To investigate the mechanism through which FXaoEGR/ FX regulation o f endothelial barrier 

in tegrity is mediated, monoclonal antibodies directed against putative FX cell surface 

receptors were utilized. Firstly, to  determ ine the role o f EPCR, RCR-252 was used. EA.hy926 

cells were incubated w ith  FXaoEGR or FX in the presence o f RCR-252 prior to  induction of 

endothelial cell barrier perm eability w ith throm bin. Similar to  PC, blockade o f EPCR 

com pletely prevented the barrier protective effect o f FXaoECR (Figure 3.5.1 a) signifying the 

requirem ent fo r EPCR in FXapEGR-rnediated endothelial cell barrier protection. Interestingly, 

the effect o f FX was largely maintained in the presence o f RCR-252 (Figure 3.5.1 b), indicating 

FX-mediated barrier protection occurs via an alternative cellular signalling mechanism.
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Figure 3.5.1: F X b d e g r  and FX mediate protection against thrombin-induced endothelial cell 

barrier permeability via distinct cellular signalling mechanisms: EA.hy926 cells were grown 

to  confluence on polycarbonate mennbrane permeable transwell inserts and treated w ith  (a) 

FXaoEGR (20nM) or (b) FX (170nM) in the presence and absence of RCR-252 (25ng/m l) fo r 1 

hour in assay buffer 2. Cells were treated w ith  throm bin (5nM) fo r 3 hours and endothelial 

barrier perm eability was assessed. Experiments were performed in trip licate and data are 

presented as mean ± S.D.. [* * * =  p <_0.001; * *  = p <_0.01]
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To investigate  the  d iscrepancy in EPCR requ irem en t FXaoEGR and FX, the  b ind ing  a ffin ity  o f FX 

and FXa fo r  sEPCR was assessed by surface plasmon resonance (Chapter 2.8). FXa o r FX 

(62.5-lO O O nM ) was in jected  over bo th  flo w  cells a t a flo w  rate o f 1 0 |il/m in  fo r  60 seconds 

and sEPCR b ind ing  was recorded. FX displayed nninimal b ind ing  a ffin ity  fo r  sEPCR a t all 

concentra tions tested , resu lting  in a /Co < 2 |jM  (Figure 3.5.2 a). FXa, how ever, bound to  sEPCR 

w ith  a reduced a ffin ity  com pared to  PC (Kq ~ 350nM  com pared to  ~120nM  in th e  case o f 

PC^°^) (Figure 3.5.2 b). D ifferences in EPCR binding p rope rties  betw een FX and FXa w ere  

unexpected, as both  zymogen and activated FX possess identica l G la-dom ain w -loop  

sequences. The d iscrepancy suggests th a t a lthough FX(a) lacks the  co-loop sequence requ ired  

fo r  canonical EPCR b inding, the  active  fo rm  o f the  protease possesses fea tures, unavailab le  in 

the  zymogen fo rm , w hich can fa c ilita te  a unique in te rac tion  w ith  EPCR
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Figure 3.5.2: FX and FXa bind to hsEPCR with discrepant affinities: Monoclonal anti-EPCR 

antibody, RCR-2 (10|ig/m l) was immobilized by amine coupling to  both flow  cells o f a CMS 

sensor chip. sEPCR was bound to  the test flow  cell via RCR-2 (RCR-2 imm obilized to  the 

reference flow  cell served to  detect non-specific binding). Serial dilutions of (a) human FX (b) 

FXa (both 62.5-lOOOnM) were individually injected over both flow  ceils at a flo w  rate o f 

lO iil/m in  fo r 60 seconds.
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3.5.2: The role of Annexin-2 in FX protection of endothelial cell barrier integrity

Annexin-2 is a putative endothelial cell FXa receptor^®^. To determine the role of Annexin-2 in 

FX reversal of thrombin-induced endothelial cell barrier disruption an anti-Annexin-2 

monoclonal antibody was used. EA.hy926 cells were treated with FX in the presence of the 

anti-Annexin-2 antibody fo r 1 hour followed by treatment w ith thrombin (5nM) for 3 hours. 

As previously described, FX significantly reduced thrombin-induced barrier disruption (Figure 

3.5.3 a). Inhibition of Annexin-2 completely prevented the endothelial cell barrier protective 

effect of FX (Figure 3.5.3 a). The effect of the antibody was dose-dependent with half 

maximal inhibition observed at ~3ng/ml (Figure 3.5.3 b).
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Figure 3.5.3: FX protection against thrombin-induced endothelial cell barrier permeability is 

prevented by antibody inhibition of Annexin-2: EA.hy926 cells were grown to  confluence on 

polycarbonate membrane permeable transwell inserts and treated w ith  FX (170nM) fo r 1 

hour in assay buffer 2 in the  presence and absence o f a monoclonal anti-annexin-2 antibody 

(a) (lO ng/m l) (b) ( • ;  2 .5 -lO iig /m l), then treated w ith  throm bin (5nM) fo r 3 hours. 

Experiments were performed in trip licate and data are presented as mean ± S.D.. [* * *=  p < 

0 .001]
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To verify tha t inhib ition o f annexin-2 specifically modulates FX-mediated endothelial cell 

barrier protection, rather than independently regulating barrier integrity, EA.hy926 cells 

were treated w ith  control PBS, PCsssoa or FX in the presence o f the monoclonal anti-Annexin- 

2 antibody fo r 1 hour fo llowed by trea tm ent w ith th rom bin  (5nM) fo r 3 hours. Im portantly, 

inhib ition o f annexin-2 had no effect on throm bin-induced barrier perm eability alone and 

similarly, PCsaeoA protection o f the endothelial cell barrier was maintained in the presence o f 

the same anti-annexin-2 antibody (Figure 3.5.4, black bars). These results demonstrate tha t 

annexin-2 specifically mediates FX enhancement o f endothelial barrier integrity.
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Figure 3.5.4: Annexin-2 specifically regulates FX protection against throm bin-induced  

endothelial cell barrier perm eability: Confluent EA.hy926 cells were treated with control 

PBS, PCs36oa (72nM ) or FX (170nM ) for 1 hour in the presence {black bars) and absence {white 

bars) of an anti-annexin-2 antibody (10|ig/m l), then treated with thrombin (5nM ) for 3 hours 

and endothelial permeability was assessed. Experiment was performed in triplicate and data 

are presented as mean ± S.D.. [ * * * =  p <_0.001]
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3.6: Discussion

EPCR is a crucial modulator of APC cytoprotective effects on in vitro cultured cells and in vivo 

inflammatory disease models^ '̂ '̂ '̂*®. PC and APC contain identical Gla domain EPCR binding 

motifs that interact with EPCR with comparable affinity. The EPCR binding m otif of the (A)PC 

Gla domain co-loop is highly conserved among other human VKD proteases (Figure 3.6.1). 

This chapter aimed to define the role of other VKD proteases with putative EPCR binding 

affinity, human FVIIa and FX(a), in mediating cytoprotective signalling on endothelial cells.

3.6.1: APC, but not FVIIa, mediates EPCR-dependent PARI cytoprotective signalling

APC signalling on endothelial cells requires EPCR-dependent activation of PARl^ '̂*'^^®. 

HEK293T cells transfected with EPCR and AP-PARl were used to investigate the capacity of 

homologous VKD proteases to mediate PARI proteolysis. Thrombin, as previously described, 

activated AP-PARl in a highly efficient manner (Figure 3.1.1). In contrast, APC proteolysis of 

AP-PARl occurred only on cells co-transfected with EPCR (Figure 3.1.2). These

results are in keeping with previous studies that have identified EPCR as an essential co

receptor for APC activation of AP-PARl on transfected HEK293T cells^^®'^^°, CHO cells^°^ and 

HUVECs '̂'^. In the presence of EPCR, APC activation of PARI was 3-4 orders of magnitude less 

efficient than that of thrombin, consistent with the relative efficacy of thrombin and APC 

activation of PARI on HUVECs '̂'^. Collectively, these results demonstrate that the receptor 

requirements and efficacy of coagulation protease PARI activation on transfected HEK293T 

cells closely mimic those reported on endothelial cells.
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Figure 3.6.1: Gla domain co loop residues Phe-4 and Leu-8 specifically regulate PC binding to 

EPCR: (a) Molecular model depicting interaction between the PC Gla domain (blue) and 

sEPCR (green). Residues Phe-4 and Leu-8 o f the protein C lo-loop (red) and as well as Gla 

residues 7, 25 and 29 interact w ith  residues in sEPCR. (b) Amino acid sequences o f Gla 

domain residues 1 - 9 o f human VKD coagulation proteins. The canonical EPCR binding m otif 

(FLEEL) is highlighted in white.
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Human FVII(a) possesses a Gla domain Q loop EPCR-binding motif which is identical to 

that of (A)PC (Figure 3.6.1 b). FVII(a) binds to  EPCR with similar affinity to and

prevents (A)PC binding to endothelial cells via competitive inhibition of EPCR 

binding^°^'™'^®°'^®\ A study published by Sen et al. (2011) reported EPCR-dependent 

activation of PARI by FVIIa on HUVECs^^^. Further, FVIIa activation of PARI in this manner 

conferred protection against thrombin-induced HUVEC barrier permeability via activation of 

Racl intracellular signalling. In our hands, despite its capacity to bind to EPCR, FVIIa failed to 

activate AP-PARl on cells co-expressing EPCR (Figure 3.1.3), indicating EPCR-

binding cannot facilitate FVIIa activation of PARI.

Ghosh et al. (2007) similarly reported that FVIIa failed to activate AP-PARl on CHO^ '̂"'' 

In the same study, FVIIa also failed to activate AP-PAR2 on CHO^’’*"'' which may be 

explained by the absence of TF̂ ®̂ . In the same way, the absence of additional, as yet 

unidentified, cellular components/receptors present on HUVECs from the 

model may explain this discrepancy. In our study, FVIIa also failed to mediate EPCR-PARl 

barrier protective signalling on EA.hy926 cells (Figure 3.1.7). The lack of efficacy of FVIIa in 

EA.hy926 cell barrier protection has also been reported by Bae et Sen et al. (2011)

attributed the discrepancy between FVIIa barrier protection on EA.hy926 cells and HUVECs to 

differences in receptor expression levels^®^ TF is a high affinity receptor for FVIIa and under 

quiescent conditions EA.hy926 cells express TF whereas HUVECs do not. It is possible that in 

the presence of TF, FVIIa is prevented from engaging in EPCR-PARl cellular signalling.

This is contradicted however, by reports that the presence of TF does not inhibit 

FVIIa-EPCR binding in SPR experiments^”''. Additionally, FVIIa binds to EA.hy926 cells with
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high a ffin ity  in an EPCR-dependent manner, dem onstrating tha t FVII(a)-EPCR binding occurs 

on EA.hy926 cells^°^. Of note, EPCR binding has been reported to  result in FVII(a) endocytosis 

on endothelial cells, a process which would prevent fu rthe r interaction w ith  additional cell 

surface receptors, such as PARs^^°. Our results indicate tha t FVIIa is unable to  emulate APC- 

like EPCR-PARl signalling on or EA.hy926 cells. The PARl-dependent barrier

protective effect o f FVIIa on HUVECs must, in contrast to  APC, require cellular components 

additional to  EPCR, which are not present on EA.hy926 cells, to  facilitate e ffic ient activation 

of PARI.

To identify the molecular determ inants o f the discrepant EPCR-dependent PARI 

signalling capacities o f APC and FVIIa on EA.hy926 cells, we generated a recombinant PC/FVII 

hybrid variant, PCpvii-Gia/EGFi, consisting o f the FVII Gla and EGFl doamins attached to  the EGF2 

and protease domains o f PC (Figure 3.2.1 a). Chimeric proteins characterized by domain 

exchanges often exhibit misfolding, lim iting subsequent functional analysis. SDS PAGE and 

Western blotting demonstrated however, tha t PCpvii-Gia/EGFi migrated w ith  a molecular weight 

similar to  tha t predicted and possessed both PC and FVII epitope(s) (Figure 3.2.1). Further, 

under reducing conditions, the heavy chain o f PCpvii Gia/EGFi migrated as a doublet, suggesting 

that, sim ilar to  PC, the heavy chain o f PCpvii-G ia/EGFi is expressed in d istinct glycoforms, a  and 

(3. These data confirm that PCpvii-G ia/EGFi is structura lly intact and normally glycosylated.

A PCpvii-G ia/EGFi displayed m inimal anticoagulant activity in an in v itro  assay o f throm bin 

generation (Figure 3.2.2). The domain requirem ents fo r APC anticoagulant activity are not 

fu lly understood. In a study by Geng and colleagues (1997), an APC/FVII chimera in which the 

APC Gla domain was replaced w ith  tha t o f FVII demonstrated normal anticoagulant
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activity^®^ suggesting the Gla domain of FVII can support phospholipid and protein bind ng 

requirements necessary for APC anticoagulant activity. Coupled with our results, this 

suggests that unidentified amino acid residues in the EGFl domain of APC, not present in 

FVII, are crucial for enabling APC anticoagulant activity. The specific residues not conserved 

betw/een the EGFl domains of APC and FVII are currently being assessed for their role in APC 

anticoagulant activity.

In contrast to its lack of anticoagulant activity, PCpvii-Gia/EGFi bound to EPCR on 

endothelial cells (Figure 3.2.3) and endothelial cell activation of PCFvii-cia/EGFi by the thrombin- 

TM complex was observed. Antibody inhibition of EPCR reduced PCpvii-Gia/EGFi activation by 

thrombin-TM on the endothelial cell surface 3-fold, similar to that reported in the case of PC 

This data suggests that PCFvii-Gia/EGPi has an intact Gla domain that binds EPCR and that the 

Gla domain residues required to support EPCR enhancement of PC activation are conserved 

in FVII.

Despite its ability to bind EPCR, APCpvii-Gia/EGFi exhibited severely diminished PARI 

activation on cells and failed to protect the endothelial cell barrier against

thrombin-induced disruption (Figure 3.2.4) indicating that the EGF2 and serine protease 

domains of APC are insufficient to enable APC-like PARI signalling when connected to the Gla 

and EGFl domains of FVII. This data highlights for the first time that APC-specific EGFl 

domain amino acid residues, not present in FVIIa, are required fo r the EPCR-dependent PARI 

barrier protective signalling. Further, the molecular requirements for EPCR enhancement of 

PC activation differ from those required for EPCR facilitation of PARI signalling by APC.
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Interestingly, APCFviiGia/EGFi mediated normal reduction in LPS-induced TNFa 

expression from PBMCs (Figure 3.2.5). APC anti-inflammatory activity on monocytes is PARl- 

independent and requires interaction w/ith ApoER2 rather than EPCR^^ .̂ The domain 

requirements for APC signalling on monocytes have not been characterised, however 

Mosnier et al. (2009) reported that mutation of Glu-149 ablates APC's anti-inflammatory 

effect of this cell type, indicating that the EGF2 domain is likely important in this function^^®. 

The A PC  EGF2 domain is preserved in APCpvii-Gia/EGFi; which may explain the retention of A P C - 

like anti-inflammatory effects on monocytes coupled with the loss of EPCR-dependent PARI 

signalling properties.

133



3.6.2 FX(a) mediates cytoprotective signalling on endothelial cells

Human FXa can in itia te  cellular signalling via activation o f both PARI and PAR2 on endothelial 

cells^^^'^'*°'^^''. Despite this, FXa failed to  activate AP-PARl on HEK293 ceils, but successfully 

activated AP-PAR2 on the same cell model^"*®. Activation o f AP-PARl by FXa has been 

observed on HEK293T cells co-transfected w ith  EPCR^^  ̂ suggesting that, sim ilar to  APC, FXa 

activation o f PARI is dependent upon the presence o f EPCR.

Human FX(a) contains a M et residue at position 8 w ith in  the EPCR binding m otif, in 

contrast to  PC which contains a Leu at this site. FXa inhibited throm bin-induced endothelial 

cell barrier perm eability in a sim ilar manner to  APC (Figure 3.3.1). The FXa Gla domain v/as 

required and the effect was prevented by an anti-EPCR antibody (Figure 3.3.2), in keeping 

w ith  previous reports tha t FXa protection o f endothelial cell barrier in tegrity is EPCR 

dependent^^^. Interestingly, while the effect o f FXa was largely inhibited by a function- 

blocking anti-PARl antibody, a small but consistent protective effect was maintained in its 

presence (Figure 3.3.3). Unlike APC, FXa is also reported to  mediate endothelial cell barrier 

protection via PAR2 activation, a process which is facilitated by interaction o f the FXa inter- 

EGF sequence Leu*^ - Leu^* w ith  a putative FXa receptor^^^'^^"*'^®^. The identity o f this 

endothelial cell receptor fo r FXa, however, remains unknown. These results suggest that in 

addition to  mediating APC-like EPCR-PARl signalling, FXa can also confer PARl-independent 

barrier protection possibly via activation o f PAR2.

Bovine FXa, a close structural homolog o f human FXa, was unable to  reverse throm bin- 

induced barrier disruption (Figure 3.3.4) indicating tha t the molecular requirements fo r 

barrier protective signalling are not conserved between both species. Bovine FXa differs from
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human FXa in a number o f structural features. The Gla domain Q loop o f bovine FXa 

possesses a Val residue at position 8, which is not com patible w ith  EPCR binding in PC or ARC. 

Deficient EPCR-binding may contribute to  the absence o f PARl-dependent barrier protective

83 88function from  bovine FXa. Additionally, the FXa inter-EGF sequence Leu - Leu , known to 

be im portant fo r human FXa barrier protective function, is not conserved.

FXa dose-dependently inhibited staurosporine-induced apoptosis on endothelial cells 

(Figure 3.3.6) w ith sim ilar efficacy to  tha t o f APC, indicating FXa can mediate APC-like 

pleiotropic signalling on endothelial cells. This result is in keeping w ith  a previous study which 

demonstrated tha t FXa enhances cellular v iab ility  on BHK cells^®''. Contrastingly, Borensztajn 

et al. (2007) observed no effect o f FXa trea tm ent on HUVEC apoptosis^®^. In this study, FXa 

was incubated w ith cells fo r 24 hours, however, compared w ith  just 3 hours in Figure 3.3.6, 

which, due to  the transient nature o f GPCR signalling, may account fo r the discrepant results.

PC occupancy o f EPCR can recruit th rom bin  activated PARI to  a barrier protective 

signalling pathway^^^. In Figure 3.4.1, co-incubation o f th rom bin  w ith  a PC active site mutant, 

PCs360A/ dose-dependently reversed throm bin-induced endothelial cell barrier d isruption in 

an EPCR dependent manner (Figure 3.4.2). Co-incubation o f FXaoECR w ith  th rom bin  dose- 

dependently inhibited endothelial cell barrier disruption (Figure 3.4.3). FXaoEGR has previously 

been shown to  bind to  EA.hy926cells in an EPCR-dependent manner and the barrier 

protective effect o f FX3degr was reversed by an anti-EPCR antibody (Figure 3.5.1).

FX also dose-dependently reversed throm bin-induced barrier disruption (Figure 

3.4.4). Surprisingly, the receptor requirem ents fo r F X 3 d eg r  and FX regulation o f endothelial 

cell barrier in tegrity were not conserved. While the  effect o f FXaoEGR was completely
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prevented by inhibition of EPCR, the effect of FX was maintained in the presence of the same 

function blocking anti-EPCR antibody (Figure 3.5.1). During the course of this study, the EPCR 

independent nature of FX endothelial cell barrier protection has also been reported by Bae 

and colleagues^^®. Of note, the interaction between FX and its activated form with EPCR may 

not be conserved, despite possessing identical Q loop EPCR-binding motifs. FXa bound to 

sEPCR with a Kd of ~350nM, 2-3-fold that of (A)PC (Figure 3.5.2). The affinity of FX fo sEPCR 

was much lesser, however. This result is consistent with a previous study that reported poor 

binding affinity between FX and sEPCR using SPR, in which a Kd in the micromolar range was 

reported Further, FX failed to compete with FVIIa for EPCR binding on CHO^'’‘''^and did not 

interact with HUVECs in an EPCR-dependent manner^°^'^®^. Interestingly, human FX is 

reported to bind to murine sEPCR with high affinity (Kd ~ 292nM)^^°'^®®. The same methionine 

instead of leucine replacement present at position 8 in the Q loop of FX occurs in murine PC, 

the canonical murine EPCR ligand, indicating that this Q loop sequence is likely optimal for 

murine, rather than human, EPCR binding.

A second study by Puy et al. (2010) also reported poor binding affinity of FXa for 

human sEPCR using SPR̂ ^®. The concentration of FXa used in this study (lOOnM) is too low to 

observe appreciable interaction between FXa and sEPCR using this method, as we observed a 

Kd of ~ SSOnM (Figure 3.5.2). Furthermore, Schuepbach et al. (2010) observed that FXa binds 

to CHO^'’'"'’ in an EPCR-dependent manner^^^. Contrastingly, two groups have reported that 

FXa fails to compete with either APC or FVIIa for HUVEC or human aortic endothelial cell 

binding^® '̂^® .̂ Interestingly, Schuepbach et al. (2010) identified that FXa binding to 

endothelial cells is mediated via interactions with cell surface receptors including, but not
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exclusive to, EPCR. Thus, the discrepancy between FXa-EPCR binding on HUVECs and 

EA.hy926 cells may occur due to the presence of additional putative FXa endothelial cell 

receptors on the surface of HUVECs which prevent FXa from disrupting the interaction 

between EPCR and its higher affinity ligands. Importantly, numerous studies have confirmed 

that FXa PARI and PAR2 signalling requires EPCR, strongly indicating a functional interaction 

between FXa and EPCR^^°'^^ .̂

The notion that an alternative co-receptor facilitates PAR-dependent signalling by FXa 

has also been postulated. Bhattacharjee et al. (2008) reported that FXa activation of PARI on 

HUVECs is mediated via interaction with Annexin-2^®^. The possibility that the EPCR- 

dependent barrier protective effects of both FXa and F X b d e g r  might also require or be 

enhanced by interaction with Annexin-2 cannot be eliminated. Interestingly, the barrier 

protective effect of FX, which was independent of EPCR, was completely prevented by an 

anti-annexin-2 antibody (Figure 3.5.3). Annexin-2 is a ubiquitously expressed cell surface 

receptor which participates in membrane regulation and trafficking of molecules^®*. 

Bhattacharjee and colleagues (2008) did not observe any interaction between annexin-2 and 

FX on the surface of HUVECs. Of note, the experiments carried out in this study were 

performed in the absence of M g^\ which has previously been reported to be essential for FX 

Gla domain-mediated receptor interactions^^®. The presence of Mg^^ in Figure 3.4.3 may 

facilitate FX interaction with annexin-2 and explain this discrepancy. Inhibition of annexin-2 

antibody did not prevent PC endothelial cell barrier protection (Figure 3.5.4) confirming the 

specific role of annexin-2 in modulating FX barrier-protective activity.
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Figure 3.6.2: FX(a) endothelial cell barrier protective signalling: The results presented in this 

chapter indicate tha t zymogen FX can interact w ith  Annexin-2 on endothelial cells to  protect 

against endothelial cell barrier disruption. Upon activation, FXa can also enhance endothelial 

cell barrier in tegrity via EPCR-dependent activation o f PARI. Furthermore, when bound to 

EPCR FXa regulates th rom bin  PARI signalling such tha t barrier protective effects are 

observed.
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3.6.3 Conclusion

T h e  resu l t s  p r e s e n t e d  in C h a p t e r  3 o f fe r  n e w  ins igh t s  in to  t h e  m o l e c u l a r  r e q u i r e m e n t s  for  

VKD c o a gu la t i on  p r o te i n  c y t o p r o t e c t i v e  signal l ing o n  e n d o t h e l i a l  cells.  T h e  d i s c r e p a n t  PARI 

signal l ing c a pa c i t i e s  o f  APC a n d  FVIIa d e m o n s t r a t e  t h a t  EPCR b in d ing  d o e s  n o t  nec essa r i ly  

c o n f e r  c y t o p r o t e c t i v e  signal l ing p r o p e r t i e s  t o  VKD co a g u la t i o n  p r o te i n s  a n d  t h a t  f e a t u r e s  of  

t h e  APC Gla a n d  EGFl  d o m a i n s ,  n o t  p r e s e n t  in FVIIa, a r e  crucial  fo r  P A R l - d e p e n d e n t ,  b u t  no t  

P A R l - i n d e p e n d e n t  signall ing.  Fur t he r ,  t h e  m o l e c u l a r  f e a t u r e s  r e q u i r e d  fo r  E P C R - d e p e n d e n t  

PARI  ac t iva t ion  a n d  signal l ing d i f fer  f r o m  t h o s e  r e q u i r e d  fo r  EPCR e n h a n c e m e n t  o f  PC 

ac t i va t io n  by t h e  th r o m b i n - T M  c o m p le x .  FXa, w h ic h  i n te r a c t s  wi th  EPCR w i th  a d i f f e r e n t  Gla 

d o m a i n  Q loop  s e q u e n c e  a n d  lo w e r  b ind ing  aff ini ty  t h a n  (A)PC/FVII(a),  ca n  m e d i a t e  ba r r i e r  

p r o t e c t i v e  a n d  a n t i - a p o p t o t i c  s ignal l ing via E P C R - d e p e n d e n t  ac t iv a t ion  o f  PARI.  FXaoECR 

m e d i a t e d  p r o t e o l y s i s - i n d e p e n d e n t  ba r r i e r  p r o t e c t i o n  via EPCR. FX, w h ic h  i n te r a c t s  poor ly  

wi th  EPCR fo r  r e a s o n s  n o t  y e t  fully u n d e r s t o o d ,  c o n f e r r e d  u n i q u e  e n d o t h e l i a l  ba r r i e r  

p r o t e c t i v e  e f f ec t s  via in t e ra c t io n  wi th  an n e x i n - 2 .

T h e  c o n t i n u a t i o n  of  th i s  s t u d y  will involve f u r t h e r  c h a r a c t e r i s a t i o n  o f  t h e  c o - r e c e p t o r s  

involved in FXa P A R l - d e p e n d e n t  a n d  P A R l - i n d e p e n d e n t  c y t o p r o t e c t i v e  signal l ing on  

e n d o t h e l i a l  cells.  Whi le  t h e  r esu l t s  p r e s e n t e d  in C h a p t e r  3 ind ic a t e  t h a t  EPCR b ind ing  is an 

e s se n t i a l  p r e r e q u i s i t e  t o  FXa b a r r i e r  p r o t e c t i o n ,  t h e  role  o f  add i t io na l  r e c e p t o r  in t e r a c t io n s  

(e.g.  Annex in-2 ,  PAR2) in f a c i l i t a t i n g / e n h a n c in g  FXa signal l ing in th i s  m a n n e r  will be  

inv es t ig a t ed .  Finally, t h e  nove l  in t e r a c t io n  b e t w e e n  FX a n d  an n e x in - 2  will b e  f u r t h e r  

c h a r a c t e r i s e d  a n d  t h e  m o l e c u l a r  m e c h a n i s m  t h r o u g h  w hi ch  a n n e x i n - 2 - m e d i a t e d  FX 

e n d o t h e l i a l  cell ba r r i e r  p r o t e c t i o n  is c o n f e r r e d  will b e  p r o b e d .
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CHAPTER 4: FXa REGULATION OF TLR-INDUCED PRO- 

INFLAMMATORY SIGNALLING ON MYELOID CELLS

4.1: VKD protease regulation of LPS-induced cytokine secretion on myeloid 

cells

In addition to  mediating cytoprotective effects on endothelial cells, APC signalling inhibits 

pro-inflam m atory responses on monocytes and macrophages^^^'^^^. The capacity of other 

VKD coagulation proteases, which share significant structural homology w ith  APC, to 

modulate monocyte and macrophage pro-inflam m atory function is poorly understood.

The secretion of TNFa from  THPl cells stimulated w ith  LPS was measured as a 

representative marker of monocytic inflamm ation. To achieve this, a HEK293 reporter cell 

line expressing TNFa and IL -ip  receptors and an NF-kB/AP-1 inducible secreted AP reporter 

(HEK Blue; Appendix I) was used to  detect the presence o f TNFa in the supernatant of 

stim ulated monocytes. TNFa present in the THPl cell supernatant bound to  the TNFa 

receptor to  in itia te activation o f NF-kB/AP-1, resulting in AP expression. AP activity in the  HEK 

Blue cell supernatant increased significantly and proportionately when treated w ith 

supernatant from  THPl ceils exposed to  increasing concentrations o f LPS (p < 0.001) (Figure 

4 .1 .1 , closed circles). M inimal AP activ ity was observed when HEK Blue cells were incubated 

w ith  the cell supernatant from  unstimulated THPl cells (Figure 4 .1 .1 , open circles).

140



0.8

0.6

O a  0.4
™ o

0.2 

0.0-1
r
0 50 100

LPS(ng/ml)

Figure 4.1.1: HEK Blue TNF-a/IL-ip reporter cell measurement of the THPl cell response to 

LPS: (a) THPl cells were stimulated with LPS ( • ;  6.25-lOOng/mL) for 4 hours in assay buffer 3 

after which the cell supernatant was aspirated and incubated with HEK Blue TNF-a/IL-l(3 

reporter cells for 18 hours. TNFa present in the THPl supernatant induced activation of NF- 

kB and secretion of AP, which was quantified using QUANT) Blue (Chapter 2.13). PBS-treated 

THPl cell supernatant was used as a negative control (O). Experiment was performed in 

triplicate and data are presented as mean ± S.D..
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LPS induces cytokine expression from myeloid cells by TLR4 ligation, which initiates a pro- 

inflammatory cellular response^®®. To verify that AP activity in the HEK Blue cell supernatant 

was a result of LPS stimulation, THPl cells were treated with an inhibitor of TLR4 pathway 

signalling (Polymixin B) prior to LPS treatment. Polymixin B completely prevented THPl cell 

supernatant induction of AP secretion by the reporter cells, demonstrating that LPS-induced 

TNFa release is responsible for AP expression by HEK Blue cells (Figure 4.1.2 a). To confirm 

that the HEK Blue cells were insensitive to LPS and therefore not stimulating AP expression in 

an autocrine manner, HEK Blue reporter cells were incubated with LPS for 18 hours and AP 

activity in the supernatant was assessed. As expected, direct stimulation with LPS failed to 

induce secretion of AP from HEK Blue cells (Figure 4.1.2 b).

Finally, to confirm that AP activity in the HEK Blue cell supernatant occurs as a result 

TNFa stimulation, LPS-stimulated THPl cell supernatant was incubated with HEK Blue cells in 

the presence of a monoclonal anti-TNFa antibody. The anti-TNFa antibody completely 

prevented LPS-stimulated THPl cell supernatant induction of AP secretion, demonstrating 

that the HEK Blue cell response is solely mediated by TNFa present in the THPl cell 

supernatant (Figure 4.1.2 c). Collectively these data demonstrate that HEK Blue TNFa/IL-ip 

reporter cells are an accurate and specific tool with which to measure LPS-induced TNFa 

secretion from THPl cells.
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Figure 4.1.2: HEK Blue TNF-a/IL-ip reporter cells measure LPS-induced secretion of TNFa 

from THPl cells: (a) THPl cells were treated w ith  the TLR4 signalling inh ib ito r polymixin B 

(lOng/mL) prior to  stim ulation w ith  LPS (500ng/mL) fo r 4 hours in assay buffer 3. THPl cell 

supernatant was incubated w ith  HEK Blue reporter cells and AP secretion was measured 

using QUANTI Blue, (b) HEK Blue reporter cells were stimulated w ith  LPS (500ng/mL) fo r 18 

hours in assay buffer 3 a fter which secretion of AP was quantified using QUANTI Blue, (c) 

THPl cells were stimulated w ith  LPS (500ng/mL) fo r 4 hours in assay buffer 3 after which cell 

supernatant was aspirated and incubated w ith  HEK Blue reporter cells in the presence o f a 

monoclonal anti-TNFa antibody. Activation o f NF-kB and secretion of AP was quantified using 

QUANTI Blue. Experiments were performed in trip licate and data are presented as mean ± 

S.D.. [ * * *  = p<0 .001 ]
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To investigate the ability of VKD coagulation proteases to modulate monocyte and 

macrophage pro-inflammatory function, TH P l cells were incubated with APC, FVIIa, FIXa or 

FXa for 3 hours followed by exposure to LPS or PBS. TNFa secretion was measured using HEK 

Blue cells. Incubation of TH Pl cells with APC, FVIIa, FIXa or FXa alone induced negligible TNFa  

expression (Figure 4.1.3 a, w hite bars). As expected, LPS treatm ent of TH Pl cells induced 

robust secretion of TNFa (Figure 4.1.3 a, black bars). Prior incubation with APC (20nM ) 

inhibited the TH Pl cell response to LPS stimulation resulting in a 50±9% reduction in TNFa  

secretion (Figure 4.1.3 a, black bars). In contrast, activated coagulation factors Vila and IXa 

neither diminished nor enhanced the LPS response (Figure 4.1.3 a, black bars). Similar to the 

anti-inflam m atory activity of APC, FXa (20nM ) significantly inhibited TNFa secretion in 

response to LPS, by 66±7% (Figure 4.1.3 a, black bars). Treatm ent of TH Pl cells with 

increasing FXa (0.625-20nM ) demonstrated that the attenuation of TNFa secretion mediated 

by FXa was dose-dependent, with half maximal inhibition (IC50) observed at ~3nM  FXa, and 

similar in efficacy to that mediated by APC (Figure 4.1.3 b).
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Figure 4.1.3: FXa reduces LPS-induced TNFa secretion from THPl cells: (a) THPl cells were 

incubated w ith  PBS/APC/FVIIa/FIXa/FXa (all 20nM) fo r 3 hours prior to  stim ulation w ith 

control PBS (white bars) /LPS {black bars; 500ng/mL) fo r 4 hours in assay buffer 3. TNFa 

secretion was subsequently measured using HEK Blue reporter cells. AP activ ity in the cell 

supernatant is presented as a percentage o f maximal AP activ ity induced by LPS (i.e. 100%). 

(b) THPl cells were incubated w ith  APC (0 ) /  FXa ( • )  (both 0.625-20nM) fo r 3 hours in assay 

buffer 3 prior to  stim ulation w ith  LPS (500ng/mL) fo r 4 hours after which TNFa secretion was 

measured using HEK Blue reporter cells. Experiments were performed in trip lica te  and data 

are presented as mean ± S.D.. [ * * *  = p < 0.001]
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To in ve s t ig a te  w h e t h e r  FXa inh ib i t ion  of  LPS-induced TN Fa  s e c r e t i o n  w a s  d e p e n d e n t  u p o n  

t h e  l e ng t h  o f  FXa p r e - in c u b a t i o n ,  T H P l  cells w e r e  p r e - i n c u b a t e d  w i t h  FXa f o r  u p  t o  6 hours ,  

fo l lo w ed  by s t i m ul a t i on  wi th  LPS a n d  TNFa s e c r e t i o n  w a s  m e a s u r e d  us ing  HEK Blue cells.  The  

ef f i cacy o f  FXa a n t i - i n f l a m m a t o r y  signal l ing i n c r e a s e d  w i th  in c re as in g  p r e - i n c u b a t i o n  pe r i od  

w i th  ma x ima l  inh ibi t ion  o b s e r v e d  a f t e r  3 h o u r s  p r e - i n c u b a t i o n  (F igure  4 .1.4) .  In cu b a t io n  of  

T H P l  cells w i th  FXa fo r  less t h a n  1 h o u r  p r ior  t o  LPS t r e a t m e n t  f a i l ed  t o  signi f icant ly  r e d u c e  

se c r e t i o n  o f  T NFa  (Figure 4 .1 .4 ) ,  d e m o n s t r a t i n g  t h a t  in o r d e r  t o  signi f icant ly  a f fec t  cy t ok ine  

p r o d u c t i o n ,  FXa a n t i - i n f l a m m a t o r y  signal l ing m u s t  b e  in i t i a t ed p r ior  t o  LPS s t i mu la t io n .
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Figure 4.1.4: FXa reduction of LPS-induced TNFa secretion from THPl ceils is dependent 

upon the length of FXa pre-incubation: THPl cells were incubated w ith  PBS (0 ) / FXa ( • ;  

20nM) fo r up to  6 hours prior to  stim ulation w ith  LPS (500ng/mL) fo r 4 hours in assay buffer 

3. TNFa secretion was subsequently measured using HEK Blue reporter cells. Experiments 

were perform ed in trip licate and data are presented as mean + S.D..
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FXa has previously been implicated as both a driver and inhibitor of cellular apoptosis on 

various cell types how/ever does not affect monocyte viability^*^'^®^. Nevertheless, alterations 

in cellular viability could impact upon TNFa expression. In order to verify that the observed 

effect of FXa on LPS-induced cytokine secretion is not a consequence of altered monocyte 

viability, THPl cell viability after FXa treatment w/as assessed using the CellTiter-Flour 

Viability assay (Chapter 2.12). This assay uses constitutive protease activity within live cells, 

lost upon degradation of membrane integrity during apoptosis, as a marker of cell viability. 

Cells were treated with a flourogenic, cell-permeable, peptide substrate cleaved only in 

viable cells to generate a fluorescent signal that is proportional to the number of non- 

apoptotic cells^^^.

To verify the sensitivity of the CellTiter-Flour Viability assay system, THPl cells were 

treated with staurosporine after which cell viability was assessed. Staurosporine treatment 

induced a dose-dependent decrease in cellular viability (p < 0.001) (Figure 4.1.5 a). Next, 

THPl cells were treated with FXa for 3 hours and stimulated with LPS, after which viability 

was assessed. Viability of cells treated with LPS alone or in combination with FXa did not 

differ significantly from that of untreated cells (Figure 4.1.5 b). This demonstrates that THPl 

cell viability is not affected during the course of the assay system used.
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Figure 4.1.5: The anti-inflammatory activity of FXa on LPS-induced TNFa secretion does not 

occur as a consequence of altered THPl cell viability: (a) THPl cells were incubated with 

staurosporine ( • ;  0.625-10m.M) for 5 hours in assay buffer 3. (b) THPl cells were incubated 

with PBS/ FXa (20nM) for 3 hours in assay buffer 3 prior to stimulation with LPS (500ng/mL) 

for 4 hours. Cell viability was assessed using the CellTiter-Flour viability assay (Chapter 2.12). 

Experiments were performed in triplicate and data are presented as mean ± S.D..
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To investigate w hether FXa regulation o f LPS-induced TNFa secretion was conserved on 

primary human monocytes, PBMCs were isolated from  buffy coat whole blood component 

(Chapter 2.1). PBMCs were treated w ith  APC or FXa fo r 3 hours. The cells were stimulated 

w ith  LPS fo r 18 hours and TNFa secretion was measured using ELISA. Similar to  THPl cells, 

APC/FXa alone did not induce TNFa secretion (Figure 4.1.6, open symbols) while LPS 

stim ulation induced a robust TNFa response. Exposure to  APC or FXa (both 20nM) prior to 

stim ulation w ith  LPS however, resulted in significant reduction in LPS-induced TNFa secretion 

by 63±7% and 69±11%, respectively (p < 0.001) (Figure 4.1.6 a, closed symbols). The effect of 

FXa was dose-dependent w ith  half maximal inh ib ition observed at < BnM FXa, sim ilar to  the 

anti-in flam m atory efficacy o f FXa on the surface o f THPl monocytes (Figure 4.1.3 b).
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Figure 4.1.6: FXa reduces LPS-induced TNFa secretion from PBMCs: PBMCs were isolated 

from buffy coat whole blood component (Chapter 2.1) and incubated with APC (A;  20nM) or 

FXa ( • ;  0.313-20nM) for 3 hours in assay buffer 3 prior to stimulation with control PBS (open 

symbols)/ LPS (closed symbols; 50ng/mL) for 18 hours. TNFa secretion was determined using 

ELISA. Experiment was performed in triplicate and data are presented as mean ± S.D..
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To assess the ability o f FXa to  regulate inflam m atory cytokine production from  macrophages, 

BMDMs were obtained from  the femurs and tib ia o f w ild type BALB/c mice (Chapter 2.1.3 

and 2.1.4). The effect o f FXa on both pro-inflam m atory (TNFa and IL-6) and anti

in flam m atory (IL-10) cytokine secretion in response to  LPS was assessed. BMDMs were 

treated w ith  FXa for 3 hours. The cells were stim ulated w ith  LPS for 18 hours and TNFa, IL-6 

and IL-10 were measured by ELISA. As observed fo r both THPl cells and PBMCs, FXa was 

unable to  induce production o f TNFa, IL-6 or IL-10 (Figure 4.1.7 a, b and c, white bars). LPS 

stim ulation induced robust expression o f TNFa, IL-6 and IL-10 (Figure 4.1.7 a, b and c, black 

bars). Prior-exposure to  FXa (20nM) significantly inhibited LPS-induced secretion o f both 

TNFa and IL-6 from  BMDMs, by 47±17% and 71±20%, respectively (Figure 4.1.7 a and b, 

black bars). Exposure to  FXa did not alter IL-10 levels compared to  LPS trea tm ent alone 

(Figure 4.1.7 c, black bars).
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Figure 4.1.7: FXa reduces LPS-induced TNFa and IL-6 secretion from murine BMDMs:

Murine BMDMs were obtained from the femurs and tibia of wild type BALB/c mice and 

incubated with FXa (20nM) for 3 hours prior to stimulation with PBS (white bars) or IPS 

(black bars; 20ng/mL) for 6 hours after which secretion of TNFa, IL-6 and IL-10 was 

determined using ELISA. Experiments were performed in triplicate and data are presented as 

mean ± S.D.. [* *  = p < 0.01]
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4.2: FXa regulation of cytokine secretion induced by activation of extracellular

TLRs

4.2.1: THPl cell TNFa secretion induced by activation of extracellular TLRs

NF-kB activation and pro-inflammatory cytokine expression on monocytes and macrophages 

can be initiated upon detection of TLR ligands other than LPS by TLR family members with 

different ligand specificity^®®. Coagulation protease modulation of cytokine production 

induced by activation of TLRs other than TLR4 has not, however, been determined.

THPl cell TNFa secretion was measured as a common marker of monocytic 

inflammation induced by stimulation of extracellular TLRs using HEK Blue reporter cells. THPl 

cells were stimulated with activating ligands directed against specific TLR hetero- and 

homodimers. The TLRl/2 heterodimer was activated using a synthetic triacylated lipopeptide 

that mimics the acylated amino terminus of bacterial lipopeptides (Pam3CSK4) (Figure 4.2.1 

a). The TLR2/2 homodimer was activated using heat-killed Listeria monocytogenes (HKLM) 

(Figure 4.2.1 b). The TLR5/5 homodimer was activated using bacterial flagellin (Figure 4.2.1 c) 

and the TLR2/6 heterodimer was activated using a synthetic lipoprotein derived from 

Mycoplasma salivarium (FLSl) (Figure 4.2.1 a). THPl cells were incubated with TLR activating 

ligands for 4 hours after which the supernatant was aspirated and incubated with HEK Blue 

cells. AP activity in the HEK Blue cell supernatant increased proportionately with increasing 

TLR activating ligand concentration (p ^0.001) (Figure 4.2.1).
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Figure 4.2.1: HEK Blue TNF-a/IL-lp reporter cell measurement of THPl cell TNFa secretion 

induced by activation of extracellular TLRs: THPl cells were stimulated with TLR agonists (a) 

Pam3CSK4 (14.7-500ng/mL), (b) HKLM (1.25x10® - 1x10^ cells), (c) flagellin (3.13-25ng/mL) or 

(d) FLSl (3.13-25ng/mL) for 4 hours in assay buffer 3 after which cell supernatant was 

incubated with HEK Blue reporter cells. AP activity in the HEK Blue cell supernatant was 

measured using QUANTI Blue, as before. Experiments were performed in triplicate and data 

are presented as mean ± S.D..
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4.2.2: FXa regulation of TNFa secretion induced by activation of extracellular TLRs on THPl 

cells

To investigate the ability of FXa to regulate TNFa secretion in response to  activation of 

extracellular TLRs other than TLR4, THPl cells were treated with FXa prior to stimulation with 

activating ligands for the TLR2/2 homodimer (HKLM), TLRl/2 heterodimer (Pam3CSK4), 

TLR5/5 homodimer (flagellin) and TLR2/6 heterodimer (FLSl) or LPS for 4 hours and TNFa 

secretion was measured. As observed in Figure 4.2.1, exposure to all TLR activating ligands 

induced secretion of TNFa (Figure 4.2.2, black bars). Prior exposure to FXa significantly 

inhibited TNFa secretion induced by all TLR activating ligands tested (Figure 4.2.2, white 

bars). Incubation with FXa reduced THPl cell TNFa secretion by 34±9% upon TLR2/2 

homodimer activation by HKLM, 45±6% upon TLRl/2 heterodimer activation by Pam3CSK4, 

59±10% upon TLR5/5 homodimer activation by flagellin and by 19±3% upon TLR2/2 

homodimer activation by FLSl. These results indicate that FXa inhibits the pro-inflammatory 

response induced by multiple TLR ligands, presumably by acting on shared signalling 

components downstream of TLR activation.
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Figure 4.2.2: FXa reduces TNFa secretion induced by activation of various extracellular TLRs 

on THPl cells: THPl cells were incubated w ith  PBS (black bars)/ FXa (white bars; 20nM) for 1 

hour in assay buffer 3 prior to  stimulation w ith  TLR agonists LPS (500ng/mL), HKLM (5x10® 

cells), Pam3CSK4 (500ng/mL), flagellin (50ng/mL) or FLSl (50ng/mL) fo r 4 hours after which 

TNFa secretion was measured using HEK Blue reporter cells. Experiment was performed in 

trip licate and data are presented as mean ± S.D.. [ * *  = p < 0.01; * = p < 0.05]
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4.3: Molecular requirements for FXa regulation of LPS-induced cytokine

secretion on monocytes

To characterize the molecular mechanism tha t mediates FXa regulation o f myeloid cell 

cytokine response to LPS stim ulation, FXa isoforms and truncations were assessed and 

compared to  fu ll length FXa. FXa-3 is an isoform o f FXa generated in vivo as a result of 

autoproteolytic excision o f a 4kDa peptide from  its archetypal a form . Both a and 3 FXa have 

identical procoagulant function and enzymatic activity, but has been suggested to  possess 

discrepant cell surface receptor affinities^''^. To investigate w hether FXa anti-in flam m atory 

signalling efficacy on monocytes is sim ilar between a  and 3 FXa isoforms, THPl cells were 

treated w ith  e ither FXa-a or FXa-3 fo r 3 hours prior to  stim ulation w ith  LPS. FXa-p inhibited 

LPS-induced TNFa secretion from  THPl cells to  a sim ilar degree as FXa-a, demonstrating that 

both isoforms are equally effective in regulating the cytokine response to  LPS stim ulation on 

monocytes (Figure 4.3.1 a).

A truncated variant o f FXa missing the N-term inal Gla domain, FXaco/ was also tested. 

In contrast to  fu ll length FXa, FXaGo failed to  significantly impair LPS-induced TNFa secretion 

(Figure 4.3.1 b), highlighting a requirem ent fo r the Gla domain for FXa anti-in flam m atory 

activity on myeloid cells. To determ ine the capacity o f bovine FXa, a close structural homolog 

of human FXa, to  mediate anti-in flam m atory signalling on monocytes, THPl cells were 

treated w ith bovine FXa prior to  LPS stim ulation. Despite the ir structural homology, bovine 

FXa was completely ineffective in reducing LPS-induced TNFa expression compared to  its 

human counterpart, suggesting tha t the molecular requirements fo r FXa anti-in flam m atory 

activ ity on THPl cells are not present in bovine FXa (Figure 4.3.1 c).
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Figure 4.3.1: LPS-induced TNFa secretion from THPl ceils is reduced by a and p isoforms of 

FXa but not Gla-domainless or bovine FXa: THPl cells were incubated with FXa or (a) FXa-3 

(b) FXbgd or (c) FXasoviNE (all 20nM) for 3 hours in assay buffer 3 prior to stimulation with LPS 

(500ng/mL) for 4 hours. TNFa secretion was measured using HEK Blue reporter cells. 

Experiments were performed in triplicate and data are presented as mean ± S.D.. [* *  = p < 

0 .01]
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To assess whether proteolytic activity is required for FXa regulation of LPS-induced TNFa 

secretion, a FXa variant rendered proteolytically inactive by activate site blockade with a 

tripeptide chloromethyl ketone inhibitor (FXaoECR) was used. THPl cells were incubated with 

F X b d e g r  prior to stimulation with LPS and TNFa secretion was measured using HEK Blue cells. 

In contrast to fully active FXa, FXaoECR failed to significantly reduce LPS-induced TNFa 

secretion indicating proteolytic activity of FXa is necessary for regulation of LPS-induced pro- 

inflammatory cytokine release (Figure 4.3.2).

125n

2° LPS

Figure 4.3.2: Proteolytic activity is required for FXa reduction of LPS-induced TNFa 

secretion from THPl cells: THPl cells were incubated with FXa/ FXaDEGR (20nM) for 3 hours 

in assay buffer 3 prior to stimulation with LPS (500ng/mL) for 4 hours after which TNFa 

secretion was measured using HEK Blue reporter cells. Experiment was performed in 

triplicate and data are presented as mean ± S.D.. [* * *  = p < 0.001]
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During thrombin generation, FXa associates with FVa upon exposed negatively-charged 

phospholipids on the plasma membrane to activate prothrombin in vivo. The presence of FVa 

could therefore feasibly modulate FXa anti-inflammatory activity. The effect of FXa 

interaction with FVa on FXa regulation of the cytokine response to LPS was investigated. 

THPl cells were treated with FXa in the presence of FVa for 3 hours prior to stimulation with 

LPS and TNFa secretion was measured using HEK Blue cells. The presence of FVa had no 

effect upon the ability of FXa to suppress LPS-induced TNFa secretion (Figure 4.3.3) 

indicating that despite acting as a procoagulant cofactor for FXa, FVa does not affect its anti

inflammatory activity on myeloid cells.

LPS: . + + +

Figure 4.3.3: FXa impairment of LPS-induced TNFa secretion from THPl cells is maintained 

in the presence of FVa: THPl cells were incubated with FXa (20nM) in the presence of FVa 

(20nM) for 3 hours in assay buffer 3 prior to stimulation with LPS (500ng/mL) for 4 hours 

after which TNFa secretion was measured using HEK Blue reporter cells. Experiment was 

performed in triplicate and data are presented as mean ± S.D.. [* *  = p < 0.01]
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The FXa EGF-like domains are connected by a short peptide sequence containing amino acid 

residues 83-88 . This inter-EGF sequence has previously been identified as a region required 

fo r FXa binding to  the surface o f monocytes and macrophages^®\ To investigate w hether the 

FXa inter-EGF region modulates FXa inhib ition o f the cytokine response to  LPS stim ulation on 

monocytes a short peptide replicating the inter-EGF sequence o f FXa (FXgs.gg) was used. The 

FX83-88 peptide com petitively inhibits FXa-monocyte interactions which are mediated by the 

FXa inter-EGF region^®\ THPl cells were incubated w ith  FXa fo r 3 hours in the presence FXss- 

88 prior to  stim ulation w ith  LPS fo r 4 hours. The peptide alone did not induce cytokine 

secretion and had no effect on LPS-induced TNFa production (Figure 4.3.4 a, white and black 

bars). Despite this, FXs3.88 added w ith  FXa com pletely attenuated FXa inh ib ition o f TNFa 

secretion in response to  LPS (Figure 4.3.4 a, grey bars). To ensure the specificity o f the 

inh ib ito ry effect of FXss-ss, a scrambled version o f the same peptide, FX83.88scr, was tested. 

FX83-88SCR sim ilarly did not did not induce cytokine secretion alone nor affect LPS-induced 

TNFa production (Figure 4.3.4 a). Furthermore, FXas-ssscR did not affect FXa reduction o f the 

cytokine response to  LPS stim ulation, confirm ing the specificity o f FX83-88 inhib ition (Figure

4.3.4 a). The effect o f FX83-88 was dose-dependent (IC50 ~ 1.3ng/mL FX83-88 peptide) (Figure

4.3.4 b) underscoring the importance of the FXa inter-EGF amino acid sequence 83-88 in 

mediating regulation o f the cytokine response to  LPS stim ulation.
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Figure 4.3.4: FXa reduction of LPS-induced TNFa secretion from THPl cells requires the 

inter-EGF domain sequence FXss-gg: THPl cells were treated w ith  (a) FXagaWFXass-ssscR 

(100|ig/mL) (b) FXas3 -8 8  (3.13-100|ig/mL) fo r 30 minutes prior to  incubation w ith  PBS {black 

bars) and FXa (a, grey bars; b ,# ;  20nlVI) fo r 3 hours in assay buffer 3 and stimulated w ith LPS 

(500ng/mL) fo r 4 hours. TNFa secretion was measured using HEK Blue reporter cells. PBS 

treatm ent {white bars) was used as a negative control. Experiments were performed in 

trip licate and data are presented as mean ± S.D.. [ * * *  = p < 0.001]
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To investigate whether FXa regulation o f TNFa secretion induced by activation o f d ifferent 

TLRs occurs via a conserved molecular mechanism, the molecular requirements fo r FXa 

inhib ition o f cytokine response to  TLR 1/2 activation by Pam3CSK4 were characterised. As 

w ith  LPS, FXa isoforms and truncations FXa-(3, FXaco and bovine FXa were used to  investigate 

FXa regulation o f Pam3CSK4-induced cytokine secretion (Figure 4.3.1).

THPl cells were incubated w ith  e ither FXa or FXa-P/FXaco/bovine FXa for 3 hours prior to 

stim ulation w ith  Pam3CSK4 for 4 hours and TNFa secretion measured using HEK Blue cells. As 

observed upon LPS stim ulation, FXa-(3 was equally effective as the a isoform in reducing 

Pam3CSK4-induced TNFa secretion on THPl cells (Figure 4.3.5 a) while incubation w ith 

FXacD/ in contrast to  full length FXa, failed to  inh ib it Pam3CSK4-induced pro-inflam m atory 

cytokine expression (Figure 4.3.5 b). Bovine FXa was sim ilarly ineffective in reducing 

Pam3CSK4-induced TNFa secretion (Figure 4.3.5 c).
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Figure 4.3.5: Pam3CSK4-induced TNFa secretion from THPl cells is reduced by a and P 

isoforms of FXa but not Gla-domainless or bovine FXa: THPl cells were incubated with FXa/ 

(a )FXa-3 (b) FXacD (c) bovine FXa (all 20nM) for 3 hours in assay buffer 3 prior to stimulation 

with Pam3CSK4 (Pam; 500ng/mL) for 4 hours after which TNFa secretion was measured using 

HEK Blue reporter cells. Experiments were performed in triplicate and data are presented as 

m eaniS .D .. [* *  = p<0.01]
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To assess whether proteolytic activity is required for FXa regulation of TLR2-induced TNFa 

secretion, FXaoEGR was used. THPl cells were incubated with FXaoECR for 3 hours prior to 

stimulation with Pam3CSK4 for 4 hours and TNFa secretion measured using HEK Blue cells. 

FXaoEGR failed to significantly reduce Pam3CSK4-induced TNFa secretion indicating that 

blockade of the FXa active-site also ablates the ability of FXa to inhibit TLR2-induced pro- 

inflammatory cytokine production (Figure 4.3.6).
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Figure 4.3.6: Proteolytic activity is required for FXa reduction of Pam3CSK4-induced TNFa 

secretion from THPl ceils: THPl cells were incubated with FXa/ FXaoECR (20nM) for 3 hours in 

assay buffer 3 prior to stimulation with Pam3CSK4 (Pam; 500ng/mL) for 4 hours after which 

TNFa secretion was measured using HEK Blue reporter cells. Experiment was performed in 

triplicate and data are presented as mean ± S.D.. [* *  = p < 0.01]
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Finally, FXss-ss was used to investigate whether the FXa inter-EGF region is required for FXa 

regulation of the response to TLR2 stinnulation. TH Pl cells w/ere incubated with FXa for 3 

hours in the presence of FXsa-gg prior to stimulation with Pam3CSK4 for 4 hours. The presence 

of FX83-88 did not alter Pam3CSK4-induced cytokine production alone, but completely 

attenuated FXa inhibition of TNFa secretion in response to Pam3CSK4 (Figure 4 .3.7). A 

scrambled version of the same peptide (FXga-ssscR) had no such inhibitory effect (Figure 

4.3.7).

Collectively, these results demonstrate that the molecular requirements for FXa 

regulation of TNFa secretion induced by Pam3CSK4 activation of TLR2 are consistent with 

those observed in the case of LPS activation of TLR4 (section 4.2) and suggest that FXa 

regulation of TLR-induced cytokine secretion likely occurs due to regulation of conserved 

downstream components of TLR activation pathways.
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Figure 4.3.7: FXa reduction of Pam3CSK4-induced TNFa secretion from THPl cells requires 

the inter-EGF domain sequence FXgs.gs: THPl cells were treated w ith  FXasB-ss/FXags.ggscR 

(100|ig/mL) fo r 30 minutes prior to incubation w ith  PBS {black bars) and FXa (grey bars, 

20nM) fo r 3 hours in assay buffer 3 and stimulated w ith  Pam3CSK4 (Pam; 500ng/mL) fo r 4 

hours. TNFa secretion was measured using HEK Blue reporter cells. Experiment was 

performed in trip licate and data are presented as mean ± S.D.. [* = p < 0.5; * *  = p < 0.001]
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4.4: Signalling mechanism mediating FXa regulation of LPS-induced cytokine

secretion on monocytes

4.4.1; FXa regulation of LPS-induced NF-kB activation on THPl cells

Activation of the transcription NF-kB controls the expression of an array of pro-inflammatory 

cytokine genes^^°. We sought to examine w/hether NF-kB activation by LPS was impaired by 

FXa-mediated cellular signalling. To enable this, a THPl cell line stably transfected with an 

NF-KB-dependent secreted AP reporter construct (THPl-XBlue-CD14 cells) (Chapter 2.14; 

Appendix I) was used. Exposure of THPl-XBIue-CD14 cells to inflammatory stimuli results in 

activation of the NF-kB/AP-1 pathways and expression of the secreted AP reporter gene. AP 

can then be measured using a colorimetric AP substrate, QUANT! Blue.

THPl-XBIue-CD14 cells were treated with LPS for 6 hours to induce activation of NF- 

kB/AP-1 and expression of AP. AP activity in the THPl-XBlue-CD14 cell supernatant increased 

significantly and proportionately w ith increasing LPS stimulation (p < 0.001) (Figure 4.4.1 a). 

Minimal AP activity was observed in the supernatant of unstimulated THPl-XBlue-CD14 cells 

(Figure 4.4.1 a). To investigate the effect of FXa on LPS-induced NF-kB activation, THPl- 

XBIue-CD14 cells were incubated with FXa for 3 hours and subsequently stimulated with LPS 

for 6 hours. LPS stimulation resulted in NF-kB activation (Figure 4.4.1 b). Prior incubation 

with FXa significantly inhibited NF-kB activation (p < 0.001) (Figure 4.4.1 b).

174



0.4-

>» 0.3-

0.1 -

0.0^

0 100 200 
LPS{ng/ml)

r

^

LPS (ng/ml)

Figure 4.4.1: FXa reduces LPS-induced NF-kB activation on THPl cells: THPl-XBIue-CD14 NF- 

kB reporter cells were used to  investigate the effect of FXa on LPS-induced NF-kB activation 

(Chapter 2.14). (a) THPl-XBlue-CD14 cells were stimulated w ith  LPS ( • ;  12.5-200ng/mL) fo r 6 

hours in assay buffer 3. Activation of NF-kB by LPS results in secretion o f AP by the THPl- 

XBIue-CD14 cells which was quantified using QUANT! Blue, (b) THPl-XBIue-CD14 cells were 

incubated w ith  PBS ( • ) /  FXa (0; 20nM) fo r 1 hour in assay buffer 3 prior to  stinnulation w ith  

LPS (31.3-500ng/mL) fo r 6 hours. Secretion o f AP by the THPl-XBIue-CD14 cells was 

quantified using QUANT! Blue. Experiments were performed in trip licate and data are 

presented as mean ± S.D..
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4.4.2: Role of PI3K signalling in FXa regulation of LPS-induced TNFa secretion from THPl 

cells

Numerous negative regulatory mechanisms exist in order to control the magnitude of NF-kB 

activation upon TLR activation. Pertinently, AFC, a structural homolog of FXa, induces PI3K 

activation to negatively regulate the cytokine response to LPS stimulation on U937 

monocytes^^^. To investigate whether P13K pathway activation is also required for FXa 

regulation of LPS-induced NF-kB activation and cytokine production, a PI3K inhibitor 

(wortmannin) was utilised. THPl cells were treated with FXa for 3 hours in the presence of 

wortmannin prior to stimulation with LPS for 4 hours. TNFa secretion was measured using 

HEK Blue cells.

Wortmannin alone did not induce TNFa expression from THPl cells and but resulted 

in a small increase in LPS-induced TNFa secretion (Figure 4.4.2 a, white and black bars). The 

presence of wortmannin with FXa completely attenuated FXa inhibition of TNFa secretion in 

response to LPS (Figure 4.4.2 a, grey bars). The effect of wortmannin was dose-dependent 

(IC50 ~ O.SuM) (Figure 4.4.2 b). To verify that PI3K pathway activation is required for FXa 

regulation of the inflammatory response to LPS on monocytes, PBMCs were treated with 

wortmannin prior to incubation with FXa for 3 hours. The cells were then treated with LPS for 

18 hours and secretion of TNFa was measured by ELISA. As was observed on THPl cells, 

wortmannin did not induce TNFa expression from unstimulated cells but caused a small 

increase in LPS-induced TNFa secretion (Figure 4.4.2 c, white and black bars). Similarly, 

wortmannin completely prevented FXa impairment of LPS-induced TNFa secretion (Figure 

4.4.2 c, grey bars).
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Figure 4.4.2: FXa reduction of LPS-induced TNFa secretion from monocytes is inhibited by 

wortmannin: THPl cells were treated with wortmannin ((a) 1.25nM and (b) 0.313-2.5 piM) 

for 30 minutes prior to incubation with PBS (a, black bars; b, 0 ) / FXa (a, grey bars; b, • ;  

20nM) for 3 hours in assay buffer 3 then stimulated with LPS (500ng/mL) for 4 hours. TNFa 

secretion was measured using HEK Blue reporter cells, (c) PBMCs were isolated from buffy 

coat whole blood component and treated with wortmannin (1.25nM) for 30 minutes prior to 

incubation with PBS (a, black bars)/ FXa (a, grey bars; 20nM) for 3 hours in assay buffer 3 and 

stimulated with LPS (50ng/mL) for 18 hours. TNFa secretion was measured using ELISA. PBS 

treatment (white bars) was used as a negative control. Experiments were performed in 

triplicate and data are presented as mean ± S.D.. [* * *  = p < 0.001]
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The PI3K pathway modulates the magnitude of the cytokine response to primary activation 

of multiple TLRŝ ®°. To investigate whether PI3K pathway activation is also required for FXa 

regulation of Pam3CSK4-induced TNFa secretion, the PI3K inhibitor wortmannin was used. 

THPl cells were treated with FXa in the presence of wortmannin prior to stimulation with 

Pam3CSK4 and secretion of TNFa was measured using HEK Blue cells. Wortmannin treatment 

alone did not induce TNFa expression from THPl cells but resulted in a small increase in 

Pam3CSK4-induced TNFa production (Figure 4.4.3, white and black bars). Its presence 

alongside FXa completely attenuated FXa inhibition of TNFa secretion in response to TLR2 

activation (Figure 4.4.3, grey bars) demonstrating that FXa regulation of both TLR4 and TLR2 

activation requires the PI3K signalling pathway.
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Figure 4.4.3: FXa reduction of Pam3CSK4-induced TNFa secretion from THPl cells is 

inhibited by wortmannin: THPl cells were treated with wortmannin (1.25nM) for 30 nninutes 

prior to incubation with PBS (black bars)/ FXa (grey bars-, 20nM) for 3 hours in assay buffer 3 

and stimulated with Pam3CSK4 (500ng/mL) for 4 hours after which TNFa secretion was 

measured using HEK Blue reporter cells. PBS treatment (white bars) was used as a negative 

control. Experiment was performed in triplicate and data are presented as mean ± S.D.. [* *  =

p<0.01]
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4.5: Cell surface receptor requirements for FXa reRulation of LPS-induced

cytokine secretion on myeloid cells

4.5.1: Role of EPCR in FXa regulation of LPS-induced cytokine secretion on myeloid cells

FXa binds to  EPCR on endothelial cells to  mediate protection from throm bin-induced 

endothelial cell barrier disruption. To determ ine w hether EPCR m ight also mediate FXa anti

in flam m atory activity on monocytes, we used a monoclonal anti-EPCR antibody (RCR-252). 

THPl cells were treated w ith  FXa in the presence o f RCR-252 prior to  stim ulation w ith  LPS 

and TNFa secretion was measured. RCR-252 did not induce TNFa secretion from  

unstimulated cells however its presence caused reduction in LPS-induced cytokine 

production in the absence o f FXa (Figure 4.5.1, white and black bars). Despite this, the 

relative efficacy of FXa anti-in flam m atory signalling was sim ilar in the presence and absence 

of RCR-252 (Figure 4.5.1, grey bars). This suggests tha t FXa regulation o f the cytokine 

response to  LPS on monocytes occurs independently o f EPCR.
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Figure 4.5.1: FXa reduction of LPS-induced TNFa secretion from THPl cells does not require 

interaction with EPCR: THPl cells were incubated w ith  RCR-252 (25ng/m l) fo r 30 minutes, 

prior to  incubation w ith  PBS (black bars)/ FXa {grey bars, 20nM) fo r 3 hours in assay buffer 3. 

Cells were then stimulated w ith  LPS (500ng/mL) fo r 4 hours after which TNFa secretion was 

measured using HEK Blue reporter cells. PBS trea tm ent (white bars) was used as a negative 

control. Experiment was perform ed in trip licate and data are presented as mean ± S.D.. [* *  =

p < 0 .0 1 ]

182



4.5.2: Role of LDLR family members in FXa regulation of LPS-induced cytokine secretion on 

myeloid cells

VKD coagulation proteases have recently been identified as novel ligands fo r LDLR fannily 

members tha t can mediate diverse functional activities. ApoER2 is a crucial regulator o f an ti

in flam m atory signalling by the FXa homolog APC on U937 monocytic cells^^^. Furthermore, 

another LDLR, lipoprotein receptor protein 1 (LRPl) can bind to  FXa in complex w ith  tissue 

factor pathway inh ib ito r (TFPI) to  facilita te FXa catabolism.

In order to  determ ine w hether an LDLR interaction might also modulate FXa an ti

inflam m atory activity on monocytes, we used receptor-associated protein (RAP), a protein 

which binds to  the ligand binding region o f all LDLRs. THPl cells were treated w ith  FXa in the 

presence o f RAP prior to  stim ulation w ith  LPS and TNFa secretion was measured. RAP did not 

induce TNFa secretion from  unstimulated cells and had no effect upon LPS-induced pro- 

inflam m atory cytokine production (Figure 4.5.2, white and black bars). The presence o f RAP, 

however, com pletely ablated FXa inhibition o f LPS-induced TNFa secretion (Figure 4.5.2, grey 

bars) indicating a prom inent role fo r an LDLR fam ily member as a m ediator o f FXa an ti

inflam m atory signalling on monocytes.
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Figure 4.5.2: FXa reduction of LPS-induced TNFa secretion from THPl cells requires LDLR 

family member interaction: THPl cells were incubated w ith  RAP (SOjiM) fo r 30 minutes, 

prior to  incubation w ith  PBS (black bars)/ FXa (grey bars, 20nM) fo r 3 hours in assay buffer 3. 

Cells were then stimulated w ith  LPS (500ng/mL) fo r 4 hours after which TNFa secretion was 

measured using HEK Blue reporter cells. PBS trea tm ent (white bars) was used as a negative 

control. Experiment was perform ed in trip licate and data are presented as mean ± S.D.. [ * * *

= p <  0.001]
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To examine the role o f LDLRs in FXa regulation o f pro-inflam m atory cytokine secretion on 

macrophages, BMDMs in were obtained from  w ild type BALB/c mice. BMDMs were treated 

w ith  FXa in the presence o f RAP. The cells were stimulated w ith  LPS and secretion of TNFa 

and IL-6 was measured by ELISA. As observed on THPl cells, FXa reduction o f LPS-induced 

secretion o f both TNFa (Figure 4.5.3 a) and IL-6 (Figure 4.5.3 b) was prevented by the 

presence o f RAP, indicating a crucial role fo r an LDLR fam ily member in FXa inhibition o f LPS 

inflam m atory signalling on both monocytes and macrophages.
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Figure 4.5.3: FXa reduction of LPS-induced cytokine secretion from macrophages requires 

LDLR family member interaction: Murine BMDMs were treated w ith  RAP (SOnlVI) fo r 30 

minutes prior to  incubation w ith  FXa (20nM) fo r 3 hours in assay buffer 3 and stimulated w ith  

LPS (50ng/mL) fo r 18 hours, (a) TNFa and (b) IL-6 secretion was determ ined by ELISA 

(Chapter 2.15). Experiments were performed in trip licate and data are presented as mean ± 

S.D.. [* = p< 0 .00 1 ]
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In order to  determ ine which LDLR was the target fo r RAP, THPl cells were incubated w ith FXa 

in the presence o f mouse monoclonal antibodies directed against the intracellular C-terminus 

and the extracellular N-term inus o f ApoER2 prior to  LPS treatm ent. In addition, mouse 

isotype IgG was added at an identical concentration to  both anti-ApoER2 antibodies. Neither 

the anti-ApoER2 antibodies nor the mouse isotype IgG induced TNFa secretion from 

untreated cells or had any effect upon LPS-induced pro-inflam m atory cytokine production 

(Figure 4.5.4 a, white and black bars). The presence of the antibody directed against the 

intracellular ApoER2 C-terminus had no effect on FXa anti-in flam m atory signalling (Figure 

4.5.4 a, grey bars). Similarly, mouse isotype IgG did not inhib it the effect o f FXa. The 

presence o f the antibody directed against the extracellular ApoER2 N-terminus, however, 

completely prevented FXa im pairm ent o f LPS-induced TNFa secretion (Figure 4.5.4 a, grey 

bars). The inh ib ito ry effect of ApoER2 blockade was dose-dependent (Figure 4.5.4 b), 

indicating a novel role fo r ApoER2 in enabling FXa anti-in flam m atory activity on THPl cells.
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Figure 4.5.4: FXa reduction of LPS-induced TNFa secretion from monocytes requires 

ApoER2 : (a) C-/N-terminal targeted anti-ApoER2 monoclonal antibody or control mouse IgG 

(lOng/mL) (b) N-terminal targeted anti-ApoER2 monoclonal antibody (0.625-10^g/mL) was 

incubated with THPl cells for 30 minutes, prior to incubation with PBS (a, black bars; b, 0 )/ 

FXa (a, grey bars; b, • ;  20nM) for 3 hours in assay buffer 3. Cells were then stimulated with 

LPS (500ng/mL) for 4 hours after which TNFa secretion was measured using HEK Blue 

reporter cells. PBS treatment (white bars) was used as a negative control. Experiments were 

performed in triplicate and data are presented as mean ± S.D.. [* * *  = p <0.001]
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4.6: The role of PARs in FXa regulation of LPS-induced cytokine secretion on

myeloid cells

FXa can activate both PARI and PAR2 to  mediate anti-in flam m atory activity on endothelial 

cells^^®. Blockade o f the FXa active site prevented inhibition of LPS- and Pam3CSK4-induced 

cytokine expression from  monocytes suggesting tha t activation o f PARI and/or PAR2 by FXa 

m ight contribute to  its regulation o f the TLR-induced pro-inflam m atory response.

To investigate a possible role fo r PARI, THPl cells were incubated w ith  FXa in the 

presence o f the function blocking anti-PARl antibody, ATAP2, prior to  stim ulation w ith  LPS, 

fo llowed by assessment o f TNFa secretion. PARI blockade did not induce TNFa expression 

from  unstimulated cells and had no effect upon LPS-induced pro-inflam m atory cytokine 

production (Figure 4.6.1 a, white and black bars). Similarly the presence o f ATAP2 did not 

inh ib it FXa im pairm ent o f LPS-induced TNFa secretion (Figure 4.6.1 a, grey bars).

To verify tha t FXa anti-in flam m atory signalling on monocytes occurs independently of 

PARI, PBMCs were treated w ith  a PARI antagonist (FR131117) prior to  incubation w ith  FXa. 

The cells were then stim ulated w ith  LPS and TNFa secretion was measured. PARI antagonism 

did not induce TNFa expression from  unstimulated cells and had no effect upon LPS-induced 

pro-inflam m atory cytokine production (Figure 4.6.1 b, white and blacl< bars). As was 

observed on THPl cells, blockade o f PARI failed to  prevent FXa impairm ent of LPS-induced 

TNFa secretion (Figure 4.6.1 b, grey bars) demonstrating tha t FXa regulation o f TLR 

activation on monocytes does not require PARI activation.
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Figure 4.6.1: FXa reduction of LPS-induced TNFa secretion from monocytes does not 

require PARI: (a) THPl cells were treated with ATAP2 (lOng/mL) for 30 minutes, prior to 

incubation with PBS (black bars)/ FXa [grey bars, 20nM) for 3 hours in assay buffer 3. Cells 

were then stimulated w ith LPS (500ng/mL) for 4 hours after which TNFa secretion was 

measured using HEK Blue reporter cells, (b) PBMCs were treated with FR171113 (1.25|iM) for 

30 minutes, prior to incubation with PBS (black bars)/ FXa (grey bars) for 3 hours in assay 

buffer 3, then stimulated with LPS (50ng/mL) for 18 hours. TNFa secretion was measured 

using ELISA. PBS treatment (white bars) was used as a negative control. Experiments were 

performed in triplicate and data are presented as mean ± S.D.. [* * *  = p <0.001]
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To investigate whether PAR2 activation is required for FXa regulation of LPS-induced cytokine 

expression, TH Pl cells were incubated with FXa for 3 hours in the presence of a PAR2 

antagonist (GB83), prior to stimulation with LPS. PAR2 antagonism did not induce TNFa 

expression from unstimulated cells and had no effect upon LPS-induced pro-inflammatory  

cytokine production (Figure 4.6.2 a and b). Blockade of PAR2, however, dose-dependently  

prevented FXa inhibition of LPS-induced TNFa secretion on TH P l cells (p < 0.001) (Figure 

4.6.2 a). Similarly, treatm ent of PBMCs with GB83 prior to FXa exposure and LPS stimulation 

resulted in a dose-dependent reduction in the anti-inflam m atory activity of FXa (p < 0.001) 

(Figure 4.6.2 b). A higher concentration of the PAR2 antagonist was required to achieved half 

maximal inhibition of the FXa anti-inflam m atory effect on PBMCs compared to TH P l cells 

( I C 5 0  ~ 1.4nM  compared to 0.3pl\/l on PBMCs and TH Pl cells, respectively) likely due to 

altered expression levels of PAR2 between TH Pl cells and primary monocytes. These results 

demonstrate that FXa regulation LPS-induced cytokine expression on monocytes is mediated 

via activation of PAR2.
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Figure 4.6.2: FXa reduces LPS-induced TNFa expression from monocytes via proteolytic 

activation of PAR2: (a) THPl cells or (b) PBMCs were treated with GB83 (0.0625-6.25|iM) 

prior to incubation with PBS (0) or FXa { • ;  20nM) for 3 hours in assay buffer 3. Cells were 

then stimulated with LPS (a, 500ng/mL; 4 hours) (b, 50ng/mL; 18 hours). TNFa secretion was 

determined (a) using HEK Blue TNFa reporter cells (b) by ELISA. PBS treatment (□ )  was used 

as a negative control. Experiments were performed in triplicate and data are presented as 

mean ± S.D..
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To investigate the role o f PAR2 in regulation o f macrophage cytokine expression by FXa, 

peritoneal macrophages (PECs) were isolated from  w ild type and PAR2 '̂ ' BALB/c mice and 

exposed to  FXa/ FXaoECR prior to  LPS stim ulation and secretion o f pro-inflam m atory cytokines 

was measured. LPS treatm ent induced sim ilar levels o f TNFa and IL-6 expression from  both 

w ild type and PAR2'^' macrophages and treatm ent o f w ild type PECs w ith  FXa significantly 

inhibited PEC pro-inflam m atory cytokine expression upon LPS stim ulation. TNFa and IL-6 

secretion was impaired by 76±13% and 76±16%, respectively (Figure 4.6.3 a and b, black 

bars). In keeping w ith  the impaired anti-in flam m atory activity o f F X 3 d e g r  on monocytes, 

FXaoEGR suppression o f TNFa and IL-6 production from  PECs was 2-3 fold impaired compared 

to  active FXa, reducing TNFa and IL-6 secretion expression by 35±16% and 34±16%, 

respectively, although this failed to  reach statistical significance.

Incubation o f PAR2‘ '̂ macrophages w ith  FXa prior to  LPS stim ulation mediated only a 

36±12% and 39±14% reduction in TNFa and IL-6 production, respectively (Figure 4.6.3 a and 

b, grey bars). The anti-in flam m atory effect o f FXa on PAR2’ ’̂ macrophages was half tha t of 

FXa on w ild type macrophages and failed to  reach statistical significance in the case o f TNFa. 

Prior exposure to  FXaoEGR reduced pro-inflam m atory cytokine secretion to  a sim ilar degree on 

both w ild type and PAR2'^' macrophages (Figure 4.6.3 a and b). Furthermore the efficacy o f 

FXaoEGR was sim ilar to  tha t o f fu lly  active FXa on PAR2'^‘ macrophages. Collectively, these data 

indicate tha t FXa proteolytic activation o f PAR2 is required fo r FXa regulation o f TLR-induced 

cytokine secretion on primary macrophages.
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Figure 4.6.3: FXa reduces LPS-induced cytokine secretion from macrophages via proteolytic 

activation of PAR2: M urine PECs were isolated from  w ild type {black bars) and PAR2'^' {grey 

bars) BALB/c mice and exposed to  PBS/FXa/FXaDEGR (20nM) fo r 3 hours in assay buffe r 3 prior 

to  stim ulation w ith  LPS (20ng/mL) fo r 18 hours, (a) TNFa and (b) IL-6 secretion was 

determ ined by ELISA. PBS trea tm ent was used as a negative control. Experiments were 

performed in trip lica te  and data are presented as mean ± S.D.. [ * *  = p < 0.01; * = p < 0.05]
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4.7: Discussion

4.7.1: FXa regulates TLR-induced pro-inflammatory signalling on myeloid cells

Numerous studies have shown that APC can initiate anti-inflammatory signalling on myeloid 

The aim of this chapter was to define the role of homologous VKD 

proteases in regulating monocyte and macrophage inflammatory signalling pathways. FVIIa

156 158 292 293and FXa have been described to drive the response to pro-inflammatory stimuli ' ' , .

FVIIa increases secretion of pro-inflammatory cytokines IL-6 and IL-8^^  ̂ and production of

293reactive oxygen species from monocyte derived macrophages upon LPS stimulation . 

Similarly, exposure to FXa has been reported to induce pro-inflammatory cytokine expression 

from HUVECs and macrophages^^®'^^®.

In contrast, incubation of THP-1 cells with APC, FVIIa, FIXa or FXa induced negligible 

TNFa expression in the current study (Figure 4.1.3) and similarly, exposure to FXa failed to 

stimulate a pro-inflammatory response on BMDMs (Figure 4.1.7). The paradoxical effects of 

FXa and FVIIa reported may occur as a result of divergent experimental conditions. In each of 

the above studies, cells were exposed to FVIIa or FXa for extended time periods ranging from 

12 to 48 hours to illicit pro-inflammatory effects. Interestingly, a study by Bachli et al. (2003) 

identified that the duration of exposure impacts hugely upon the nature of FVIIa and FXa 

signalling^®^. In this study, incubation of murine fibroblasts with FVIIa or FXa for 12-24 hours 

significantly increased expression and secretion of MCP-1, IL-6 and IL-8 while incubation of 

the same celts with the same concentration of FVIIa or FXa for 1-9 hours failed to induce pro- 

inflammatory cytokine production, in keeping with our observations.
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Moreover, the FVIIa or FXa concentrations used varied greatly between studies and in 

all cases far exceeded those utilized in the data described in this thesis. Notably, at high 

concentrations (200nM) APC can also mediate pro-inflammatory effects and disrupt 

endothelial cell barrier integrity^^^. Conversely, at very low concentrations (50pM) thrombin 

can elicit both barrier protective and anti-apoptotic effects on endothelial cells^^^. Recent 

work investigating the effect of FXa activation of PARs on endothelial ceils has indicted that 

anti-inflammatory and cytoprotective effects are observed when cells are exposed to lower 

concentrations of FXa (5-20nM) for shorter durations Incubation of

myeloid cells with similar concentrations of FXa for a similar duration as described in this 

chapter also produced anti-inflammatory effects. Collectively, these studies suggest that 

coagulation proteases can differentially regulate inflammatory signalling pathways 

depending on the experimental conditions used.

As previously described, pre-incubation with APC inhibited the THP-1 cell and PBMC 

inflammatory response to LPS stimulation (Figure Coagulation FVIIa and FIXa

neither diminished nor enhanced TNFa secretion however, pre-incubation with FXa 

significantly inhibited the response to LPS on THPl cells and PBMCs (Figures 4.1.3 and 4.1.6). 

The effect of FXa was dose-dependent with a greater than 50% reduction in TNFa expression 

observed as a result incubation with <3nM FXa. Of note, the anti-inflammatory effect was 

only observed upon cells pre-incubated with FXa for at least 1 hour before LPS stimulation 

(Figure 4.1.4). This suggests that FXa signalling must be initiated prior to the application of an 

inflammatory stimulus and indicates that that the discrepant reported pro- and anti

inflammatory effects of FXa may be further explained by differences in experimental design.
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Incubation o f THPl cells w ith  FXa did not alter cell v iab ility  (Figure 4.1.5), consistent w ith  a 

study published by Borensztajn et al. (2007), which reported tha t while capable o f inducing 

apoptosis on various cancer cell lines, FXa signalling has no effect on monocyte viability^®^. 

FVa acts as a cofactor fo r FXa procoagulant function in the prothrom binase complex. The 

presence o f FVa had no effect on FXa anti-in flam m atory signalling on monocytes (Figure 

4.3.3). This is in keeping w ith  a study published by Riewald et al. (2001), which reported that 

the presence o f FVa did not alter FXa PAR-mediated activation of MARK on HeLa cells^^^. FVa 

is therefore an im portant cofactor fo r procoagulant activity, but cannot modulate FXa 

signalling functions.

The ability o f FXa to  regulate cytokine expression was not lim ited to  tha t induced by 

TLR4 activation. Monocytes and macrophages express m ultip le TLRs which individually 

recognize specific PAMPs^^°. Experiments in which synthetic agonists directed against specific 

TLRs were co-incubated w ith  FXa demonstrated tha t FXa regulates the cytokine response to 

activation o f m ultip le TLR homo- and hetero-dimers (including TLR 1/2, TLR2/2, TLR5/5 and 

TLR2/6) (Figure 4.2.2). Despite the specificity o f activating PAMPs, there  is substantial 

overlap w ith in  the network o f intracellular mediators which co-ordinates and regulates the 

signalling pathways induced by d iffe rent TLRs^®°. All TLRs w ith  the exception o f TLR3 signal 

via MyD88-dependent activation o f IRAKs that, fo llow ing activation o f fu rth e r downstream 

kinases, leads to  NF-kB activation and up-regulation o f pro-inflam m atory cytokine

289expression

Similarly, negative regulators of TLR signalling are highly conserved. IRAKM and SOCSl 

are reported to  reduce cytokine expression by TLR4 and TLR9 and are speculated to  partake
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in regulation o f inflam m atory signalling mediated by activation o f o ther TLRs^®°. Activation of 

PI3K has also been described to  inh ib it TLR2-, TLR4- and TLR-9 induced inflammation in vivo. 

The broad anti-in flam m atory effect o f FXa in response to  activation of m ultip le TLRs suggests 

tha t FXa functions to  modulate shared downstream components o f TLR signalling pathways.

NF-kB is the major transcription factor tha t regulates genes responsible fo r the 

cytokine response to  TLR activation on monocytes and macrophages. Upon stim ulation, TLRs 

initia te a cascade o f phosphorylation events through which NF-kB becomes activated 

enabling it to  enter the nucleus and up regulate expression o f specific genes including those 

encoding pro-inflam m atory cytokines^®°. Prior exposure to  FXa directly inhibited LPS-induced 

activation o f NF-kB on THPl cells (Figure 4.4.1). This result is in keeping w ith  reports tha t FXa 

reduces TNFa-induced NF-kB activation on endothelial cells^^® and indicates tha t the an ti

inflam m atory effect o f FXa is achieved prim arily by regulation of a component of the 

pathway controlling TLR induced NF-kB activation, rather than by impairm ent o f receptor 

activation or inflam m atory cytokine release.

Transcriptional regulation o f pro-inflam m atory gene expression is achieved through 

m odulation o f positive and negative signal transduction pathways. The PI3K pathway has 

been implicated in both negative^®'*'^^^ and positive^®^ regulation o f TLR induced pro- 

in flam m atory signalling. Im portantly, activation o f the PI3K pathway in human monocytes 

and THP-1 cells is demonstrated to  lim it LPS-induction o f TNFa expression^®^. Interestingly, 

regulation o f PI3K signalling by other homologous VKD proteases has been described 

previously. APC phosphorylation o f the adaptor protein disabled-1 (Dabl) activates PI3K 

signalling resulting in AKT phosphorylation and reduced TNFa expression by U937
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monocytes^^^. Consistent with this, the ability of FXa to regulate TLR2 and TLR4-induced 

TNFa expression from PBMCs and THPl cells was completely and dose-dependently 

abolished by the PI3K inhibitor Wortmannin (Figures 4.4.2 and 4.4.3), suggesting FXa 

inhibition of pro-inflammatory cytokine production on monocytes is achieved via PI3K- 

dependent negative regulation of NF-kB activation.
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4.7.2; FXa regulation of TLR-induced pro-inflammatory signalling requires ApoER2 and 

proteolytic activation of PAR2

FXa cytoprotective signalling on endothelial cells is mediated via interaction with EPCR̂ ^̂  and 

a FXa truncation missing the EPCR-binding Gla domain failed to reduce LPS- and Pam3CSK4- 

induced TNFa expression from THPl cells (Figures 4.3.1 and 4.3.5). The presence of a 

function blocking anti-EPCR antibody did not prevent the anti-inflammatory effect of FXa on 

monocytes how/ever, (Figure 4.5.1) demonstrating that FXa signalling on myeloid cells occurs 

independently of EPCR. Interestingly, the anti-inflammatory function of APC on monocytes 

also occurs independently of EPCR via a RAP sensitive mechanism, which specifically requires 

APC interaction with ApoER2^^ '̂^^ '̂ '̂’ .̂

FXa reduction of LPS-induced TNFa expression on monocytes was abolished in the 

presence of RAP and also by a monoclonal antibody directed against the ligand binding 

domain of ApoER2 (Figures 4.5.2 and 4.5.4). These results identify ApoER2 as a critical 

receptor not only in APC, but also in FXa mediated anti-inflammatory signalling on 

monocytes. ApoER2 is an LDLR comprised of 5 domains; a ligand binding domain, an EGF-like

298domain, an 0-glycosylation domain, a transmembrane domain and a cytoplasmic domain 

Similar to other LDLR family members, the cytoplasmic domain of ApoER2 contains an NXPY 

motif. Upon interaction with a signalling ligand, the NXPY m otif of ApoER2 facilitates 

phosphorylation of Dabl by Fyn and Src kinases which in turn induces activation of PI3K and 

GSK33 signalling pathways^®®. This model is in keeping with the wortmannin sensitivity of FXa 

anti-inflammatory signalling on monocytes. White et al. (2008) identified that APC directly 

binds to ApoER2 with high affinity^"*^. Whether the anti-inflammatory effect of FXa occurs as
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a result of interaction between FXa and ApoER2 or participation of ApoER2, in an FXa- 

receptor signalling complex remains to be elucidated. The anti-inflammatory effect of FXa on 

murine macrophages was also inhibited by the presence of RAP (Figure 4.5.3). A previous 

study failed to identify the presence of ApoER2 on murine BMDM suggesting that an 

alternative, as yet unidentified, LDLR distinct from ApoER2 facilitates the RAP sensitive anti

inflammatory effect of FXa on murine macrophages^^®.

Active site blockade substantially diminished the effect of FXa on LPS- and Pam3CSK4- 

induced TNFa expression on both monocytes (Figures 4.3.2 and 4.4.6) and macrophages 

(Figure 4.6.3), indicating a prominent role for FXa proteolytic activity in mediating anti

inflammatory activity and strongly suggesting the involvement of 1 or more PARs. Consistent 

with this finding are recent studies which demonstrate that FXa signalling is primarily 

mediated via proteolytic activation of PARI and/or PAR2^^®'^^ '̂^ '̂’ . FXa can mediate cellular 

signalling via activation of both PARI and PAR2 on different cell types but what dictates FXa's 

preferred target PAR is unknown. Neither a function-blocking anti-PARl antibody nor a PARI 

antagonist had any effect on FXa reduction of LPS-induced cytokine production from THPl 

cells or PBMCs (Figure 4.6.1). The anti-inflammatory effect of FXa on monocytes was 

completely prevented by the presence of a PAR2 antagonist however (Figure 4.6.2). In 

addition, truncation of FXa's Gla domain, which reportedly reduces FXa proteolytic cleavage 

of PAR2^®\ completely prevented the anti-inflammatory effect of FXa.

FXa exhibited a significantly reduced ability to inhibit LPS-induced cytokine production 

on PAR2' '̂ macrophages compared to wild type macrophages (Figure 4.6.2) further 

confirming that FXa anti-inflammatory activity on myeloid cells is mediated by PAR2
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activation. This is in agreement with previous studies, which indicate that anti-PAR2 

antibodies block FXa-dependent reduction of NF-kB activation in response to TNFa 

treatment^^^'^^^. Of note, PAR2 activation facilitates GOq-dependent PI3K activation^^^. Given 

the wortmannin-sensitivity of FXa anti-inflammatory activity on monocytes, PAR2-dependent 

activation of PI3K signalling represents a potential mechanism by which FXa suppression of 

LPS-induced cytokine production is mediated.

Notably, the FXa inter-EGF sequence Leu®̂  -  Leu®® has previously been identified as 

crucial for FXa activation of PAR2 '̂'°'^®  ̂and is postulated to mediate binding to a putative FXa 

myeloid cells receptor, EPR-1^°°. The existence of a FXa receptor corresponding to EPR-1 has 

been questioned based on the inability to detect EPR-l-specific mRNA transcripts^®^ 

however, 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-1̂ ^̂ '̂ ®®. Furthermore, EPR-1 binding has been reported to localize FXa proximal to 

PAR2, supporting its preferential activation^''®.

A peptide mimic of the FX inter-EGF sequence, FXgs-gg, produced a dose-dependent 

decrease in the ability of FXa to regulate LPS-stimulated cytokine production by THP-1 cells 

such that FXa anti-inflammatory activity could be completely blocked (Figures 4.3.4 and 

4.3.7). This suggests that FXa interaction with a putative cell surface receptor via Leu®̂ -Leu®® 

is required in this signalling function. Of note, bovine FXa was unable to mount a comparable 

anti-inflammatory response to that of human FXa (Figures 4.3.1 and 4.3.5). The inter-EGF 

sequence of bovine FXa in not conserved with that of its human counterpart, providing a 

possible explanation for species-specific loss of function.
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4.7.3 Conclusion

Our results indicate that exogenous FXa is comparable to APC in limiting pro-inflammatory  

cytokine production on monocytes and macrophages using in v itro  cellular assays of 

inflammation. The global impact of FXa regulation of TLR responsiveness in vivo remains to 

be investigated.

The continuation of this project aims to  ascertain whether FXa signalling on 

monocytes and macrophages is likely to be of physiological or pathological significance in 

vivo. Myeloid cell-specific APC anti-inflam m atory signalling is crucial in protecting mice from  

LPS-induced lethality“ '̂ '̂'°. Assessment of the efficacy of FXa in this setting, however, is 

complicated by multiple confounding factors. FXa has potent procoagulant activity and 

therefore administration of exogenous FXa may induce throm botic complications in vivo. 

Additionally, once generated FXa is rapidly inhibited by serpins in plasma^°^ limiting the half 

life of exogenously administered FXa and therefore the duration of potential anti

inflammatory signalling in vivo. Prior studies that have utilized modified recombinant APC 

variants^"* with signalling-selective activity to regulate murine endotoxemic responses 

provide useful insight as to how the anti-inflam m atory activity of exogenous FXa could be 

investigated in vivo.

We intend to design and generate recombinant FXa variants with impaired ability to  

assemble into the prothrombinase complex and /or associate with inhibitors, but which retain 

the ability to associate with newly-identified myeloid cell surface receptors. Specific residues 

which are crucial for FXa interaction with its cofactor FVa have been identified^°^'^°^. 

Mutation of such residues prevents FXa incorporation into the prothrombinase complex and
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reduces FXa procoagulant potency > 5-fo ld . Similarly, the  m olecular regions w ith in  FXa which  

are recognised by the  inhib itory serpins an ti-th rom bin  and protein  Z have been  

described^°‘’’^° .̂ M u ta tio n  o f residues contained w ith in  these regions could potentia lly  extend  

the  half life o f exogenously adm inistered recom binant FXa in vivo.

Com bination o f these functional m utations will provide recom binant FXa variants  

w ith  reduced procoagulant potency and sim ultaneously reduced affin ity  fo r inhibitory  

serpins. The an ti-in flam m ato ry  signalling capabilities o f these variants in response to  TLR 

activation upon monocytes and m acrophages will be assessed using in vitro  cellular assays o f 

in flam m ation  and u ltim ate ly  used to  investigate th e  effect o f FXa an ti-in flam m ato ry  activity  

in m urine models o f in flam m atory disease. This fu tu re  w ork will yield fu rth e r insight as to  

w h e th e r the  unanticipated an ti-in flam m atory  activity o f FXa can be converted into  novel 

therapeu tic  approaches fo r acute an d /o r chronic in flam m atory  disorders, sim ilar to  APC.
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CHAPTER 5: THE ROLE OF APC GLYCOSYLATION IN PARl- 

DEPENDENT CYTOPROTECTIVE SIGNALLING

5.1: Effect of enzymatic removal of N-linked givcans on APC anti-inflammatory 

signalling on monocytes

P A R l-dep en den t cytoprotective signalling by APC on endothelia l cells is regulated by an N- 

linked carbohydrate m oiety at Asn-329^^°. To deternnine th e  m echanism through which N- 

iinked glycans on APC m odulate  cellular signalling and also w h e th e r APC glycosylation 

regulates P A R l-independent signalling, APC and APC N-linked sequon variants w ere  

investigated fo r th e ir ability to  m ediate an ti-in flam m atory  activity on LPS-stimulated 

monocytes.

5.1.1: Enzymatic removal of APC N-linked glycans

To investigate th e  role o f APC glycosylation in m ediating P A R l-independent an ti

in flam m atory  signalling on m onocytes, APC N-linked glycans w ere  digested w ith  an N- 

glycosidase (PNGase F). PNGase F fully rem oves N -linked glycans by cleaving betw een  

glycosylated Asn residues and the  innerm ost GlcNAc o f th e  oligosaccharides chain (Chapter 

2.9). APC was incubated w ith  PNGase F fo r 1 hour at 37°C. APC and PNGase F -treated  APC 

(A P C pn g ) w ere  then  subjected to  SDS-PAGE and Comassie staining under non-reducing  

conditions (C hapter 2.6).
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Untreated APC migrated as a double band representing a and 3 glycoforms of APC 

(Figure 5.1.1). The doublet appeared just below the 60kDa marker indicating a molecular 

weight of between ~50 and 60kDa. APCrng migrated further suggesting a molecular weight of 

between ~45 and SOkDa (Figure 5.1.1). The reduced molecular weight of APCrng 

demonstrates the successful removal of N-linked glycans via treatment with PNGaseF.

kPa APC APCpNG
100

60

45

Figure 5.1.1; Enzymatic removal of N-linked glycans from APC using PNGase F: APC (Ipig) 

was incubated with PNGase F (1000 U) at 37°C for 1 hour. APC and APCpng (both SOOng) were 

subjected to 4-20% SDS-PAGE under non-reducing conditions. Comassie staining was 

performed (Chapter 2.6).
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To determ ine w hether removal o f N-linked glycan moieties influences APC active site 

function, the rate of hydrolysis o f an APC-specific synthetic tripeptide  chromogenic substrate 

(p-Glu-Pro-Arg-pNA.HCi) (CS-21(66)) by APC and APCpng was compared (Chapter 2.5). The 

rate o f CS-21(66) hydrolysis by APCpng did not d iffe r significantly from  tha t o f untreated APC, 

demonstrating tha t enzymatic removal o f APC N-linked glycans does not effect am idolytic 

activ ity (Figure 5.1.2 a).

APCpng inhibition o f TF-initiated throm bin generation in PC-deficient plasma was 

determ ined to  assess the effect o f N-linked glycans on APC anticoagulant function. Initiation 

o f coagulation w ith  soluble TF (Ip M ) and CaCb (16.67mM) resulted in rapid generation of 

throm bin (Figure 5.1.2 b, red line). As expected, APC attenuated TF-initiated throm bin 

generation such tha t peak throm bin generated was reduced ~3.5-fold by 3nM APC (Figure 

5.1.2 b, blue line). Enzymatic removal o f N-linked glycans enhanced APC attenuation o f TF- 

in itiated throm bin generation w ith  3nM APCpng causing a ~7-foid reduction in peak throm bin 

generated (Figure 5.1.2 b, green line), corresponding to  an approximately 2-fold increase in 

anticoagulant activity upon PNGase digestion.
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Figure 5.1.2: APCpng hydrolyses a chromogenic substrate w ith simitar efficacy to  APC, but 

displays enhanced anticoagulant function in plasma

(a) Amidolytic activity of APC ( • )  and APCpng (0 ) (both lOOOnM) was determ ined by 

measuring the rate of hydrolysis of the APC-specific synthetic chromogenic substrate CS- 

21(66) (2m g/m l) over tim e. The reaction was carried out at room tem perature in a buffer 

containing lOOmM NaCI and 20m M  Tris-HCI (pH 7.5) with 2.5m M  CaCb and O .lm g/m l BSA. 

APC amidolytic activity is expressed in terms of substrate cleaved, measured at OD405nm- The 

rate of CS-21(66) hydrolysis between samples was compared using liner regression, with  

statistical significance set at p < 0.05. Experiments were performed in duplicate and are 

presented as mean ± S.D.. (b) The anticoagulant activity of APC and APCpng was assessed in 

PC-deficient plasma using a thrombin generation assay. Plasma was incubated with sTF and 

phospholipid vesicles (4nM ; 60% phosphatidylcholine, 20% phosphatidylserine and 20% 

phosphatidylethanolamine) and APC (blue line; 3nM ) or APCpng (green line; 3nM ) was added. 

Thrombin generation was initiated with CaCIa and measured by comparing rate of 

fluorogenic substrate hydrolysis to a thrombin standard. Thrombin generated in the absence 

of APC is represented by the red line.
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5.1.2: APC anti-inflammatory signalling on monocytes

APC-mediated cellular signalling on monocytic cells inhibits pro-inflam m atory cytokine 

release in response to  LPS^^ .̂ The anti-in flam m atory activity o f APC on monocytes is PARI 

independent, instead, APC interacts w ith  ApoER2 to  in itia te  a poorly understood signalling 

pathway tha t involves PI3K, reelin-dependent signalling.

To confirm the absence o f a role fo r PARI in APC signalling on monocytes, THPl cells 

were incubated w ith  APC in the presence and absence o f the function blocking anti-PARl 

antibody, ATAP2, then stim ulated w ith  LPS. LPS-induced TNFa secretion from  THPl cells was 

then measured using HEK Blue TNF-a/IL-l|3 reporter cells (Chapter 4.1.1). Treatm ent o f cells 

w ith  LPS induced robust secretion of TNFa (Figure 5.1.3 a, black bars). As expected, blockade 

o f PARI did not induce TNFa expression from  unstimulated cells and had no effect upon LPS- 

induced pro-inflam m atory cytokine production (Figure 5.1.3 a, white and black bars). 

Incubation w ith  APC significantly inhibited the cytokine response to  LPS stim ulation resulting 

in a 55±11% reduction in TNFa secretion fo r LPS-treated THPl cells (Figure 5.1.3 a, grey 

bars). As was observed on PBMCs (Figure 3.2.5), inh ib ition o f PARI did not impair the anti

in flam m atory effect o f APC.

To confirm  the role o f ApoER2 in APC PARl-independent signalling on monocytes, 

THPl cells were incubated w ith  APC in the presence o f a mouse monoclonal antibody 

directed against ApoER2 prior to  stim ulation w ith  LPS. The anti-ApoER2 antibody did not 

induce TNFa secretion from  untreated cells and had no effect upon LPS-induced pro- 

in flam m atory cytokine production (Figure 5.1.3 b, white and black bars). However, its
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presence completely prevented APC im pairm ent o f LPS-induced TNFa secretion (Figure 5.1.3 

b, grey bars).

Finally, v^/ortmannin was used to  confirm  the requirem ent fo r PI3K pathway activation 

to  facilitate APC anti-in flam m atory activ ity on monocytes. THPl cells were treated w ith  APC 

in the  presence o f wortm annin prior to  stim ulation w ith  LPS and secretion o f TNFa was 

measured using HEK Blue cells. W ortm annin trea tm ent did not induce TNFa expression from  

THPl cells, but did result in a small increase in LPS-induced TNFa secretion (Figure 5.1.3 b, 

white and black bars). Its presence alongside APC completely prevented APC inhib ition of 

TNFa secretion in response to  LPS (Figure 5.1.3 b, grey bars). Collectively, these data confirm  

tha t APC anti-in flam m atory signalling on monocytes occurs via ApoER2-mediated PI3K 

pathway signalling and does not require PARI activation.
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Figure 5.1.3; APC reduction of LPS-induced TNFa secretion from THPl cells does not require 

PARI: THPl cells were treated with (a) ATAP2 (lOng/mL) (b) an anti-ApoER2 monoclonal 

antibody (10|ig/mL) (c) wortmannin (1.25nM) for 30 minutes, prior to incubation with PBS 

(black bars) or APC (grey bars, 20nM) for 3 hours in assay buffer 3. Cells were then 

stimulated with LPS (500ng/mL) for 4 hours, after which TNFa release was measured using 

HEK Blue reporter cells, as before. AP activity in the cell supernatant is presented as a 

percentage of maximal AP activity induced by LPS (i.e. 100%). Experiments were performed 

in triplicate and data are presented as mean ± S.D.. [* = p < 0.05]
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To investigate the role o f glycosylation in APC PARl-independent signalling on monocytes, 

THPl cells were incubated w ith  APC or APCpng prior to  stim ulation w ith . As expected, 

incubation o f THPl cells w ith  APC resulted in a dose-dependent reduction in LPS-induced 

TNFa production (Figure 5.1.4, circles). Incubation w ith  APCpng resulted in sim ilar a reduction 

in TNFa secretion. The anti-in flam m atory efficacy of APCrng did not d iffe r significantly from 

tha t o f untreated APC at all concentrations tested (Figure 5.1.4, triangles), dem onstrating 

tha t N-linked glycan m odification does not significantly influence ApoER2-dependent APC 

anti-in flam m atory signalling on THPl cells.
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Figure 5.1.4: APC and APCpng reduce LPS-induced TNFa secretion from THPl cells with 

similar efficacy: THPl cells were incubated w ith  APC ( • )  or APCpng( A) (both 1.25-20nM) fo r 

3 hours in assay buffer 3 prior to  stim ulation w ith  control PBS {open symbols) or LPS (closed 

symbols; 500ng/mL) fo r 4 hours. TNFa secretion was measured using HEK Blue reporter cells. 

The experim ent was perform ed in trip licate and data are presented as mean ± S.D.. Statistical 

significance was set at p < 0.05.
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5.1.3: APC anti-inflammatory signalling on macrophages

Unlike monocytes, APC inhibition of pro-inflammatory cytokine release in response to LPS on 

murine macrophages is PARl-dependent. APC anti-inflammatory signalling on macrophages 

occurs via interaction with CDllb/CD18 integrin followed by activation o f PARl^^®. To 

establish as assay to investigate the anti-inflammatory activity of APC on macrophages, 

immortalised murine macrophage cells (RAW264.7) were treated with APC for 3 hours 

followed by stimulation with LPS for 18 hours. Secretion of TNFa and IL-6 was subsequently 

measured by ELISA. APC significantly inhibited pro-inflammatory cytokine release in response 

to LPS stimulation, reducing TNFa and IL-6 secretion by 31±4% and 38±5%, respectively 

(20nM; p < 0.05) (Figure 5.1.5 a and b).
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Figure 5.1.5: APC reduces LPS-induced pro-inflammatory cytokine secretion from  

RAW264.7 macrophages: RAW264.7 macrophages were incubated w ith  APC (20nM) fo r 3 

hours in assay buffer 3 prior to  stim ulation w ith  LPS (50ng/mL) fo r 18 hours. Secretion o f (a) 

TNFa and (b) IL-6 was measured by ELISA. Experiments were perform ed in trip licate and data 

are presented as mean ± S.D.. [*  = p < 0.05]
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To confirm  the requirem ent fo r PARI in APC anti-in flam m atory signalling on LPS-stimulated 

macrophages, 2 approaches were used. Firstly, APC treated w ith  a tripep tide  chloromethyl 

ketone inh ib ito r (APCdegr) to  block enzymatic activity was used to  prevent APC proteolysis of 

PARI (Chapter 3.1.1). RAW264.7 macrophages were treated w ith  APCdegr then stimulated 

w ith  LPS. In contrast to APC, APCdegr failed to  significantly reduce LPS-induced TNFa 

secretion (Figure 5.1.6 a), confirm ing the need fo r proteo lytic activity to  enable APC anti

in flam m atory signalling on macrophages.

Secondly, RAW264.7 macrophages were treated w ith  a PARI antagonist (FR131117) 

prior to  incubation w ith  APC. Cells were then stimulated w ith  LPS and secretion o f TNFa was 

measured. FR131117 treatm ent alone did not induce cytokine expression from  the 

RAW264.7 cells and did not affect in LPS-induced cytokine production (Figure 5.1.6 b, white 

and black bars). In combination w ith  APC, FR131117 prevented inhib ition o f TNFa secretion 

in response to  LPS stim ulation (Figure 5.1.6 b, grey bars). Collectively, these results 

demonstrate tha t APC anti-in flam m atory signalling on RAW246.7 macrophages requires 

proteolytic activation o f PARI.
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Figure 5.1.6: APC-mediated reduction of LPS-induced pro-inflammatory cytokine secretion 

from RAW264.7 macrophages requires proteolytic activation of PARI: (a) RAW264.7 

macrophages were incubated with ARC or A P C qegr (20nM) for 3 hours in assay buffer 3 prior 

to stimulation with LPS (50ng/mL) for 18 hours. Secretion of TNFa was measured by ELISA, 

(b) RAW264.7 macrophages were treated with FR171113 (1.25|iM) for 30 minutes, prior to 

incubation with PBS (black bars) or APC (grey bars) for 3 hours in assay buffer 3, then 

stimulated with LPS (50ng/mL) for 18 hours. Secretion of TNFa was measured by ELISA. PBS 

treatment (white bars) was used as a negative control. Experiments were performed in 

triplicate and data are presented as mean ± S.D.. [* = p < 0.05]
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To determine whether, similar to endothelial cells, APC de-glycosylation enhances PARl- 

dependent signalling on macrophages, RAW264.7 cells were incubated w ith APCpng prior to 

stimulation with LPS. As expected, incubation of RAW264.7 cells with APC resulted in a dose- 

dependent reduction in LPS-induced TNFa and IL-6 expression (p < 0.01) (Figure 5.1.7 a and 

b). Enzymatic removal of N-linked glycans enhanced APC attenuation of the cytokine 

response to  LPS stimulation ~2-fold. 20nM APCpng reduced secretion of TNFa and IL-6 by 

49±10% and 66±7%, respectively, compared with 27±9% and 36±7% in the case of untreated 

APC (p < 0.01) (Figure 5.1.7 a and b).
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Figure 5.1.7: PNGase F treatment enhances APC reduction of LPS-induced pro- 

inflammatory cytokine secretion from RAW264.7 macrophages: RAW264.7 macrophages 

were incubated w ith  APC (black bars) or APCpng bars) (both 5-20nM) fo r 3 hours in 

assay buffer 3 prior to  stim ulation w ith  LPS (50ng/mL) fo r 18 hours. Secretion of (a) TNFa and 

(b) IL-6 was measured by ELISA. Experiments were performed in trip licate and data are 

presented as mean ± S.D.. [ * *  = p < 0.01]
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APCpNG enhanced anti-in flam m atory signalling on prim ary murine macrophages (BMDMs) 

was also examined. BMDMs were exposed to  APCpng fo llow ed by stim ulation w ith  LPS. As 

observed on RAW264.7 cells, ARC significantly inhibited LPS-induced production o f TNFa and 

IL-6 by 28±1% and 27±2%, respectively (Figure 5.1.8 a and b). Enzymatic removal o f N-linked 

glycans significantly enhanced APC inhib ition o f LPS-induced cytokine expression. APCrng 

trea tm ent reduced secretion o f TNFa and IL-6 by 58±3% and 52±3%, respectively (Figure 

5.1.8 a and b). This represents a 2-fold enhancement in APC anti-in flam m atory signalling 

efficacy, sim ilar to  tha t observed on RAW264.7 cells, and confirms tha t N-linked glycan 

structures also regulate PARl-dependent anti-in flam m atory signalling by APC on murine 

macrophages.
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Figure 5.1.8: PNGase F treatment enhances APC reduction of LPS-induced pro- 

inflammatory cytokine secretion from BMDMs: M urine BIVIDMs were obtained from  the 

femurs and tib ia o f wild type BALB/c mice (Chapter 2.1.3 and 2.1.4) and incubated w ith  APC 

or APCpNG (50nM) fo r 3 hours in assay buffer 3 prior to  stim ulation w ith  LPS (50ng/mL) fo r 18 

hours. Secretion o f (a) TNFa and (b) IL-6 was measured by ELISA. Experiments were 

perform ed in trip licate and data are presented as mean ± S.D.. [* *  = p < 0.01]
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5.1.4: Effect of enzymatic removal of N-linked glycans on APC proteolysis of PARI

cells were used to investigate the mechanisnn of glycosylation-regulated APC 

proteolysis of PARI. As PNGase F was not rennoved from the deglycosylated APC samples, 2 

approaches were used to ensure that PNGase F treatment did not independently affect PARI 

proteolysis in this assay system. Firstly, the efficacy of thrombin and APC proteolysis of PARI 

on cells pre-treated with PNGase F was compared to that of untreated cells.

Cells were incubated with PNGase F (24 U/mL; a concentration consistent w ith that present 

after addition of PNGase F to protein samples) for 3 hours. Cells were then washed with PBS 

and treated with thrombin or APC for a further 3. As expected, treatment with thrombin or 

APC induced release of AP into the cell supernatant from untreated cells (Figure 5.1.9 a, 

white bars). No difference in proteolysis of AP-PARl by thrombin or APC treatment was 

observed between PNGase F-treated and untreated cells (Figure 5.1.9 a,

white and black bars). Secondly, thrombin was incubated with PNGase F (24U/mL) at 37°C 

for 1 hour and incubated with cells for 3 hours. PNGase F treatment did not

alter thrombin proteolysis of PARI (Figure 5.1.9 b). These results demonstrate that PNGase F 

does not independently affect proteolysis of AP-PARl on cells.
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Figure 5.1.9: Effect of PNGase F treatment on activation of AP-PARl on 

cells; (a) cells were treated w ith  control PBS (white bars) or PNGase F (black

bars; 1000 U) fo r 3 hours fo llowed by incubation w ith  throm bin (In M ) or APC (lOOnM) fo r 3 

hours in assay buffer 1 and AP activity in the cell supernatant was measured using QUANTI 

Blue, (b) Thrombin (lu g ) was incubated w ith  PNGase F (1000 U) at 37°C fo r 1 hour then 

incubated w ith  cells fo r 3 hours in assay buffer 1 and AP activ ity in the ceil

supernatant was assessed. Experiments were performed in trip licate and data are presented 

as mean ± S.D.. Statistical significance was set at p < 0.05.
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To investigate the role o f glycosylation in APC proteolysis o f PARI, cells were

incubated w ith  APC or APCrng fo r 3 hours. As expected, treatm ent w ith  APC resulted in dose- 

dependent liberation o f AP into the cell supernatant (Figure 5.1.10, closed circles). Enzymatic 

removal o f N-linked glycans significantly increased APC activation o f PARI. The rate o f 

proteolysis o f PARI by APCpng was enhanced 2-3-fold compared w ith  untreated APC (p < 

0.001) (Figure 5.1.10, open circles) demonstrating tha t N-linked glycans modulate PARI 

activation by APC. This novel role fo r APC glycosylation as a negative regulator of PARI 

activation is consistent w ith  the improved capacity of APCpng to  activate PARI dependent 

anti-in flam m atory signalling on macrophages but not ApoER2-mediated signalling pathways 

on monocytes.
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Figure 5.1.10: PNGase F treatment enhances APC activation of PARI on 

cells: 2931^ '̂"' '̂^ '̂’''’ '̂̂  ̂ ceils were incubated with APC ( • )  or APCrng (0) (both 12.5-50nM) for 3 

hours in assay buffer 1 and AP activity in the cell supernatant was measured using QUANTI 

Blue. The experiment was performed in triplicate and data are presented as mean ± S.D..
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5.2: Role of individual N-linked givcan attachment sites upon APC anti

inflammatory sienalling on myeloid cells

5.2.1: Characterization of recom binant wild type PC and variants w ith  altered giycosylation 

profiles

Recombinant PC variants rendered incapable of carbohydrate moiety attachm ent at specific 

N-linked giycosylation sequons were used to investigate the role of site-specific giycosylation 

in regulating APC anti-inflamm atory signalling on macrophages. Recombinant PC variants 

containing asparagine (N) to glutamine (Q) substitutions at each of the 4 N-linked 

giycosylation sites (Asn-97, Asn-248, Asn-313 and Asn-329) were previously prepared in the 

laboratory 270. Recombinant wild type PC, PCpng and variant PC was characterised by 4-20%  

SDS-PAGE analysis followed by Western blotting. Recombinant PC was detected using a 

sheep anti-PC polyclonal antibody. The wild type PC heavy chain migrated at ~35 kDa as a 

doublet, representing PC heavy chain glycoforms a and 3 (Figure 5.2.1, lane 1). PNGase F- 

treated PC migrated ~10kDa further due to the reduction in molecular weight caused by 

removal of N-linked glycans (Figure 5.2.1, lane 2). The molecular weight of each recombinant 

PC N-linked glycan variant was similarly reduced, by ~5-10 kDa compared with wild-type PC. 

The PCn329q variant mimics the giycosylation profile of the naturally occurring P glycoform of 

PC. PCn329q was represented by a single band demonstrating the presence of a single, p PC- 

like, glycoform (Figure 5.2.1, lane 3). A second faint band was observed in both the PCn248q 

and PCn313q variant preparations demonstrating that the naturally occurring a  and (3 

glycoforms are present in addition to the absence of giycosylation at the mutated Asn 

residue (Figure 5.2.1, lane 4 an d 5).
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Figure 5.2.1: Characterization of recom binant PC N-linked glycan variants by SDS- 

PAGE/Western blotting: Wild type (lane 1) and PNGase F-treated recombinant PC (lane 2) 

and PCn329q (/one 3), PCn24sq (lone 4) and PCnsisq (/one 5) recombinant variants (all lOng) were 

subjected to 4-20%  SDS-PAGE under reducing conditions followed by Western blotting using 

a anti-PC sheep polyclonal antibody.
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To create activated forms of each recombinant PC variant, type PC and variants were 

activated by incubation with the Thrombin CleanCleave Kit (Chapter 2.3). Amidolytic activity 

was then compared to ensure that active site function was conserved between variants. 

Amidolytic activity was assessed by incubation with CS-21(66). Hydrolysis of CS-21(66) over 

time (0-12 minutes) was quantified by measurement of OD405nm. No significant difference 

was observed in the rate of CS-21(66) hydrolysis between thrombin-activated recombinant 

wild type PC and PC variants (Figure 5.2.2).
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Figure 5 .2 .2 : Chrom ogenic substrate hydrolysis o f APC N -linked  glycan variants: Am idolytic  

activity o f APC ( • ) ,  APCns29q (O), APCn24sq ( A ) ,  APCnsibq (■ ) (all 2 5 0 n M ) was determ ined  by 

measuring th e  rate of hydrolysis of th e  APC-specific synthetic chrom ogenic substrate CS- 

21(66 ) (2m g /m l) over tim e . The reaction was carried out a t room  tem p era tu re  in a buffer 

containing lO O m M  NaCI and 2 0 m M  Tris-HCI (pH 7 .5 ) w ith  2 .5 m M  CaCl2 and O .lm g /m l BSA. 

APC am idolytic activity is expressed in term s of substrate cleaved, m easured at OD 405nm- The 

rate o f CS-21(66) hydrolysis betw een  samples was com pared using liner regression, w ith  

statistical significance set at p < 0 .05 . Experim ent was perform ed in duplicate and is 

presented as m ean ± S.D..

232



5.2.2: Role of individual N-linked glycan moieties in APC anti-inflammatory signalling on 

monocytes

To compare the efficacy o f APC glycan variants in ApoER2-dependent signalling on 

monocytes, PBMCs were incubated w ith  APC, APCn248Q/ APCnsisq or APCn329q fo r 3 hours prior 

to  stim ulation w ith  LPS. As expected, APC reduced LPS-induced TNFa expression (Figure

5 .2.3 ), as did APCn24sq/ APCnsisq and APCn329q. The anti-in flam m atory signalling efficacy o f 

APC glycan variants on monocytes did not d iffe r significantly from  w ild type APC (Figure

5.2.3). These results m irror those previously observed using A P C rng and confirm that 

glycosylation does not regulate ApoER2 signalling by APC on monocytes.
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Figure 5.2.3; Site-directed mutagenesis of N-linl<ed glycosyiation sequons does not 

significantly alter APC inhibition of LPS-induced TNFa secretion from PBMCs

PBMCs w ere  isolated from  buffy coat w ho le  blood com ponent and trea ted  w ith  APC, 

APCn248Q/ APCn313q, or APCn329q (all 2 0 n M ) fo r 3 hours in assay buffer 3 , then stim ulated w ith  

LPS (50ng /m L) for 18 hours. TN Fa secretion was m easured by ELISA. The experim ent was 

perform ed in trip licate and data are presented as m ean ± S.D.. [*  = p < 0.05]
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5.2.3: Role of individual N-linked glycan moieties in APC proteolysis of PARI

To investigate the role o f individual glycan moieties in regulating APC activation o f PARI, 

cells w/ere used. cells were incubated w ith  APC, APCn248Q/

APCn313q or APCn329q fo r 3 hours and AP activ ity in the cell supernatant was assessed. 

Treatm ent w ith  APC liberated AP form  PARI into the cell supernatant, as before (Figure 

5.2.4). APC n313q also resulted in AP release, which was sim ilar in magnitude to  tha t w ild type 

APC. APCn248q activation o f AP-PARl was modestly (~1.4-fold) enhanced compare to  wild 

type APC. Proteolysis of AP-PARl by APCn329q, however, was markedly enhanced (~2 .5-fold) 

compared w ith  its w ild type counterpart. These results demonstrate tha t regulation o f PARI 

proteolysis by APC N-linked glycan moieties is mediated by the glycan chain at Asn-329.
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Figure 5.2.4: Mutation of N-linked glycosvlation site at Asn-329 enhances APC activation of 

PARI on cells: cells were incubated with APC, APCn248q,

APCn313q or APCn329q (all 50nM) for 3 hours assay buffer 1 and AP activity in the cell 

supernatant was measured using QUANTI Blue. The experiment was performed in triplicate 

and data are presented as mean ± S.D.. [* = p < 0 .05]
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5.2.4: Role of Asn-329 glycan m oiety in APC anti-inflam m atory signalling on macrophages

To investigate whether regulation of APC PARl-dependent signalling on macrophages by N- 

linked glycan moieties is also mediated by the glycan chain at Asn-329, RAW264.7 cells were 

used. RAW264.7 cells were incubated with APC or APCn3 29q followed by stimulation with LPS. 

APC dose-dependently reduced TNFa and IL-6 expression from LPS-stimulated RAW264.7 

cells (Figure 5.2.5 a and b). APCn329q was significantly (>2-fold) more effective in attenuating 

the cytokine response to LPS stimulation (p < 0.05). Treatm ent with 20nM APCn3 29q reduced 

TNFa and IL-6 secretion by 54±4% and 41±4%, respectively, compared with 25±7% and 

21±3% in the case of wild type APC (Figure 5.2.5 a and b) .
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Figure 5.2.5: APCn329q displays enhanced ability to  inhibit LPS-induced pro-inflam m atory  

cytokine secretion from  RAW 264.7 macrophages compared to  wild type APC: RAW264.7 

macrophages were incubated with APC {black bars) or APCn329q {grey bars) (both 5-20nl\/l) for 

3 hours in assay buffer 3 prior to stimulation with LPS (50ng/mL) for 18 hours. Secretion of 

(a) TNFa and (b) IL-6 was measured by ELISA. Experiments were performed in triplicate and 

data are presented as mean ± S.D.. [ * *  = p < 0.01; * = p < 0.01]
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The anti-inflam m atory effect of APCn329q on primary murine macrophages (BMDMs) was also 

investigated. Murine BMDMs were treated with either APC or APCn3 29q for 3 hours prior to 

stimulation with LPS. As expected, APC significantly inhibited LPS-induced TNFa expression 

by 29±2% (Figure 5 .2.6). Similar to that observed on RAW264.7 cells, APCn329q inhibition of 

LPS-induced cytokine production from BMDMs was enhanced 2-fold compared with wild 

type APC. 20nM  APCnszsq reduced TNFa secretion by 51±4% (Figure 5.2.6). Collectively, these 

data suggest that the glycan moiety at Asn-329 specifically regulates APC activation of PARI 

and therefore PARl-dependent anti-inflamm atory signalling on macrophages.
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Figure 5.2.6: M utation  of the N-linl<ed glycosylation site at Asn-329 enhances APC 

reduction of LPS-induced pro-inflam m atory cytokine secretion from  BMDMs: Murine  

BMDMs were obtained from the femurs and tibia of wild type BALB/c mice and incubated 

with APC or APCn3 2 9 q (50nM ) for 3 hours in assay buffer 3 prior to stimulation with LPS 

(50ng/mL) for 18 hours. Secretion of TNFa was measured by ELISA. Experiment was 

performed in triplicate and data are presented as mean ± S.D.. [ * *  = p < 0.01; * = p < 0.05]
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5.2.5: Role of Asn-329 glycan moiety in integrin CDllb/CD18-m ediated proteolysis of PARI 

by APC

In contrast to EPCR-dependent PARI signalling on endothelial cells, APC PARl-dependent 

anti-inflam m atory signalling on macrophages requires the presence of C D llb /C D 18 . To 

assess w hether modification of APC glycosylation can accelerate C D llb /C D 18-m ediated  

proteolysis of PARI, HEK293T cells were transfected with AP-PARl only (2931*^'^^’̂ )̂ or co

transfected with either EPCR or C D llb /C D 18  (2 9 3 T^'’-'’̂ ^i/coiib/cDi8 j 2931^^’

cells, 2931^'’-'’̂ '̂ '̂^^  ̂ cells and cells were treated with either

thrombin or APC. As previously shown (Chapter 3.1), throm bin did not require co-receptor 

binding to liberate AP from PARI on 2931^’’ ’’*'̂  ̂cells (Figure 5.2.7; w hite bars). Incubation of 

2931^'’ '’* ’̂  ̂ cells with APC failed to induce significant release of AP into the cell supernatant 

while co-transfection with EPCR facilitated APC proteolysis of PARI and liberation of AP 

(Figure 5.2.7, w hite and black bars). Incubation of 2 9 3 7 *'’ '’*'^̂ '̂'°̂ '̂’'̂ *'°̂ ® cells with APC also 

resulted in proteolysis of PARI and AP release but with reduced affinity compared to when 

EPCR was present. This demonstrates that C D llb /C D lS  can similarly act as a co-receptor for 

APC activation of PARI (Figure 5.2.7; grey bars) but with reduced efficacy compared with 

EPCR.
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Figure 5.2.7: AP-PARl proteolysis on 293T cells co-transfected with EPCR or integrin

CDllb/CD18:293T*^'^*'^^ cells (white bars) and 2931^'’'^ '̂^  ̂ cells co-transfected w ith  EPCR 

(black bars) or integrin C D llb /C D 18 (grey bars) were treated w ith  thronnbin (In M ) or APC 

(lOOnM) fo r 3 hours in assay buffer 1 and AP activity in the cell supernatant was measured 

using QUANTI Blue. The experiment was perform ed in trip licate and data are presented as 

mean ± S.D.
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To investigate C D llb /C D 18-m ed ia ted  PARI activation by APCn329Q/ 293T*'’ '’*'̂  ̂ cells and 

2g3TA P -P A R i/cD iib /cD i8 treated with ARC, APCrng or APCn329q- As expected, APC

proteolysis of AP-PARl occurred only in cells co-transfected with C D llb /C D 18  (Figure 5.2.8, 

black bars). APCpng and APCn329q similarly failed to activate AP-PARl in the absence of a co

receptor (Figure 5 .2.8, black bars). Proteolysis of AP-PARl by A P C rng and A P C n329q  vvas 

significantly enhanced compared to wild type APC on cells co-expressing C D llb /C D 18  (Figure 

5.2.8, grey bars). This result demonstrates that elimination of the glycan chain at Asn-329 

accelerates not only EPCR-dependent, but also C D llb /C D lB -m ed ia ted  activation of PARI by 

APC.
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Figure 5.2.8: APCrng and APCn329q display enhanced proteolysis of AP-PARl on 293T cells 

co-transfected with integrin CD llb /CD18: 2931^'’ '’*'’  ̂ cells {black bars) and 2937*'’ '’̂ ’’  ̂ cells 

co-transfected with integrin CDllb/CD18 (black bars) were treated with APC, APCrng or 

APCn329q (all 50nM) for 3 hours in assay buffer 1 and AP activity in the cell supernatant was 

measured using QUANTI Blue. The experiment was performed in triplicate and data are 

presented as mean ± S.D.. [ * * *  = p < 0.001]
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5.3: The molecular basis for givcan regulation of PARI activation by APC

S ite -d ire c te d  m u tag en es is  w as used to  g e n e ra te  th ro m b in -s p e c ific  and  APC -specific P A R I 

cleavage  s ite  va rian ts  (A P-PA R 1r4ia and  AP-PAR1r46a)- T hese va rian ts  w/ere used to  

in v es tig a te  w h e th e r  en h an ce d  ac tiv a tio n  o f P A R I by APCpng o r APCn329q occurs as a re su lt o f  

ac c e le ra te d  p ro teo lys is  a t th e  re c e n tly  id e n tif ie d  APC A rg -4 6  c leavage s ite  o r d u e  to  

p ro teo lys is  a t th e  canon ical th ro m b in  c leavage s ite , A rg -4 1 .

H E K 293T  cells tra n s fe c te d  w ith  EPCR (2931^ '’ '̂̂ ) w e re  c o -tra n s fe c te d  w ith  e ith e r  w ild  ty p e  

A P -P A R l, A P -P A R 1 r4ia  o r A P -P A R 1r46a and  tre a te d  w ith  th ro m b in  o r APC a fte r  w h ich  AP 

ac tiv ity  in th e  cell s u p e rn a ta n t w as assessed. As ex p e c te d , t re a tm e n t  w ith  th ro m b in  o r APC  

resu lted  in P A R I p ro teo lys is  and  lib e ra tio n  o f AP fro m  2931^'’'"'̂  c o -tra n s fe c te d  w ith  w ild  ty p e  

A P -P A R l (F ig u re  5 .3 .1  a). T h ro m b in  s im ilarly  m e d ia te d  ro b us t lib e ra tio n  o f AP on 293T^'’‘‘ '̂  

cells c o -tra n s fe c te d  w ith  A P -P A R 1r46a (F ig u re  5 .3 .1  b ). APC p ro teo lys is  o f A P -PA R 1r46a on 

2 9 3 T  cells w as  su b stan tia lly  redu ced  c o m p a re d  w ith  w ild  ty p e  A P -P A R l; h o w e v e r a sm all but 

sig n ifican t e ffe c t  w as o b served . T h ro m b in  fa iled  to  lib e ra te  AP fro m  293T^^‘"’’ cells co

tra n s fe c te d  w ith  A P -P A R 1r4ia  (F ig u re  5 .3 .1  c). In co n tras t, APC tre a tm e n t  resu lted  in 

sig n ifican t p ro teo lys is  o f A P -P A R 1 r4ia , h o w e v e r th e  e fficacy  o f APC w as red u ced  m o re  th a n  2 - 

fo ld  c o m p a re d  w ith  w ild  ty p e  A P -P A R l.

T hese resu lts  d e m o n s tra te  th a t  th e  A rg -4 1  c leavage s ite is necessary fo r  th ro m b in  

ac tiv a tio n  o f  P A R I. A d d itio n a lly , th e  A rg -4 6  c leavag e  site is re q u ire d  fo r  o p tim a l APC 

ac tiv a tio n  o f P A R I. APC p ro teo lysis  can also occur a t A rg -4 1 , b u t w ith  m a rk e d ly  redu ced  

efficacy.
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Figure 5.3.1: PARI proteolysis on 2931^’’'''’ cells co-transfected with cleavage site-specific 

AP-PARl variants: 2937^'’*"'̂  cells were co-transfected w ith  (a) AP-PAR1wt (b )  AP-PAR1r4ia (c) 

AP-PAR1r46a and treated w ith  throm bin (In M ) or APC (50nM) fo r 3 hours in assay buffer 1 

and AP activity in the cell supernatant was measured using QUANTI Blue. Experiments were 

perform ed in trip lica te  and data are presented as mean ± S.D.. [ * * *  = p < 0.001; * *  = p < 

0 .01]
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To determ ine at which site PARI cleavage is enhanced by APCrng or APCn329q, 2931^’’*''̂  cells 

co-transfected with either wild type AP-PARl, AP-PAR1r4ia or AP-PAR1r46a were treated with 

either APC, APCrng or APCn329q- As expected, the rate of wild type AP-PARl proteolysis by 

APCrng and APCn329q was significantly greater than that of untreated wild type APC (p < 

0.001) (Figure 5.3.2 a). Similarly, proteolysis of AP-PAR1r4ia by APCrng and APCns29q was 

enhanced ~2-3-fold compared with untreated wild type APC (p < 0.01) (Figure 5.3.2 b). In 

contrast, APC, APCrng and APCnb29q activated AP-PAR1r4sa with similarly modest efficacy 

(Figure 5 .3.2  c). APCn329q activation of AP-PAR1wt and AP-PAR1r4ia occurred marginally more 

quickly than APCrng, possibly due to incomplete removal of the glycan moiety at Asn-329 by 

PNGase F digestion. Collectively, these results demonstrate that enhanced activation of PARI 

and subsequent signalling by APCrng or APCnb29q occurs due to accelerated proteolysis at the 

Arg-46 cleavage site on PARI.
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Figure 5.3.2: APC N-linked glycans specifically regulate APC proteolysis of PARI at Arg-46:

2931^'’ '̂̂  cells were co-transfected with (a) AP-PAR1wt ( b )  AP-PAR1 r4 ia ( c )  AP-PARl R46A snd 

treated with thrombin (■; In M )  or APC ( • ) ,  APCrng (0 ) or APC3 2 9 Q ( A)  (all 6 .25-50nM ) for 3 

hours in assay buffer 1 . AP activity in the cell supernatant was measured using QUANTI Blue. 

Experiments were performed in triplicate and data are presented as mean ± S.D..
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5.4: Role of N-linked Rivcan moieties in murine APC PARl-dependent anti

inflammatory signalling

5.4.1: Characterization of glycosylation profile of murine PC

M urine PC is a close structural homolog o f its human counterpart, in which 3 o f the 4 N- 

linked glycosylation sites are conserved. Similarly, murine PC possesses the same unusual 

Asn-X-Cys consensus sequence at Asn-330. To investigate w hether murine protein C m irrored 

the same glycoform pattern o f human PC, murine APC was treated w ith  PNGase F at 37°C for 

I hour and characterised by reducing 10% SDS-PAGE. Western b lo tting was performed using a 

sheep anti-m urine PC polyclonal antibody. The murine PC heavy chain m igrated as a diffuse 

band at ~35 kDa (Figure 5.4.1, lane 1} suggesting the presence o f heavy chain glycosylation. 

PNGase F-treated murine PC migrated further, suggesting a reduction in molecular weight of 

approxim ately lOkDa (Figure 5.4.1, lane 2). As in human PC, PNGase F can enzymatically 

remove N-linked glycans from  murine PC.
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Figure 5.4.1: Characterization of wild type and PNGase F treated recombinant murine PC by 

SDS-PAGE/Western blotting: Wild type and PNGase-F treated recombinant murine PC (lOng) 

was subjected to  10% SDS-PAGE under reducing conditions. Western b lo tting  was performed 

using a polyclonal sheep anti-m urine PC antibody.
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To further investigate the possibility of different glycoforms, murine PC and a variant 

incapable of carbohydrate moiety attachment at Asn-330 (murine P C nssoq) was 

recombinantly expressed. Plasmids encoding wild-type murine PC and murine PCnsboq that 

had been previously prepared in the laboratory were used to transfect HEK293 cells. 

Recombinant murine PC was expressed and partially purified (Chapter 2.2).

Upon isolation, murine PC and murine PCnbsoq were characterised by reducing 10% 

SDS-PAGE followed by Western blotting using a sheep anti-murine PC polyclonal antibody. As 

previously observed, the wild murine PC heavy chain migrated as a diffuse band of ~40 kDa 

(Figure 5.4.2, lane 1) suggesting heavy chain glycosylation. The molecular weight of murine 

PCn33oq was reduced in comparison to wild-type murine PC and was represented by a single 

band, as has previously been observed in its human PC equivalent (Figure 5.4.2, lane 2). 

Murine PC, similar to its human counterpart, is therefore predicted to exist as a  and p 

glycoforms due to partial glycosylation as the unusual Asn-X-Cys consensus sequence at Asn- 

330.
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Figure 5.4.2: Characterization of recom binant wild type and m utant m urine PC by SDS- 

PAGE/Western blotting: Recombinant wild type murine PC and murine PCnbsoq (both lOng) 

were subjected to 10% SDS-PAGE under reducing conditions. Western blotting was

performed using a polyclonal sheep anti-murine PC antibody.
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Wild-type murine PC and variant murine PCnssoq colonies expressing between 0.7-1.2 ng/ml 

per day were expanded, incubated with serum-free conditioned media for 3-5 days in the 

presence of Vitamin Ki. The resulting protein was partially purified and quantified using ELISA 

(Chapter 2.4). Recombinant wild type and variant murine PC was activated by incubation 

with the Thrombin CleanCleave Kit (Chapter 2.5). To ensured that active site function was 

conserved, amidolytic activity of recombinant wild type murine APC and PNGase F-treated 

murine APC (Figure 5.4.3 a) or murine APCnssoq (Figure 5.4.3 b) was compared. Hydrolysis of 

CS-21(66) over time (0-12 minutes) was quantified by measurement of OD405nm. No 

significant difference was in the rate of hydrolysis of CS-21(66) was observed as a result of 

PNGase F treatment (Figure 5.4.3 a) or between wild type murine APC and murine APCnssoq 

(Figure 5.4.3 b).
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Figure 5.4.3: M urine APC, murine APCrng and m urine APCnssoq hydrolyse a chromogenic 

substrate w ith  similar efficacy: Amidolytic activity of (a) murine APC ( • )  or murine APCrng 

(0 ) (both 250nM ) (b) murine APC ( • )  or murine APCnjboq (O) (both 125nM ) was determined  

by measuring the rate of hydrolysis of the APC-specific synthetic chromogenic substrate CS- 

21(66) (2m g/m l) over tim e. The reaction was carried out at room tem perature in a buffer 

containing lOOmM NaCI and 20m M  Tris-HCI (pH 7.5) with 2.5m M  CaCl2 and O .lm g/m l BSA. 

APC amidolytic activity is expressed in terms of substrate cleaved, measured at OD405nm- The 

rate of CS-21(66) hydrolysis between samples was compared using liner regression, with 

statistical significance set at p < 0.05. Experiments were performed in duplicate and are 

presented as mean ± S.D..
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5.4.2: Role of N-linked glycan moieties in murine APC proteolysis of PARI

To investigate the role of glycosylation in murine APC proteolysis of PARI, 

cells w/ere used as previously described. cells were incubated with murine

APC or murine APCpng for 3 hours and AP activity in the cell supernatant was assessed. 

Treatment with murine APC resulted in activation of PARI and liberation of AP into the cell 

supernatant (Figure 5.4.4). Enzymatic removal of N-linked glycans significantly enhanced 

murine APC proteolysis of AP-PARl by ~2-fold compared with untreated murine APC (Figure 

5.4.4) demonstrating that, similar to its human counterpart, N-linked glycosylation 

modulates murine APC activation of PARI.
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Figure 5.4.4: PNGase F treatm ent enhances murine APC activation of PARI on

cells: cells were incubated w ith  murine APC or m urine APCpng (both

50nM) fo r 3 hours assay buffer 1 and AP activity in the cell supernatant was measured using 

QUANTI Blue. The experim ent was performed in trip licate and data are presented as mean ± 

S.D.. [* = p < 0 .0 5 ]
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To investigate the efficacy of nnurine APCnssoq activation of PARI, cells were

incubated with murine APC or murine APCnssoq and AP activity in the cell supernatant was 

assessed. As expected, treatm ent with murine APC resulted in dose-dependent liberation of 

AP into the cell supernatant (Figure 5.4.5 a, closed circles). M urine APCnbboq proteolysis of 

AP-PARl, however, was enhanced almost 2-fold compared with its wild type counterpart (p < 

0.05) (Figure 5 .4.5  a, open circles). To verify that the enhanced proteolysis of PARI observed 

upon PNGase F digestion occurred as a result of glycan moiety removal at Asn-330, murine 

APCn3 3 oq was incubated with PNGase F at 37°C for 1 hour and incubated with 

ceils. PNGase F-treatm ent did not alter murine APCnssoq efficacy in AP-PARl proteolysis 

(Figure 5.4.5 b) confirming that, like human APC, N-linked glycan regulation of murine APC 

proteolysis of PARI is primarily mediated by the glycan chain at Asn-330.
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Figure 5.4.5: M utation  of the N-linked giycosyiation site at Asn-330 enhances m urine APC 

activation of PARI on cells; (a) cells were incubated with

murine APC or murine APCnssoq (both 6.25-50nM ) for 3 hours assay buffer 1 and AP activity 

in the cell supernatant was measured using QUANTI Blue, (b) cells were

incubated with murine APCnssoq or murine APCn33oq-png (both SOnM) for 3 hours assay buffer 

1 and AP activity in the cell supernatant was measured using QUANTI Blue. Experiments were  

performed in triplicate and data are presented as mean ± S.D.. Statistical significance was set 

at p < 0.05.
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5.4.3: Role of Asn-330 glycan moiety in murine APC PARl-dependent anti-inflammatory 

signalling on macrophages

To investigate whether the glycan chain at Asn-330 regulates the ability of murine APC to 

initiate PARl-dependent signalling on macrophages, RAW264.7 cells were incubated with 

either murine APC or murine APCNsaoathen stimulated with LPS. As previously demonstrated 

incubation of RAW264.7 cells with murine APC resulted in a dose-dependent reduction in 

LPS-induced TNFa and IL-6 expression (p < 0.05) (Figure 5.4.6 a and b). Murine APCn329q was 

significantly more effective in attenuation of the cytokine response to LPS stimulation 

however (p < 0.01). Treatment with SOnM murine APCn33oq reduced LPS-induced TNFa and 

IL-6 secretion by 59±13% and 65±7%, respectively, compared with 37±13% and 41±6% in the 

case of wild type murine APC (Figure 5.4.6 a and b ) .
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Figure 5.4.6: Mutation of N-linked sequon at Asn-330 enhances murine APC reduction of 

LPS-induced pro-inflammatory cytokine secretion from RAW264.7 macrophages: RAW264.7 

macrophages were incubated with murine APC ( • )  or murine APCnsboq (0) (both 6.25-50nM) 

for 3 hours in assay buffer 3 prior to stimulation with LPS (50ng/mL) for 18 hours. Secretion 

of (a) TNFa and (b) IL-6 was measured by ELISA. Experiments were performed in triplicate 

and data are presented as mean ± S.D.. [* = p < 0.05]
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5.5: Role of N-linked givcan moieties in bovine APC PARl-dependent anti

inflammatory sienalling

5.5.1: Characterization of glycosylation profile of bovine APC

Despite sim ilarly possessing an unusual Asn-X-Cys sequon at Asn-327 bovine APC has been 

shown to  be fu lly  glycosylated at all 4 N-linked sequons, and therefore exists solely in the a- 

PC form . To investigate the glycosylation profile  o f bovine APC, bovine APC was treated w ith  

PNGase F and characterised by 10% SDS-PAGE analysis. Western b lotting was performed 

using a sheep anti-m urine PC polyclonal antibody which can also detect bovine protein C. The 

bovine PC heavy chain migrated as a single band at ~40 kDa (Figure 5.5.1, lane 1) indicating 

tha t bovine PC exists as a single glycoform. PNGase F treatm ent reduced the molecular 

weight o f bovine PC by ~10kDa, consistent w ith  the loss o f attached N-linked glycans (Figure 

5.5.1, lane 2).
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Figure 5.5.1: Characterization of wild type and PNGase F treated recombinant bovine PC by 

SDS-PAGE/Western blotting: W ild type and PNGase F treated bovine ARC (lOng) was 

subjected to  10% SDS-PAGE under reducing conditions. Western b lo tting was performed 

using a polyclonal sheep anti-m urine PC antibody (Chapter 2.6).
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5.5.2: Role of N-linked glycan moieties in bovine APC proteolysis of PARI

To investigate the role of glycosylation in bovine APC proteolysis of PARI, 

cells w/ere used. cells were incubated with bovine APC or bovine APCpng and

AP activity in the cell supernatant was assessed. Bovine APC was markedly less efficient in 

activation of AP-PARl compared to its human and murine counterparts despite retaining the 

capacity to cleave AP-PARl (p < 0.01) (Figure 5.5.2). Enzymatic removal of N-linked glycans, 

however significantly enhanced bovine APC proteolysis of PARI ~3-fold (p < 0.001) (Figure 

5.4.2) demonstrating that glycosylation modulates the rate of bovine APC proteolysis of 

PARI.

265



0.6n

>  O
IT)

0.4-

0 . 2 -

---- 1----

25 To
Protease  (nM)

Figure 5.5.2: PNGase F trea tm en t of  bovine APC en h an ces  activation of  PARI on

cells: (a) cells w e r e  incuba ted  with bovine APC or  bovine APCrng (both

6.25-50nM) for  3 hours assay buf fer  1 and AP activity in t h e  cell s u p e r n a t a n t  w as  m e a s u r e d  

using QUANTI Blue. The e x p e r im e n t  was  p e r fo rm e d  in tr ipl icate and  d a t a  a re  p r e s e n t e d  as 

m e a n  ± S.D..

266



Chapter 5.6: Discussion

5.6.1: Molecular basis of partial glycosylation of PC at Asn-329

Glycosylation can modulate the function of coagulation proteases in numerous ways, 

including the rate of activation, cofactor function and susceptibility to degradation®^. PC 

possesses 4 N-linked glycosylation sequons many of which are conserved across mammalian 

species (Figure 5.6.1). Understanding the functional significance of PC glycosylation is 

particularly important due to the presence of endogenous plasma glycoforms, a, |3 and y 

(Figure 5.6.1), which occur due to partial glycosylation at Asn-329, in the case of 3-PC, and 

both Asn-329 and Asn-248, in the case of y-PC^^^. Partial glycosylation at Asn-329 is thought 

to occur due to the presence of the unusual consensus sequence, Asn-X-Cys, which is less 

efficiently glycosylated than Ser/Thr containing N-linked sequons^°®.

In addition to facilitating glycosYlation at Asn-329, Cys-331 is postulated to be 

involved in disulphide bonding with Cys-345. It has been speculated that Cys-331 can only 

interact with the glycosyltransferase enzyme prior to formation of the Cys-331-Cys-345 

disulphide bond, thus resulting in partial glycosylation at Asn-329. Consistent with this, 

expression of recombinant PC in HEK293 cells, in which the rate of protein synthesis is 

increased, yields a higher proportion of 3-PC compared to plasma PC (40-50% versus 20-30%, 

respectively)^®®. Conversely, Gil etal. (2009) demonstrated that in transgenic porcine models, 

the ration of a:3 PC did not differ in animals expressing 10-fold reduced PC levels^°^. Thus, 

the molecular basis for partial glycosylation of PC remains controversial.

Western blotting analysis suggests that recombinantly expressed murine PC also 

exists in various glycoforms (Figure 5.4.1), in keeping with previously published reports^®*.
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The murine PC glycosylation sequon at Asn-330 is identical to that at Asn-329 on its human 

counterpart (Figure 5.6.1 b) and, similar to human PCn329q, mutation of this residue resulted 

in a murine PCnssoq mutant that migrated as a single band, suggestive of the loss of the fully 

glycosylated glycoform (Figure 5.4.2). Human and murine PC glycoforms therefore likely 

occur as a result of partial glycosylation at the same sequon, although further analysis is 

required to confirm this.

In contrast, bovine (A)PC migrates on SDS-PAGE as a single band, indicating that 

bovine PC exists as a single glycoform (Figure 5.5.1)^°®. The equivalent sequon in bovine PC 

(Asn-327) also possesses an unusual Asn-X-Cys sequon but differs from human and murine 

PC with respect to the amino acid residue preceding the Cys. In bovine PC the 'X' residue is 

Ala, while in both human and murine PC the same position is occupied by a negatively- 

charged Glu (Figure 5.6.1). Kasturi et al. (1997) and Shakin-Eshelmann etal .  (1996) previcusly 

reported that the presence of a Glu residue at position X in Asn-X-Ser sequors is 

unfavourable for glycosylation, whereas efficient oligosaccharide transfer occurs at Asn-Ala- 

Ser sequons^“ '̂ ^̂ . Thus, it is possible that the presence of a negatively charged amino acid 

residue at the 'X' position could impair oligosaccharyltransferase binding to the sequon and 

the negatively charged dolichol-PP-oligosaccharide precursor. The apparent absence of 

bovine PC glycoforms suggests that partial glycosylation of human and murine PC at Asn-329 

and Asn-330, respectively, may in fact occur due the presence of negatively charged Glu at 

the X position, rather than the conserved 'Cys' at the C-terminus of this sequon. Again, 

further studies are required to test this hypothesis.
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Figure 5.6.1: Protein C giycosylation

(a) a,3 and Y PC glycoforms. (b) Alignment of known PC amino acid sequences demonstrates 

that the usual Asn-X-Cys sequon at Asn-329 (yellow) is conserved across mammalian species.
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5.6.2: Role of N-linked glycosylation in modulating APC function

Removal of APC N-linked glycans enabled characterisation of the role of N-linked 

glycosylation upon APC function. APC amidolytic activity was not altered by enzymatic 

removal of human or murine APC N-linked glycans or by mutation of individual human or 

murine APC N-linked glycosylation sites (Figures 5.1.2 and 5.2.2), in keeping with previous 

results from our laboratory^^°. Contrastingly, Grinnell et al. (1991) reported that mutation of 

individual protease domain N-linked sequons resulted in a small increase in amidolytic 

activity. The reason for this discrepancy remains unknown, but may be accounted for by 

differences in the chromogenic substrate used by Grinnell et al. and that used in this thesis. 

Notably, none of the APC protease domain N-linked glycan attachm ent sites are proximal to 

the APC catalytic triad^^'*.

Consistent with previous reports^^°'^^^, glycosidase treatm ent of human APC mildly 

enhanced its anticoagulant function (Figure 5.1.2). The effect of individual APC glycans on 

anticoagulant function is controversial. Grinnell et al. reported that mutagenesis of individual 

protease domain N-linked sequons increases activity of the protease 2-3 fold in an APTT^°®. In 

contrast, a naturally occurring APC mutant (APCn329t) was found to exhibit marginally 

reduced anticoagulant activity as a consequence of reduced FVa inactivation at both the Arg- 

306 and Arg-506 cleavage sites^^^. Similarly, individual mutation of all 4 APC glycan 

attachm ent sites resulted in a limited increase in APC anticoagulant function in an in vitro 

assay of thrombin generation^^°.

We have previously demonstrated that APCn329q displays enhanced PARl-dependent 

endothelial cell barrier protective and anti-apoptotic signalling properties compared to wild
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type APC^^°. Contrastingly, PNGase F treatm ent did not alter APC anti-inflam m atory signalling 

on TH Pl cells (Figure 5.1.4) and similarly, all 3 protease domain sequon variants reduced LPS- 

induced TNFa secretion from PBMCs with similar efficacy to wild type APC (Figure 5.2.3). The 

presence of an anti-PARl antibody or a PARI antagonist did not alter APC anti-inflam m atory  

activity on either TH Pl cells or PBMCs, indicating that APC signalling on monocytic cells 

occurs independently of PARI (Figures 3.2.5 and 5.1.3). Consistent with this, a study 

published by Yang et al. (2009) reported that the anti-inflamm atory effect of APC on 

monocytes was mediated via ApoERZ-dependent activation of PI3K signalling (Figure 

5.1.3)^^^. Other studies have similarly reported that APC inhibition of LPS-induced IFN-y and 

TNFa production and kB a  degradation on monocytic cells does not require activation 

PARl^^ '̂ '̂* '̂^ '̂*. As such, APC N-linked glycosylation specifically regulates PARl-dependent, but 

not PARl-independent anti-inflamm atory signalling.

Yang et al. (2007) recently identified that the 162-helix in the protease domain of APC, in 

particular the Glu-330/Glu-333 site, is critical for APC interaction with PARl^^^. M utation of 

either or both of these residues ablates PARl-dependent cytoprotective signalling by APC on 

endothelial cells, whereas EPCR binding is unchanged. Furthermore, APCebboa and APCesbsa 

mutants were unable to activate PARI suggesting these residues may constitute a PARI 

binding exosite. The crystal structure of the APC protease domain (Figure 5.6.2) 

demonstrates that this PARI binding exosite is located proximally to the Asn-329 

glycosylation sequon. W e predict that the presence of a bulky glycan chain at Asn-329 may 

sterically hinder the interaction between APC and PARI. Thus, the enhanced PARl- 

dependent cytoprotective signalling capacity of APCn329q on endothelial cells occurs due to
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increased PARI activation as a consequence o f increased access to  this PARI binding exosite. 

The fa ilure o f glycosylation modification to  alter PARl-independent signalling activities of 

APC on monocytes is consistent w ith  this hypothesis.

Figure 5.6.2: APC Asn-329 sequon occurs proximal to Glu-330/Glu-333 PARI binding 

exosite: Molecular model o f APC serine protease domain, generated based upon Gla 

domainless APC crystal structure using PYMOL molecular visualization software. APC's serine 

protease domain contains the catalytic triad (His-211, Asp-257, Ser-360; yellow), 3 N-linked 

sequons {turquoise) and the Glu-330/Glu-333 PARI binding exosite (red). The Asn-329 

sequon, which regulates APC cytoprotective signalling, is situated next to  a binding exosite 

essential fo r APC interaction w ith  PARI.

APC serine protease domain

N248

N329

E330/E3'̂ ^V‘^'"g S'te/

PARI
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5.6.3: M olecular basis for m odulation of APC cytoprotective signalling by the glycan m oiety  

at Asn-329

To investigate the hypothesis that the glycan moiety at Asn-329 modulates APC activation of 

PARI, HEK293T cells co-expressing AP-PARl and EPCR were used to assess PARI cleavage 

efficacy. Glycosidase treatm ent increased the rate of APC activation of AP-PARl 2-3-fold 

(Figure 5.1.10). W hen APC variants containing individual proteases domain sequon mutations 

were tested, APCn329q activation of AP-PARl was similarly enhanced ~3-fold (Figure 5.2.4). 

These results demonstrate that the glycan moiety at Asn-329 regulates APC proteolysis of 

PARI and its elimination results in an enhancement in the rate of activation. APCn248q also 

displayed mildly enhanced proteolysis of AP-PARl compared with wild type APC whereas no 

enhancement was observed in the case of APCnsisq. Notably, Asn-248 is also located on the 

right hand side of the active site, significantly closer to the 162-helix than Asn-313, which is 

located below that active site proximal to the 148-loop (Figure 5.6.2)^^''. As such it is possible 

that the glycan moiety at Asn-248 could also sterically effect APC interaction with PARI, 

albeit to a lesser extent than that at Asn-329. Notably, this suggests that the glycosylation 

profile of y-APC facilitates further enhancement of PARI activation, although this remains to 

be tested.

PARI activation by either APC or thrombin initiates divergent cellular signalling. APC-PARl 

signalling mediates broadly cytoprotective and anti-inflamm atory effects, whereas thrombin  

activation of PARI results in pro-inflammatory and endothelial cell barrier-disruptive signal 

transduction^” .̂ Activation of PARI by thrombin promotes coupling to G protein a  subunits 

12 and 13 as well as GOq which leads to RhoA activation and disassembly of adherens
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junctions causing disruption of the endothelial cell barrier^^®. Conversely, APC activates a 

subset of PARI present in caveolae which exists in a preassembled complex with 3-arrestins 

to activate Racl and the dishevelled-2 scaffold, promoting endothelial cell barrier integrity^^^ 

APC proteolysis of PARI occurs primarily at Arg-46, a site distinct from the Arg-41 cleavage 

site at which canonical PARI cleavage by thrombin occurs. The generation of distinct 

tethered ligands via specific cleavage sites represents a viable mechanism through which 

divergent signalling pathways are initiated by APC and thrombin^^®'^^°.

In our study, AP-PARl mutants containing Ala substitutions at the Arg-41 and Arg-45 

cleavage sites were used to confirm that APC proteolysis of PARI occurs primarily at Arg-46. 

APC activation at Arg-41 was also observed at a much lower rate (Figure 5.3.1), similar to 

previous published reports^^®'^^°. Notably, APC was less effective in activation of AP-PAR1 r4 ia 

compared to wild type AP-PARl. The reduced efficacy of APC in activation of AP-PAR1 r4 ia has 

similarly been observed by Mosnier et al. (2012) who reported an EC5 0  for APC activation of 

AP-PAR1 r4 ia approximately 5-fold higher than that of its wild type counterpart^^”. The reason 

for this discrepancy is poorly understood at present but may indicate that Ala substitution at 

Arg-41 disrupts cleavage at Arg-46 or possibly conformationally alters the resultant N- 

term inal ligand.

Activation of AP-PAR1 r4 ia by PNGase F-treated APC and APCn3 2 sq was enhanced 3-fold 

compared to wild type APC, whereas APCrng and APCn3 2 9 q proteolysis of AP-PAR1r46a was 

minimal and occurred at similar rate to that of the wild type protein (Figure 5.3.2). This result 

demonstrates that the enhanced efficiency of APCrng and APCn3 2 9 q occurs exclusively due to 

increased proteolysis at Arg-46. These results correlate well with the enhanced
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cytoprotective signalling function of APCrng and APCn329q on endothelial cells we have 

reported previously. Comparison of the rate of AP-PARl activation by APCn329q and APCpng 

revealed a marginally enhanced rate by APCn329q. This is likely a result of incomplete removal 

of the glycan moiety at Asn-329 by enzymatic digestion, a prerequisite to maintaining 

functional competence. Murine APCrng and murine APCnssoq also activated AP-PARl ~2-fold 

faster than w/ild type murine APC (Figure 5.4.4). PNGase F treatm ent of murine APCnsboq 

dem onstrated that, as in the case of its human counterpart, the glycan moiety at Asn-330 

primarily modulates murine APC activation of PARI (Figure 5.4.5). The above data obtained 

using human and murine APC indicate that P and y PC glycoforms are likely the predominant 

mediators of APC-PARl signalling in vivo.

In addition to its cytoprotective role on endothelial cells, APC mediates anti

inflam matory signalling on macrophages. Human and murine APC reduced LPS-induced 

production of TNFa and IL-6 from murine macrophages, which was abated by APC active site 

blockade or PARI antagonism (Figure 5.1.6). Interestingly, APC anti-inflam m atory signalling 

on macrophages is reported to occur via a distinct molecular mechanism to that described on 

endothelial cells, in which APC PARl-dependent anti-inflam m atory activity is dependent on 

the presence of CDllb/CD18^^®. Further, C D llb /C D 18  has been described as a crucial 

regulator of the beneficial effects of APC therapy in murine models^^^ highlighting the 

importance of APC anti-inflam m atory activity on macrophages in  vivo.

To investigate C D llb /C D 18-facilitated  APC proteolysis of 293T^’’ '’*'̂  ̂ cells were co

transfected with the C D llb /C D lS , in place of EPCR. Substitution of EPCR with C D llb /C D lB  

resulted in APC activation of AP-PARl (Figure 5 .2.7). Furthermore, APCnbzsq activated of AP-
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PARI in HEK293T ceils co-tranfected with C D llb /C D 18  was 2-fold more efficient than wild 

type APC (Figure 5.2.8). This confirms that the glycan moiety at Asn-329 increases ARC 

activation of PARI regardless of the APC capture receptor. Similarly, the anti-inflam m atory  

effect of both APCrng (Figures 5.1.7 and 5.1.8) and APCn329q (Figures 5.2.5 and 5.2.6) on 

RAW264.7 murine macrophages and BMDMs was enhanced ~3-fold compared with wild type 

APC. In addition, murine APCnssoq was significantly more efficient in reducing LPS-induced 

TNFa and IL-6 production by RAW264.7 cells (Figure 5.4.6) confirming that the glycan moiety 

at Asn-329 (or Asn-330 in the case of murine APC) also specifically regulates PARl-dependent 

anti-inflam m atory signalling by APC on macrophages.

Interestingly, activation of AP-PARl by bovine APC, which exists exclusively in fully 

glycosylated form, was minimal, while PNGase F treated bovine APC cleaved AP-PARl 

efficiently (Figure 5.5.2). The inability of untreated bovine APC to activate AP-PARl suggests 

that the presence of a glycan moiety at Asn-329 may not simply reduce but in fact largely 

prevent APC interaction with PARI. As such, PARI activation by wild type human and murine 

APC may be mediated exclusively by the ~30% (3 and ~5% y APC present. Wild type 

recombinant APC, which contains approximately 30-40% of the 3 glycoform, was consistently 

~3-fold less effective than APCn329q in PARI proteolysis and PARl-dependent signalling 

functions on endothelial cells and macrophages. The relative efficacies of wild type APC 

versus APCn329q suggest that PARI proteolysis and signalling is mediated predominantly by 

APC glycoforms missing the glycan moiety at Asn-329.
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5.6.4: Recombinant (J-APC as a therapeutic agent

The relative efficacy of a  and 3 APC in PARI signalling is relevant to the use of recombinant 

APC (Xigris) in the treatm ent of severe sepsis. The use of recombinant APC in the treatm ent 

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^® .̂ The PROWESS-SHOCK trial, however, failed to identify any survival benefit 

associated the use of APC in severe sepsis, leading to its withdrawal from the market^^®.

Kerschen et al. (2007) demonstrated that administration of APC failed to confer any 

survival benefit in PARI deficient mice, indicating a crucial role for PARI signalling in APC 

protection against sepsis morality^''®. The results of this study suggest that only the 30-40% P- 

APC present in wild type APC efficiently activates and signals through PARI, however the 

ratio of a:P APC present in Xigris has not been defined. Therefore, APCn329q, a variant which 

exists exclusively in the |3 glycoform, potenially represents an improved therapuetic agent.

The continuation of this study will further investigate the impact of glycosylation at 

Asn-329 on APC PARl-dependent signalling function by generation an a-APC variant which is 

fully glycosylated at all 4 sequons. In the case of AT, mutation of the naturally occurring Asn- 

X-Ser sequon at the 135 site to Asn-X-Thr results in full glycosylation at this site® .̂ Similar 

approaches will be used to generate a-APC which will facilitate direct comparison of PARI 

proteolysis and signalling efficacies of the 2 predominant endogenous APC glycoforms. 

Further, the efficacy of murine A P C nssoq will be compared with that of wild type murine APC 

in murine models of severe sepsis and other inflammatory disease models. These studies will 

provide valuable insight into the therapeutic potential of recombinant 3 APC.
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Appendix I 

Immortalised cell lines
Cell line Culture medium and supplements
Human Embryonic Kidney (HEK) 293 
(American Type Culture Collection (ATCC))

Minimal Essential Medium Eagle (MEM alpha; Invitrogen, Life Technologies, Life 
Technologies) supplemented with lU /m L  penicillin and O.lmg/mL streptomycin 
(Invitrogen, Life Technologies), 2mM L-glutamine (Invitrogen, Life Technologies) and 10% 
(v/v) Foetal Bovine Serum (FBS; Invitrogen, Life Technologies)

HEK293T(ATCC) MEM alpha supplemented with lU /m L  penicillin and O.lmg/mL streptomycin, 2mM L- 
glutamine and 10% (v/v) FBS

HEK Blue TNFa/ILip (HEK293 cell line stably 
expressing TNFa and IL-lp  receptors and an 
NF-kB/AP-1 inducible secreted alkaline 
phosphatase (ALP) re p o rte r; Invivogen)

Dulbecco Modified Eagles Medium (DMEM) (Invitrogen, Life Technologies, Life 
Technologies), supplemented w ith lU /m L  penicillin and O.lmg/mL streptomycin solution, 
2mM L-glutamine, 10% (v/v) FBS and 100 |ag/mLZeocin (Invivogen)

THPl (Human acute monocytic leukemia cell 
line; ATCC)

RPMI 1640 Medium (2 mM L-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 
mM HEPES and 1.0 mM sodium pyruvate; Invitrogen, Life Technologies) supplemented 
w ith lU /m L  penicillin and O.lmg/mL streptomycin solution and 10% (v/v) FBS

THP1X-Blue-CD14 (THPl cell line stably 
expressing CD14 and an NF-kB/AP-1 inducible 
secreted ALP reporter; Invivogen)

RPMI 1640 Medium supplemented w ith lU /m L  penicillin and O.lmg/mL streptomycin 
solution, 10% (v/v) FBS, 200 ng/mL Zeocin and 250 ng/mL geneticin sulphate (G418; 
Sigma-Aldrich)

RAW Blue (Mouse leukaemic macrophage 
cell line stably expressing an NF-kB/AP-1 
inducible secreted ALP reporter; Invivogen)

DMEM supplemented w ith lU /m L  penicillin and O.lmg/mL streptomycin solution, 10% 
(v/v) FBS, 2mM L-glutamine and 200 ng/mL Zeocin

EA.hy926 (Immortalised endothelial cell line 
produced by hybridisation of human 
umbilical vascular endothelial cells (HUVEC) 
w ith the lung epithelial cell line A549; J. 
Edgell, University o f Carolina, Chapel Hill)

DMEM supplemented with lU /m L  penicillin and O.lmg/mL streptomycin solution, 2mM 
L-glutamine, 10% (v/v) FBS and 1% (v/v) hypoxanthine-aminopterin-thymidine (HAT) 
solution (Sigma-Aldrich).
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Appendix II

FPLC running buffer

50mM Tris (2.54 g/LTrizma HCI; 0.47 g/L Trizma base) 

ISOmM NaCI (8.76 g/L) 

pH 7.4

FPLC elution buffer

50mM Tris (2.54 g/L Trizma HCI; 0.47 g/L Trizma base) 

ISOmM NaCI (8.76 g/L)

30nM CaCL2  (3.33 g/L) 

pH 7.4

10 X G7 buffer

500mM sodium phosphate (pH 7.5)

10 X ARC amidolytic activity assay buffer

IM  NaCI

0.2M Tris-HCI (TBS, pH 7.5)

25mM CaCl2

ELISA carbonate buffer
50mM NajCOa (1.7 g/L)

50mM NaHCOj (2.86 g/L)

Hank's buffered salt solution (HBSS) buffer composition

0.137 M NaCI 

5.4 mM KCI 

0.25 mM Na2 HP0 4  

0.44 mM KH2 PO4  

1.3 mM CaCl2 

1.0 mM MgS0 4  

4.2 mM NaHCOa

LB broth

1% (w/v) tryptone 

0.5% (w /v) yeast extract 

1% (w/v) NaCI

LB Agar

1% (w/v) tryp tone 

0.5% (w /v) yeast extract 

1% (w/v) NaCI 

1% (w/v) bacto-agar
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SOC medium

0.5% w /v  yeast extract 

2% tryptone 

10 mM  NaCI 

2.5 mM  KCI 

10 mM MgCI2 

10 mM MgS04 

20 mM Glucose

Assay buffer 1

Serum-free DMEM supplemented w ith  0.6mM CaCl2 and 0.2mM MgCIa 

Assay buffer 2

Serum-free DMEM supplemented w ith  3mM CaClj and 0.6mM MgCl2 

Assay buffer 3

Serum-free RPMI 1640 medium supplemented w ith  0.6mM CaCl2 and 0.2mM MgCl2
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Appendix III

cDNA Plasmids

Protein V ector Selection (bacteria l) Selection (ce llu lar 
expression)

M urine  PC pRc/CMV A m pic illin Neom ycin

M urine  P C n 33o q pRc/CMV A m pic illin N eom ycin

P C p v il-G la /E G F l pRc/CMV A m pic illin N eom ycin

AP-PARl pRc/CMV A m pic illin N eom ycin

A P - P A R 1 r4 i a pRc/CMV A m pic illin N eom ycin

A P - P A R 1 r45a pRc/CMV Am pic illin N eom ycin

EPCR-cGFP pRc/CMV Am pic illin GFP

C D llb pCDM8 A m pic illin  and 
Tetracycline

CD18 pcD N AS.l A m pic illin 1
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Abstract

Vitamin K-dependent proteases generated in response to vascular injury and infection 

enable fibrin clot formation, but also trigger distinct immuno-regulatory signaling pathways on 

myeloid cells. Factor Xa, a protease crucial for blood coagulation, also induces protease- 

activated receptor-dependent cell signaling. Factor Xa can bind both monocytes and 

macrophages, but whether factor Xa-dependent signaling stimulates or suppresses myeloid cell 

cytokine production in response to Toll-like receptor activation is not known. In this study, 

exposure to factor Xa significantly impaired pro-inflammatory cytokine production from 

lipopolysaccharide-treated peripheral blood mononuclear cells, THP-1 monocytic cells and 

murine macrophages. Furthermore, factor Xa inhibited nuclear factor-kappa B activation in THP- 

1 reporter cells, requiring phosphatidylinositide 3-kinase activity for its anti-inflammatory effect. 

Active-site blockade, y-carboxyglutamic acid domain truncation and a peptide mimic of the 

factor Xa inter-epidermal growth factor-like region prevented factor Xa inhibition of 

lipopolysaccharide-induced tumour necrosis factor-a release. In addition, factor Xa anti

inflammatory activity was markedly attenuated by the presence of an antagonist of protease- 

activated receptor 2, but not protease-activated receptor 1. The key role of protease-activated 

receptor 2 in eliciting factor Xa-dependent anti-inflammatory signaling on macrophages was 

further underscored by the inability of factor Xa to mediate inhibition of tumour necrosis factor-a 

and interleukin-6 release from murine bone marrow-derived protease-activated receptor 2- 

deficient macrophages. We also show for the first time that, in addition to protease-activated 

receptor 2, factor Xa requires a receptor-associated protein-sensitive low-density lipoprotein 

receptor to inhibit lipopolysaccharide-induced cytokine production. Collectively, this study 

supports a novel function for factor Xa as an endogenous, receptor-associated protein-sensitive, 

protease-activated receptor 2-dependent regulator of myeloid cell pro-inflammatory cytokine 

production.
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Introduction

During sepsis, invading pathogens activate pattern recognition receptors (PRRs) 

expressed on a variety of cell types using specific pathogen-association molecular patterns 

(PAMPs) present in bacteria, viruses, fungi and parasites (1). Toll-like receptors (TLRs) are the 

most studied PRR family, and their activation triggers signal transduction pathways that up- 

regulate pro-inflammatory cytokine expression vital for the resolution of infection (2). 

Lipopolysaccharide (LPS) from gram-negative bacteria activates TLR4 to induce pro- 

inflammatory cytokine generation and leads to rapid induction of tissue factor (TF) expression 

on leukocytes (3), triggering blood coagulation in the absence of blood vessel damage (4). In 

sepsis, LPS-induced aberrant TF expression, depletion of anticoagulant plasma proteins (5) and 

down-regulation of vascular cell surface receptors (6) leads to unregulated coagulation protease 

activation and disseminated intravascular coagulopathy (DIC), often causing multiorgan failure 

and death (7).

Coagulation proteases generated as a consequence of infection can interact with 

vascular and leukocyte surface receptors to either promote, or inhibit, pro-inflammatory 

signaling pathways. Inhibition of TF (8) and thrombin (9) is protective in murine endotoxemia. In 

contrast, the anticoagulant protease activated protein C (APC) suppresses LPS or cytokine- 

induced inflammation on monocytes (10) macrophages (11, 12) and vascular endothelial cells 

(13). Deficiency (14), or impaired generation (15, 16) of APC increases sensitivity to LPS 

challenge in mice and recombinant APC has been used in the treatment of individuals with 

severe sepsis (17).

Activated factor X (FXa) is a vitamin K-dependent protease generated rapidly upon TF 

exposure. FXa as part of the prothrombinase complex catalyzes thrombin generation, leading to 

fibrin deposition. FXa is critical for effective blood coagulation, as evidenced by the severe 

bleeding phenotype of FX-deficient individuals (18) and the embryonic or perinatal lethality 

exhibited by FX '‘ mice (19).
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Like other coagulation proteases, FXa cell signaling is transduced by protease-activated 

receptors (PARs). Although structurally homologous to APC, FXa has been described both as a 

driver (20, 21) and inhibitor (22, 23) of TLR- and cytokine-induced inflammation depending on 

the cell type and signaling receptors activated. FXa can activate both PARI, PAR2 and to a 

lesser extent, PAR4 (24). Co-receptors for FXa activation of PARs appear crucial in dictating 

FXa signaling specificity and multiple non-PAR cell receptors for FXa have been identified. 

Effector protease receptor 1 (EPR-1) was originally characterized as a high-affinity FXa receptor 

on platelets, endothelial cells and various leukocyte subsets (25-27). However, the molecular 

mechanism through which EPR-1-bound FXa exerts these cellular effects has not been 

described, and the identity of EPR-1 is itself controversial (28). FXa also has affinity for the 

endothelial cell protein C receptor (EPCR) (29). Blockade of EPCR-FXa interaction with an anti- 

EPCR monoclonal antibody prevents PARI activation by FXa and inhibits FXa cytoprotective 

signaling on endothelial cells (29). Furthermore, annexin-2 has been shown to bind specifically 

to an FXa isoform (FXa-P) and facilitate PAR1 activation on endothelial cells, but its role in 

response to inflammatory stimuli is unknown (30). Therefore, the receptor signaling 

requirements and downstream cellular consequences of FXa signal transduction are complex, 

cell-type dependent and often divergent, and the determinants of this signaling diversity are not 

fully understood.

FX(a) binds both monocytes and macrophages with high affinity (31) and is rapidly 

activated upon LPS activation and TF decryption, playing a crucial role in thrombin generation 

and subsequently fibrin deposition. However, whether FXa generated on the surface of myeloid 

cells contributes to the innate immune response beyond catalysing coagulation is not known, as 

PAR-dependent signaling by FXa on myeloid cells and its role in response to TLR activation has 

not been characterised. In this study, we show that FXa inhibits pro-inflammatory cytokine 

response to TLR stimulation in monocytes and macrophages via PAR2 activation and 

downstream activation and suppression of PI3K and NF-kB signaling, respectively.
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Furthermore, FXa structural determinants and cell surface receptor(s) required to facilitate FXa- 

mediated hyposensitivity to TLR stimulation are identified, thus delineating a novel role for FXa 

in regulating the inflammatory response to TLR activation on myeloid cells.
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Methods 

Materials

See detailed Materials section in ‘Supplementary Methods’ for information relating to 

plasma-derived purified proteins, synthetic peptides and antibodies used in this study.

Isolation of human peripheral blood mononuclear cells (PBMCs)

PBMCs were isolated from buffy coat whole blood component obtained from healthy 

donor pools provided by the Irish Blood Transfusion Service. PBMCs were isolated by 

centrifugation at 2000rpm in Ficoll-Hypaque density gradient using the Boyum method (32) then 

cultured RPMI containing 10% PBS. See ‘Supplementary Methods’ for detailed description of 

PBMC isolation and culture.

Quantification of TNFa secretion from THP-1 monocytic cells

THP-1 cells were re-suspended in serum-free RPMI 1640 medium (Life Technologies, 

Paisley, UK) supplemented with 3mM CaCb and 0.6mM MgCb at a density of 3x10® cells/mL 

and seeded in 96-well microtitre plates. Cells were incubated with vitamin K-dependent 

proteases (FVIIa, FIXa, FXa, FXaoECR, FXaoESGLA or APC; 0.313-20nM) for 1-3 hours as 

described for each assay, then stimulated with TLR agonists for 4 hours. Cell viability was not 

compromised by FXa incubation (Supplementary Figure 2). Supernatants were collected 

thereafter and TNFa generation determined using human TNFa DuoSet ELISA (R&D Systems, 

MN, USA) or using a HEK Blue TNFo/IL-ip cell line (Invivogen, Toulouse, France). Exposure of 

the HEK Blue TNFa/IL-ip cells to TNFa resulted in dose-dependent activation of the NF-kB/AP- 

1 pathways and expression of the secreted alkaline phosphatase (ALP) reporter gene 

(Supplementary Figure 1). ALP activity in the supernatant was detected using QUANTI-Blue 

medium (Invivogen, Toulouse, France) containing a colorimetric ALP substrate. Colorimetric

6



measurements were taken at 650nm. ALP activity relative to LPS only-treated cells was 

determined using the following equation:

ALP activity (%) = ((X -N)/(P -N)) X  100

Where X  is the test sample, N  is the untreated PBS sample and P  is the LPS-treated positive 

control sample.

Quantification of NF-kB activation by THP1-XBIueCD14 cells

NF-kB activation was measured using THP1-XBIueCD14 cells (Invivogen, Toulouse, 

France). THP1-XBIueCD14 cells stably co-express CD14 and an NF-kB/AP-1-inducible 

secreted ALP reporter. THP1-XBIueCD14 were re-suspended in senjm-free RPMI 1640 

medium supplemented with 3mM CaCb and 0.6m M MgCl2 at a density of 3x10® cells/mL and 

seeded in 96-weil plates. Cells were incubated with FXa (20nM) for 1 hour and subsequently 

stimulated with LPS (31-500ng/m l) for 6 hours. ALP activity in the supernatant was detected 

with QUANTI-Blue, as described above.

Mice

PAR2‘'‘ mice, originally from Jackson Laboratories, were on a BALB/c background and 

maintained in-house. For additional details, see ‘Supplementary Methods’ section.

Isolation and culture o f murine bone marrow-derived macrophages

Bone marrow-derived macrophages were prepared from mice by standard techniques 

(33). For additional details, see ‘Supplementary Methods’ section.
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Quantification of cytokine secretion from human PBMCs and murine bone marrow- 

derived macrophages

Human PBMCs or murine bone marrow-derived macrophages were washed with PBS 

and incubated with FXa/APC/FXaQECR (20nM) in serum-free RPMI 1640 medium supplemented 

with 1mM CaCb and 0.2mM MgCb for 3 hours prior to stimulation with LPS (PBMCs; 50ng/ml 

and macrophages; 20ng/ml) for 18 hours. Supernatants were collected and TNFa and IL-6 

detected using DuoSet ELISAs (R&D Systems, MN, USA) for human and murine cytokines.



Results

FXa attenuates pro-inflammatory cytokine production from myeloid cells in response to 

LPS

To examine whether FXa exposure promotes or suppresses the pro-inflammatory 

cytokine response of myeloid cells to LPS, the effect of FXa on TNFa production from LPS- 

treated primary monocytes (PBMCs) was assessed. FXa inhibited LPS-induced TNFa secretion 

from PBMCs in a significant and concentration-dependent manner (ICso-SnM FXa; Figure 1a). 

FXa alone, however, did not induce TNFa production, or negatively impact cell viability 

(Supplementary Figure 2). The extent of FXa-mediated inhibition of TNFa release was similar to 

that observed in the presence of the homologous anti-inflammatory enzyme APC (Figure 1a). 

When monocytic THP-1 cells were used in place of PBMCs in the same assay, prior exposure 

to FXa resulted in a significant (60±9% at 20nM FXa; p <0.001) and dose dependent (ICso-SnM) 

reduction in LPS-induced TNFa secretion, that was again comparable to that observed with 

APC in the same assay (Figure 1b). Comparison of FXa anti-inflammatory activity with other 

homologous vitamin K-dependent proteases showed that, of the procoagulant vitamin K- 

dependent proteases tested, only FXa could replicate APC anti-inflammatory activity on 

monocytes (Figure 1c).

Pro-inflammatory gene activation and cylokine expression can be initiated upon 

detection of TLR ligands other than LPS, by activation of TLR family members with different 

ligand specificity. Coagulation protease modulation of cytokine production induced by activation 

of TLRs other than TLR4 has not, however, been determined. To investigate this, FXa was 

added to THP-1 cells prior to stimulation with activating ligands for the TLR2/2 homodimer 

(HKLM), TLR1/2 heterodimer (Pam3CSK4), TLR5/5 homodimer (flagellin) and TLR2/6 

heterodimer (FLS-1). TNFa generation in response to each TLR agonist was significantly 

inhibited by FXa (p<0.05. Figure Id). Importantly, co-incubation of FXa with a chloromethyl 

ketone inhibitor (DEGR), essentially eliminated FXa inhibition of LPS-induced cytokine release
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from THP-1 cells (Figure 1e). This demonstrated that FXa proteolytic activity v\/as required for 

attenuation of cytokine release in response to LPS and furthermore, that LPS contamination of 

plasma-derived FXa was not responsible for the reduced cytokine response induced by FXa.

FXa attenuation of LPS-induced pro-inflammatory cytokine secretion on monocytes and 

macrophages requires PAR2 and is RAP-sensitive

FXa can activate either PAR1 or PAR2 to mediate FXa-dependent anti-inflammatory or 

cytoprotective activity on endothelial cells. Active-site inhibition diminished FXa ability to inhibit 

cytokine release upon TLR4 activation by LPS from THP-1 cells (Figure 1e), suggestive of a key 

role for PAR proteolysis in mediating FXa anti-inflammatory signaling on myeloid cells. To 

determine which PAR was required to mediate this phenomenon, PBMCs were treated with 

either a PAR1 or PAR2 antagonist (FR131117 and GB83, respectively) in conjunction with FXa 

and then challenged with LPS. PAR1 antagonism did not affect FXa impairment of LPS-induced 

TNFa production at any concentration tested, however, PAR2 antagonism dose-dependently 

inhibited FXa anti-inflammatory function until complete inhibition was observed at approximately 

1|j M GB83 (Figure 2a). As anticipated, GB83 had no effect upon APC-mediated TNFa 

inhibition. Replacement of PBMCs with THP-1 cells in the same assay illustrated a similar 

dependence on PAR2, rather than PAR1, to enable FXa anti-inflammatory signaling on this cell 

type (Figure 2b). To further characterize the role of PAR2 in FXa anti-inflammatory signaling on 

myeloid cells, macrophages isolated from wild type and PAR2''' BALB/c mice were exposed to 

FXa, FXaoEGR or APC prior to LPS stimulation. The inhibitory activity of FXa upon TNFa and IL-6 

production from both LPS-treated wild type macrophages was approximately double that 

observed when the same macrophages were incubated with FXaoECR (Figure 2c and 2d). 

Accordingly, when the same assay was performed in the presence of PAR2 '' macrophages, 

both FXa and FXaoECR failed to significantly inhibit TNFa and IL-6 production upon LPS 

challenge (Figure 2e and 2f). In contrast, APC significantly restricted TNFa and IL-6 release
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from LPS-stimulated wild type and PAR2 '’ macrophages (Figure 2c-f), in agreement with 

previous studies highlighting the importance of PAR1, rather than PAR2, in mediating APC anti

inflammatory activity on this cell type (12).

FXa can utilize a number of co-receptors to elicit PAR-dependent signaling, but those 

required for suppression of the pro-inflammatory cytokine response to TLR activation are not 

known. LDL receptor family members have been identified as potential mediators of vitamin K- 

dependent protease signaling on monocytic cells (34). In order to determine whether an LDL 

family receptor interaction might also modulate PAR2-dependent FXa anti-inflammatory activity 

on myeloid cells, receptor-associated protein (RAP; which binds to the ligand binding region of 

all LDL family receptors and prevents ligand interaction), was added in combination with FXa. 

RAP sensitivity of FXa-mediated attenuation of cytokine production from LPS-treated THP-1 

monocytes and murine macrophages was then determined. RAP alone had no effect upon LPS- 

induced pro-inflammatory cytokine production in the absence of FXa, but completely ablated 

FXa anti-inflammatory activity on THP-1 monocytes (Figure 3a). Similarly, incubation solely with 

RAP did not alter LPS-induced cytokine production from LPS-treated macrophages, but 

completely inhibited FXa inhibition of TNF and IL-6 release (Figure 3b & 3c), highlighting a novel 

role of RAP-sensitive LDL receptors in mediating FXa anti-inflammatory cell signaling. Given the 

important role of ApoER2 in mediating APC anti-inflammatory signaling on monocytes, we 

sought to determine whether ApoER2 was the target for RAP inhibition of FXa anti-inflammatory 

activity on THP-1 cells. To achieve this, FXa was incubated with THP-1 cells in the presence of 

a mouse anti-ApoER2 monoclonal antibody directed against the extracellular region of human 

ApoER2 (anti-ApoER2 mAb 1). Anti-ApoER2 mAb 1 dose-dependently attenuated FXa 

impairment of LPS-induced TNFa production (Figure 5d and inset). In contrast, anti-ApoER2 

mAb 2 (directed against the ApoER2 intracellular region) and a mouse IgGi antibody isotype 

control had no effect upon FXa anti-inflammatory activity, suggesting a novel role for the 

extracellular region of ApoER2 in enabling FXa anti-inflammatory activity on THP-1 monocytes.
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These studies indicate that PAR2, in conjunction with a RAP-sensitive membrane receptor, is 

necessary for optimal FXa-mediated suppression of LPS-induced pro-inflammatory cytokine 

production from myeloid cells.

FXa anti-inflammatory signaling causes inhibition of LPS-induced NF-kB activation and 

is sensitive to wortmannin

Activation of the transcription factor nuclear factor-KB (NF-kB) controls the expression of 

an array of pro-inflammatory cytokine genes and is a shared downstream effector of TLR- 

activated signaling pathways. To examine whether NF-kB activation by LPS was impaired by 

prior exposure to FXa, THP-1 cells stably transfected with an NF-KB-dependent secreted ALP 

reporter construct were incubated with FXa and then stimulated with LPS. FXa was found to 

significantly inhibit NF-kB activation at all LPS concentrations tested (p<0.05; Figure 4a). 

Numerous negative regulatory mechanisms exist in order to control the magnitude of the pro- 

inflammatory response upon TLR-mediated NF-kB activation. Pertinently, FXa homolog APC 

induces PI3K activation and Akt phosphorylation to negatively regulate LPS-TLR4 signaling on 

U937 monocytes(34). To investigate whether PI3K/Akt pathway activation is similarly required 

for FXa regulation of LPS-dependent cytokine production, THP-1 cells were treated with FXa 

and LPS in the presence of the PI3K inhibitor wortmannin and the production of TNFa 

measured. Wortmannin completely inhibited FXa-mediated suppression of TNFa production in 

response to LPS, with half-maximal inhibition of FXa activity observed at O.SpM (Figure 4b and 

4c). Similarly, PI3K inhibition by wortmannin ablated the negative regulation of TNFa production 

by FXa following stimulation with Pam3CSK4 as a ligand for TLR1/2 (data not shown). To 

further characterize the receptor requirements for FXa-mediated inhibition of NF-kB activation in 

THP-1 cells, the assay was repeated in the presence of GB83 and RAP. Similar to the effect of 

wortmannin, both GB83 and RAP completely prevented inhibition of NF-kB activation by FXa in 

THP-1 cells (Figure 4d). FXaoECR and FXa truncated at the N-terminal Gla domain (FXaoESGLA)
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were unable to inhibit NF-kB activation in a similar manner to FXa (Figure 4e), highlighting the 

importance of FXa enzymatic activity and Gla domain in mediating FXa anti-inflammatory 

activity.

Structural determinants of FXa anti-inflammatory activity on myeloid cells

To characterise the molecular requirements for FXa inhibition of pro-inflammatory cytokine 

release upon TLR activation, a range of FXa isoforms and truncations were utilised. The ability 

of FXaDESGLA to prevent LPS-induced TNFa production from THP-1 cells was significantly 

impaired compared to full-length FXa (Figure 5a). A similar response was observed when 

FXaDESGLA was used to prime cells prior to Pam3CSK4 treatment (data not shown). Bovine FXa, 

a close structural homolog of human FXa possessing approximately 70% amino acid sequence 

similarity to its human counterpart, was surprisingly ineffective in reducing LPS and Pam3CSK4- 

induced TNFa expression, suggesting that the molecular requirements for FXa anti

inflammatory activity on THP-1 monocytes are not conserved between these species (Figure 

5a).

Once activated, FXa associates with activated factor V (FVa) on plasma membrane 

negatively charged phospholipids to activate prothrombin. FVa could theoretically inhibit FXa 

interaction with cell surface receptors necessary for anti-inflammatory signaling. We found that 

FVa, however, had no effect upon the ability of FXa to suppress LPS-induced cytokine 

production from THP-1 cells (Figure 5b); indicating that in the presence of its procoagulant 

cofactor, the ability of FXa to negatively regulate LPS-stimulated cytokine production is 

maintained.

An intermediary amino acid sequence connecting the two FXa EGF-like domains (amino 

acid residues 83-88) has been previously shown to be important for FXa cell signaling (35). To 

investigate the contribution of the inter-EGF region to FXa inhibition of LPS-induced cytokine 

production on THP-1 monocytes, a short synthetic peptide mimicking this region (FXss-sa) was
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co-incubated with FXa and LPS-induced TNFa production measured (Figure 5c). The peptide 

alone had no effect on TNFa production, but its presence alongside FXa dose-dependently 

attenuated FXa-mediated inhibition of TNFa secretion in response to LPS (IC50 = 1.3 |jg/mL 

FX83-88 peptide, Figure 5c; inset). To ensure specificity, a scrambled version of this peptide was 

tested, but unlike FXga-ss peptide, it was unable to inhibit FXa anti-inflammatory activity (Figure 

5c).
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Discussion

FXa signaling can induce disparate downstream outcomes depending upon the PAR 

activated, the cell type assessed or the cellular output measured. Consequently, precise 

determination of the role of FXa cell signaling in vivo has been difficult to ascertain. Moreover, 

despite the observation of robust FXa signaling in vitro, rapid inhibition of FXa by plasma 

serpins may limit the role of FXa signaling in its free form under normal physiological conditions. 

However, there are a number of pathological states, particularly DIC, where procoagulant 

proteases such as FXa are excessively generated and not subject to the same strict regulatory 

mechanisms that exist in the absence of infection, in such instances, FXa generated as a 

consequence of persistent coagulation activation has increased potential to bind leukocytes and 

trigger cell signaling.

Recent studies have highlighted the role of proteases associated with haemostasis in 

modulating innate immunity, either by simultaneously promoting both coagulation and 

inflammation (9), or by regulating inflammation and thus limiting mortality in preclinical animal 

models of endotoxemia or in patients with severe sepsis (15). The role of FXa in this context is 

currently not well understood, and has been described to induce cell signaling conducive to both 

the promotion and attenuation of inflammation. Therefore, in this study, we sought to determine 

how FXa signals on innate immune cells whose primary physiological role is to initiate a pro- 

inflammatory response upon pathogen detection. In doing so, we demonstrate that FXa induces 

a refractory state to TLR stimulation via PAR2 activation, and thereby impairs pro-inflammatory 

cytokine production from TLR-stimulated myeloid cells.

FXa did not induce the generation of pro-inflammatory cytokines in any of the cell types 

tested when administered alone, or when co-administered simultaneously with TLR ligands. In 

contrast, prior exposure to FXa produced significant and dose-dependent inhibition of LPS- 

induced cytokine production in THP-1 cells, PBMCs and primary murine macrophages. A half- 

maximal reduction of TNFa production was elicited at ~3nM FXa in all myeloid cell types tested.
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The ability of FXa to regulate cytokine expression was not limited to that initiated by 

TLR4 activation and experiments utilising synthetic agonists directed against specific TLRs  

demonstrated that FXa regulates the pro-inflammatory cytokine response upon activation of 

multiple TLRs (including TLR 1, TLR2, TLRS and TLR6), with varying degrees of efficacy. Given 

the enzymatic activity and broad range of identified substrates for FXa, we considered whether 

reduced sensitivity to LPS on FXa-treated myeloid cells was a consequence of FXa shedding of 

TLRs from the cell surface. However, conserved FXa cleavage sites were not identified in the 

extracellular portions of any of the TLRs under investigation, indicating that receptor proteolysis 

from the cell surface is unlikely to contribute to FXa anti-inflammatory activity.

Proteolytic activation of either PAR1 or PAR2 by FXa confers cytoprotective effects on 

endothelial cells, but it is not known if they mediate FXa signaling on myeloid cells and if so, 

which PAR is required to mediate anti-inflammatory FXa activity. A likely role for PARs in 

enabling FXa suppression of pro-inflammatory production was demonstrated by the diminished 

capacity of FXaoEGR to attenuate LPS-induced TN Fa expression on both monocytes and 

macrophages. Furthermore, we found that FXa exhibited a significantly reduced ability to inhibit 

LPS-induced cytokine production from THP-1 monocytes in the presence of PAR2, but not 

PAR1, antagonists. Also, in contrast to murine wild type macrophages, LPS-induced TNFa/IL-6  

production from PAR2 '‘ macrophages was largely impervious to the anti-inflammatory activity of 

FXa. This is consistent with the proposed molecular mechanism of action of FXa cytoprotective 

activity on endothelial cells, where previous studies have shown that anti-PAR2 antibodies block 

FXa-dependent maintenance of endothelial cell barrier integrity, down-regulation of cell surface 

adhesion protein expression upon TN Fa treatment and diminished NF-kB activation (23). 

Interestingly, PAR2 activation by non-physiological synthetic peptides also results in diminished 

LPS-induced TN Fa and IL-6 expression from primary murine macrophages (36). Our study thus 

identifies a novel role for FXa as an endogenous PAR2 activator with similar anti-inflammatory 

activity on myeloid cells.

16



The downstream signaling induced upon PAR2 activation by FXa to limit inflammatory 

cytokine generation is not known and the intracellular pathways that mediate decreased 

sensitivity to LPS have not yet been fully delineated. However, we have observed that FXa 

significantly inhibited NF-kB activation in LPS-activated THP-1 reporter cells. Furthermore, FXa 

anti-inflammatory signaling requires functional PI3K and is inhibited by the presence of 

wortmannin. The PI3K-Akt pathway has a well-characterised role in mediating cell survival, and 

has been implicated in both negative and positive regulation of TLR-induced pro-inflammatory 

cell signaling (37, 38). Activation of the PI3K-Akt pathway in human monocytes and THP-1 cells 

has been demonstrated to limit LPS-induced up-regulated NF-kB, AP-1 and TNFa expression 

(37). Furthermore, pharmacological inhibition of PI3K/Akt increases LPS-induced coagulation 

and inflammation in murine models of endotoxemia (39). Our data implies FXa activation of 

PI3K/Akt-dependent pathways in THP-1 cells is an important step in enabling FXa anti

inflammatory signaling on myeloid cells. Furthermore, this suggests that FXa utilises a similar 

downstream signaling mechanism to its homolog APC on monocytes, which also induces PI3K 

and Akt phosphorylation to attenuate LPS-TLR4 pro-inflammatory signaling (34).

The molecular determinants of specific PAR cleavage by FXa are incompletely 

understood, but appear to be regulated by FXa cell surface co-receptor interactions. For 

example, interaction between FXa(3 and annexin 2 facilitates activation of PAR1, but not PAR2, 

on endothelial cells, whereas EPCR binding is proposed to support FXa activation of both PAR1 

and PAR2 on the same cell type (29, 30, 40). Given the ability of RAP to inhibit APC anti

inflammatory signaling on U937 monocytic cells, we sought to identify whether FXa anti

inflammatory signaling on THP-1 monocytes was similarly RAP-sensitive. FXa anti-inflammatory 

signaling was strongly inhibited by the presence of RAP on both monocytes and macrophages, 

indicating a crucial role for an LDL receptor family member in enabling FXa signaling activity on 

these cells. In addition, a mouse monoclonal antibody directed against the extracellular region 

of ApoER2 blocked FXa inhibition of TNFa release from THP-1 monocytes. Extensive studies to



characterise the role of ApoER2 and other potential LDL receptor family members that may 

contribute to FXa anti-inflammatory activity on myeloid cells are required. This is particularly true 

given FXa anti-inflammatory activity on bone marrow-derived murine macrophages derived from 

BALB/c mice was also found to be sensitive to RAP inhibition despite previous studies that 

indicate that ApoER2 is not expressed on bone marrow-derived murine macrophages (12). This 

suggests an as-yet-unidentified LDL receptor fam ily member expressed on bone-marrow- 

derived macrophages, distinct from ApoER2, may represent an alternative target for the potent 

RAP-mediated inhibition of FXa anti-inflammatory activity observed on LPS-treated bone 

marrow-derived macrophages.

In this study, a peptide mimicking this FXa amino acid sequence (FXg3_gg) shown 

previously to be crucial for PAR2-dependent barrier protective and anti-inflammatory activity of 

FXa on endothelial cells (22, 23), produced a dose-dependent decrease in FXa regulation of 

LPS-stimulated cytokine production from THP-1 cells, such that FXa anti-inflammatory activity 

could be completely blocked by the presence of this peptide. Interestingly, bovine FXa, whose 

inter-EGF region amino acid sequence is not sim ilar to its human counterpart, was unable to 

mount an anti-inflammatory response sim ilar to that of human FXa, providing a possible 

explanation for the observed species-specific loss of function.

The anti-inflammatory activity of FXa on myeloid cells was inhibited by N-terminal Gla 

domain truncation. In contrast, the FXa Gla domain may not be required for PAR2-dependent 

FXa signaling on endothelial cells (22). It is not clear at this stage whether FXa Gla domain 

truncation confers long-range structural changes that disrupt FXa myeloid receptor binding sites 

on the Gla domainiess protease, or itself represents a crucial binding site for FXa myeloid cell 

surface receptors.

Collectively, this study suggests that FXa acts in a sim ilar manner to APC in limiting pro- 

inflammatory cytokine production on monocytes and macrophages. Unlike APC, FXa utilises
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PAR2, rather than PAR1, to initiate downstream anti-inflammatory signaling on macrophages, 

but similarly, attenuates NF-kB activation and activates PI3K signaling pathways to inhibit 

inflammation in LPS-treated monocytes. Myeloid cell-specific APC anti-inflammatory signaling is 

crucial in protecting mice from LPS-induced lethality (12, 41). Assessment of the efficacy of FXa 

in this setting however, is complicated by multiple confounding factors, including the potent 

procoagulant activity of FXa, its rapid inhibition by serpins in plasma (42) and its pleiotropic ceil- 

dependent signaling properties. However, the success of prior studies utilizing modified 

recombinant APC variants (15) with signaling-selective activity to regulate murine endotoxerric 

response provides a useful insight as to how the anti-inflammatory activity of exogenous FXa 

could be investigated in vivo. Recombinant FXa variants with impaired ability to assemble in;o 

the prothrombinase complex and/or associate with inhibitors, but retained ability to interact wi;h 

myeloid cell surface signaling receptors, may yield important insights into the role of FXa ani- 

inflammatory signaling when applied to pre-clinical animal models of acute infiammat07 

disease.
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Figure Legends

Figure 1: FXa inhibits LPS-induced monocyte TNFa secretion, (a) PBMCs were exposed to 
FXa (0.313-20nM; ■ )/ APC (20nM; ▲) for 3 hours prior to stimulation with LPS (50ng/mL; 18 
hours). TNFa production was determined by ELISA. No TNFa was detected in the absence of 
LPS (□). (b) The relative anti-inflammatory activity of APC (0.625-20nM; □ )  and FXa (0.313- 
20nM; ■ ) was determined by incubation with THP-1 cells for 3 hours, prior to stimulation with 
LPS (500ng/mL; 4 hours). TNFa secretion was detected using HEK Blue TNFa reporter cells 
(ALP activity) as described in Methods, (c) THP-1 cells were exposed to vitamin K-dependent 
proteases (APC, FXa, FVIIa, FIXa, all 20nM) and then treated with PBS or LPS (500ng/ml; 4 
hours) before TNFa release was determined using HEK Blue TNFa reporter cells (d) THP-1 
cells were exposed to PBS (black bars) or FXa {white bars, 20nM) for 1 hour prior to stimulation 
with TLR agonists LPS (500ng/mL), HKLM (5 x 10® cells), Pam3CSK4 (500ng/mL), flagellin 
(50ng/mL) or FSL-1 (50ng/mL) for 4 hours and TNFa then measured, ("e) THP-1 cells were 
exposed to FXa or FXaoECR (20nM) for 1 hour prior to stimulation with LPS (500ng/mL) for 4 
hours and then released TNFa detected using HEK Blue TNFa reporter cells. All results 
represent the mean of at least 3 independent experiments ± S.D..

Figure 2: FXa inhibits LPS-induced pro-inflammatory cytokine production from myeloid 
cells via PAR2 activation, (a) PBMCs were exposed to PARI (FR131117; O) or PAR2 (GB83; 
■ ) antagonists for 30 minutes prior to FXa (20nM) co-incubation for 3 hours, followed by LPS 
treatment (50ng/mL; 18 hours). TNFa was then measured by ELISA. LPS-induced TNFa in the 
absence of FXa (A) and LPS-induced TNFa in the presence of APC/GB83 is also shown (♦ ) . 
(b) THP-1 cells were exposed to GB83 (0.125-1 pM) for 30 minutes prior to incubation with FXa 
(20nM; ■ ) or APC (20nM; ♦ )  for 3 hours. Similarly, THP-1 cells were exposed to FR131117 
(1.25pM) for 30 minutes prior to incubation with FXa (20nM; O) for 3 hours. Cells were treated 
with LPS (500ng/mL; 4 hours) and TNFa secretion was detected using HEK Blue TNFa reporter 
cells. LPS-induced TNFa in the absence of FXa or PAR antagonists is shown (A). GB83 did not 
induce TNFa production in the absence of LPS (□). Murine bone marrow-derived macrophages 
were isolated from wild type (c & d) and PAR2'' {e & f) BALB/c mice and exposed to 
APC/FXa/FXaoEGR (all 20nM) for 3 hours prior to addition of PBS or LPS (20ng/mL) for 18 hours. 
Murine TNFa (c & e) and IL-6 (d & f) were determined by ELISA and the mean ± S.D. from 3 
independent experiments is shown.

Figure 3: PAR2-dependent FXa suppression of LPS-induced cytokine production from 
myeloid cells is sensitive to RAP. (a) THP-1 cells were incubated with RAP (80pM) for 30 
minutes, prior to PBS {black bars) or FXa {grey bars, 20nM) incubation for 3 hours. Cells were 
then treated with LPS (500ng/mL; 4 hours) and TNFa secretion was detected using HEK Blue 
TNFa reporter cells. Treatment with PBS alone {white bars) was used as a negative control, {b
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and c) Murine bone marrow-derived macrophages were treated with RAP (80|jM) for 30 minutes 
prior to FXa incubation (20nM) for 3 hours and stimulated with LPS (20ng/mL; 18 hours). Murine 
(b) TNFa and (c) IL-6 production was determined by ELISA, (d) THP-1 cells were incubated with 
two anti-ApoER2 (10|jg/mL; inset 0-10pg/mL) or mouse IgG (10pg/mL) antibodies for 30 
minutes, prior to PBS (black bars; inset -  A) or FXa (grey bars; inset -  ■ , 20nM) incubation for 3 
hours. Cells were then treated with LPS (500ng/mL; 4 hours) and TNFa secretion was detected 
using HEK Blue TNFa reporter cells. Treatment with PBS alone (white bars) was used as a 
negative control.

Figure 4: FXa anti-inflammatory PAR2-dependent signaling results in inhibition of LPS- 
induced NF-kB activation and is sensitive to wortmannin. (a) THP1-Blue CD14 NF-kB 
reporter cells were incubated with FXa (□; 20nM) or PBS (■) for 1 hour prior to stimulation with 
LPS (31.3-500ng/mL; 6 hours) and measurement of ALP activity, (b, c) THP-1 cells were treated 
with wortmannin (b -  1.25[jM, c -  0.313-2.5[jM) for 30 minutes prior to co-incubation with PBS 
(black bars) or FXa (grey bars, 20nM; 1 hour), and then stimulated with LPS (500ng/mL) for 4 
hours. PBS treatment (white bars, b) did not elicit TNFa secretion, (d) THPI-Blue CD14 NF-kB 
reporter cells were incubated with GB83 (1|jM), wortmannin (1.25|jM) or RAP (80pM) for 30 
minutes prior to exposure to co-incubation with PBS (black bars) or FXa (grey bars, 20nM; 1 
hour), and then stimulated with LPS (500ng/mL) for 4 hours. PBS treatment (white bars) did not 
elicit NF-kB activation, (e) THPI-Blue CD14 NF-kB reporter cells were incubated with FXa, 
FXaoEGR or FXaoEscLA for 3 hours prior to stimulation with LPS (500ng/mL) for 4 hours then ALP 
activity was detected. Results represent the mean ± S.D. of at least 3 independent experiments.

Figure 5; Structural and domain requirements for FXa anti-inflammatory activity on 
myeloid cells, (a) THP-1 cells were exposed to FXa, FXaoESGtA or bovine FXa (bFXa; all 20nM) 
for 3 hours prior to stimulation with LPS (500ng/mL) for 4 hours then TNFa in the THP-1 
supernatant measured, (b) THP-1 cells were exposed to FXa (20nM) in the presence or 
absence of FVa (20nM) for 3 hours prior to stimulation with LPS (500ng/mL) for 4 hours, (c) 
THP-1 cells were treated with FXaas-as or FXasa-ssscR (lOOpg/mL) for 30 minutes prior to either 
PBS (black bars) or FXa (grey bars, 20nM) for 3 hours and then with LPS (500ng/mL) for 4 
hours. PBS in the absence of FXa/LPS (white bars) had no effect on cytokine production when 
assessed using HEK Blue TNFa reporter cells. The dose-dependent inhibition of FXasa-aa on 
FXa anti-inflammatory activity on THP-1 cells is also shown (inset).
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Supplementary Methods 

Materials

Plasma-purified human FVIIa, FIXa, FXa, FXaoEGR, FXaoESGUA, bovine FXa, FVa and APC were 

purchased from Hematologic Technologies Inc. (Essex Junction, VT). Synthetic peptides 

mimicking FX sequence L®^FTRKL®®G and a scrambled version of the same FX sequence 

(KFTGRLL) were synthesized on request by Genscript Inc. (Piscataway, NJ, USA). TLR 

agonists (Pam3CSK4, Heat-killed Listeria monocytogenes (HKLM), bacterial flagellin, FSL-1) 

and wortmannin were purchased from Invivogen (Toulouse, France). Endotoxin-free receptor- 

associated protein (RAP) was purchased from Innovative Research, Inc. (Novi, Ml, USA). 

Histopaque 1077 was purchased from Sigma-Aldrich Life Sciences (Cambridge, UK). Anti- 

ApoER2 monoclonal antibodies and mouse lgGi isotype control antibody were obtained from 

Abeam (Cambridge, UK) and Santa Cruz Biotechnology (Boston, MA, USA).

Isolation of human peripheral blood mononuclear cells (PBMCs)

PBMCs were isolated from buffy coat whole blood component obtained from a healthy 

donor pool provided by the Irish Blood Transfusion Service. PBMCs were isolated by 

centrifugation at 2000 rpm in Ficoll-Hypaque density gradient using the Boyum method^^ and 

maintained in RPMI 1640 medium (Life Technologies, Paisley, UK) supplemented with 10% 

fetal bovine serum, 100 U/ml penicillin and 100 /vg/ml streptomycin (Invitrogen Life 

Technologies, Paisley, UK). Cell viability before each assay was assessed by Trypan Blue 

staining. Cells were seeded in 96-well microtitre plates at a density of 2 xIO® cells/ml and 

incubated at 37°C and 5% CO2 for 3 hours (after which any non-adherent cells were removed) 

then cultured for a further 24 hours.

Mice

PAR2 '' mice, originally from Jackson Laboratories, were on a BALB/c background and 

maintained in house. Animals were kept in individually ventilated and filtered cages under 

positive pressure (Teniplast, Northants, UK) and Specific Pathogen-Free (SPF) conditions. Mice 

were fed an irradiated diet and housed on irradiated bedding. Food and water were supplied ad 

libitum. All animal experiments were performed in compliance with Irish Department of Health 

and Children regulations and were approved by the Trinity College Dublin BioResources ethical 

review board.



Isolation and culture of murine bone marrow-derived macrophages

Bone marrow-derived macrophages were prepared from mice by standard techniques. 

Briefly, bone marrow cells obtained from the femurs and tibia of PAR2' and BALB/c wild type 

mice. Bone marrow cells were plated in 6-well plates and cultured in RPMI 1640 medium 

supplemented with 10% fetal calf serum, lOOU/ml penicillin, 100/vg/ml streptomycin and 10 

ng/mi GM-CSF (R&D Systems, Minneapolis, MN, USA) for 7 days. Purity of macrophages was 

analysed using flow cytometry with data collection on a CyAn (Beckman Coulter). Data were 

analyzed using FlowJo software (Tree Star). Cultured cells were stained with BD Biosciences 

mAb; F4/80-APC (BM8) and eBiosciences mAb; CDIIb-PerCP (Ml/70). Flow buffers used 

contained 2mM EDTA to exclude doublets. Using appropriate isotype-controls, quadrants were 

drawn and data were plotted on logarithmic scale density-plots. Cultured cells expressed both 

CD11b and F4/80 markers for macrophages.

Statistical analysis

All experiments were performed in triplicate as a minimum and plotted as the mean ± standard 

deviation (S.D.). Unpaired Student t-tests were used to determine statistical significance, and p 

values < 0.05 were deemed significant.

2



Supplementary Figure 1:
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Supplementary Figure 1: Exposure of THP-1 cells to LPS and Pam3CSK4 results in expression of 
TNFa that can be measured using HEK Blue™ TNF-a/IL-lp reporter cells. THP-1 cells were treated 
with (a and c) LPS (6.25-1 OOng/ml) (b and d) Pam3CSK4 (31.3-500ng/ml) for 4 hours. TNFa secretion 
was determined by incubating treated THP-1 cell supernatant with HEK Blue™ TNF-a/IL-ip reporter cells, 
resulting in a dose-dependent increase in secreted ALP expression. THP-1 cells were treated with the 
LPS Inhibitor polymixin (PolyB), prior to exposure to (c) LPS (200ng/ml; 4hrs) or (d) Pam3CSK4 
(500ng/ml; 4hrs). PolyB completely prevented LPS-induced TNFa secretion but had no effect on 
Pam3CSK4-induced TNFa secretion. The presence of an anti-TNFa monoclonal antibody prevented 
induction of secreted ALP expression by both LPS/Pam3CSK4 treated THP-1 supernatant, confirming 
ALP activity was a consequence of TNFa in the supernatant.
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Supplementary Figure 2:
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Supplementary Figure 2: The effect of FXa on LPS-induced TNFo secretion does not occur as a 
consequence of altered THP-1 cell viability. To verify tlia l the observed effect of FXa on LPS-induced 
cytokine secretion is not a consequence of altered monocyte viability. THP1 cell viability after FXa 
treatment was assessed using the CellTiter-Flour Viability assay. This assay uses constitutive protease 
activity within live cells, lost upon degradation of membrane integrity during apoptosis, as a marker of cell 
viability. Cells were treated with a flourogenic, cell-permeable, peptide substrate cleaved only in viable 
cells to generate a fluorescent signal that is proportional to the number of non-apoptotic cells [Niles, A.L. 
et al. Anal Biochem. 2007 Jul 15;366(2):197-206]. THP-1 cells were incubated with PBS or FXa (20nM) 
for 3 hours prior to stimulation with LPS (500ng/mL) for 4 hours. Cell viability was assessed using the 
CellTiter-Flour viability assay. Viability of cells treated with LPS alone or in combination with FXa did not 
differ significantly from that of untreated cells.
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Review Article

Elucidating the role of carbohydrate determinants in regulating 
hemostasis: insights and opportunities
Roger J. S. Preston,’ ’^ Orla Rawley,^ ® Eimear M. Gleeson,^’̂  and James S. O ’DonnelP'®

'D epartm ent of Clinical Medicine, Sctiool of Medicine, Trinity College, Dublin, Ireland; ^National Gfiildren's Research Centre, Our Lady’s Children’s Hospital 
Crumlin, Dublin, Ireland; and ^Haemostasis Research Group, Institute of Molecular Medicine, Trinity Centre for Health Sciences, St. Jam es’s Hospital, Trinity 

College, Dublin, Ireland

Recent improvement in modern analyti
cal technologies has stimulated an ex
plosive growth in the study of glycobiology. 
In turn, this has lead to a richer un
derstanding of the crucial role of N- and 
0-linl<ed carbohydrates in dictating the 
properties of the proteins to which they 
are attached and, in particular, their 
centrality in the control of protein syn
thesis, longevity, and activity. Given their 
importance, it is unsurprising that both

Introduction _______________

gross and subtle defects in glycosylation 
often contribute to human disease pa
thology. In this review, we discuss the 
accumulating evidence for the signifi
cance of glycosylation in mediating the 
functions of the plasma glycoproteins 
involved in hemostasis and thrombosis. 
In particular, the role of naturally oc
curring coagulation protein glycoforms 
and inherited defects in carbohydrate 
attachment in modulating coagulation

is considered. Finally, we describe the 
therapeutic opportunities presented by 
new insights into the role of attached 
carbohydrates in shaping coagulation  
protein function and the promise of 
carbohydrate modification in the de
livery of novel therapeutic biologies 
with enhanced functional properties 
for the treatm ent of hemostatic disor
ders. {Blood. 2013;121(19);3801-3810)

Glycan structures are attached lo more than half of all known 
proteins,' and genes encoding the molecular apparatus required 
for glycosylation constitute 1% to 2 % of the human genome.^ 
Despite the prevalence of glycan attachment to human proteins 
and lipids, the field of glycobiology has tradilionally represented 
something of a Cinderella subject. However, recent advances in 
synthetic, and particularly analytic, methodologies have led lo 
heightened awareness regarding the structural and functional 
significance of carbohydrate structures on proteins. Accumulat
ing data make it clear that the glycan structures expressed on 
many glycoproteins play critical roles in modulating functional 
activity. In addition, variation in carbohydrate structures has 
been implicated in the pathogenesis of a number of human 
diseases. Moreover, it seems inevitable that evidence regarding 
the physiological and pathological importance of carbohydrate 
expression will continue to emerge in the coming years. In this 
context, it is perhaps unsurprising that regulation of glycan 
expression on novel recombinant therapeutic glycoproteins is 
already established as a key quality parameter within the phar
maceutical industry. In this review, we provide an overview of 
the critical roles played by carbohydrate determinants in regu
lating human hemostasis and thrombosis. In particular, using 
exemplar coagulation glycoproteins, we have sought to highlight 
some of the different molecular mechanisms through which 
glycan variation can influence glycoprotein biology. Although 
we have selected specific examples and focused on plasma coag
ulation glycoproteins, these concepts can nevertheless be con
sidered a paradigm equally applicable to other human secretory 
glycoproteins.

Protein glycosylation

yv-linked glycosylation

A -̂linked glycans on human glycoproteins are attached to the amide 
nitrogens of asparagine (Asn) side chains. A/-linked glycosylation 
begins in the endoplasmic reticulum (ER),’’ '* where a preassembled 
oligosaccharide core structure is transferred from a dolichol lipid 
donor onto specific Asn residues within nascent polypeptide chains."* 
This reaction is catalyzed by the enzyme complex oligosaccharyl- 
transferease, which targets Asn residues located in the consensus 
sequence Asn-X-serine (Ser)/threonine (Thr) (where X can be any 
amino acid except proline).* Importantly, A'-linked glycosylation within 
the ER is actually a cotranslational event occurring on the luminal 
aspect of the ER membrane. As a consequence, depending on poly
peptide folding and conformation, not all Asn residues in a consensus 
sequence will necessarily be glycosylated. The net effect, therefore, is 
that polar N-linked glycans are typically found on the suifaces of 
glycoproteins, rather than being buried deep within the protein interior.

The initial 14-sugar core N-linked structure attached during 
protein synthesis in the ER is mannose-rich (GIciManijGlcNAc2). 
This core glycan is subsequently remodeled by a series of glycosyl- 
transferases and glycosidases as the protein passes through the ER 
and onto the Golgi.^ This process commences in the ER with the 
removal of 2 terminal glucose moieties by the exoglycosidases 
glucosidase I and 2. Glucose cleavage enables the protein to interact 
with 2 homologous ER lectins, calnexin (Cnx) and calreliculin (Crt), 
and thei^by engage in a folding cycle.® Once properly folded, 
glycoproteins are subsequently transported to the Golgi, where the

Submitted October 14. 2012; accepted February 7, 2013. Prepublished online ©  2013 by The American Society of Hematology
as Blood First Edition paper, February 20, 2013; DOI 10.1182/blood-2012-10-
415000.
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O-linked Glycan Structures N-linked Glycan Structures Figure 1. Examples of typical N - and 0-ilnked glycan 
structures expressed on human plasma glycoproteins.
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A'-linked glycans are further modified. Unsurprisingly, given that 
more than a hundred different glycosyltransferases are encoded by 
the human genome, the final W-linked carbohydrate structures can 
be complex and heterogeneous in nature. Neveitheless, A'-linked 
glycans can be classified into 1 of 3 subgroups: high-mannose, 
hybrid, or complex (Figure 1). This process is distinct from that of 
glycation, which refers to the nonenzymatic irreversible attachment 
of reducing sugars to proteins, and in contrast to glycosylation, it is 
not enzyme-controlled or dependent on predefined attachment sites.

O-linked glycosylation

O-linked glycans on human glycoproteins are attached to Ser or Thr 
residues. O-linked glycosylation differs from A^-linked glycosylation 
in a number o f important regards.® First, O-linked glycosylation is 
a true posttranslational modification, as 0-Iinked carbohydrate stnac- 
tures are only synthesized on proteins as they transit through the 
Golgi. Second, there is no preassembled O-linked oligosaccharide 
core structure. Rather, O-linked carbohydrate synthesis involves se
quential addition of monosaccharide units in a stepwise manner. 
These reactions are catalyzed by a series o f specific glycosyltrans- 
ferases analogous to those required for N-linked glycans synthesis. 
Finally, for O-linked glycosylation to occur, Ser or Thr residues do 
not need to exist as part o f a specific consensus sequence. Never
theless, previous studies have shown that O-linked glycosylation of 
Ser or Thr is more common i f  Ser/Thi" residues ane present in clusters or 
are located in areas rich in proline or alanine residues.'”  Final O-linked 
glycan structures are simpler than complex A'-linked sugars (Figure 1).

Heterogeneity of glycosylation

In view o f the number o f distinct human glycosylti'ansferases and 
glycosidases already described, it is perhaps not suiprising that gly
can databases include descriptions o f more than 500 different 
N-linked carbohydrate structures. The marked heterogeneity of 
N-linked glycans structures has proven one o f the major obstacles 
to the investigation o f the potential physiological and pathological 
significance of carbohydrate structures. A further level of complexity

is added by virtue o f the fact that many glycoproteins contain 
multiple individual N -  and O-linked glycosylation sites. In addi
tion, different types o f glycan structures can be expressed cn each 
of these specific Asn residues within the same protein. Importantly, 
expression levels for the individual glycosyltransferase and glyco- 
sidase enzymes vai'y significantly between different tissues aid can 
also be influenced by disease state or normal aging. As a conse
quence, a given individual can express various glycoforns o f a 
particular glycoprotein that differ only with respect to their car
bohydrate profiles.

Many o f the human proteins involved in regulating noimal 
hemostasis circulate as soluble glycoproteins in plasma. Before 
their secretion, these proteins often undergo complex post’jansla- 
tional modification, including significant glycosylation. As a result, 
complex branching carbohydrate structures can account fo' up to 
25% of their final molecular mass. These carbohydrate su jctures 
play critical, but often underappreciated, roles in modulating many 
o f the key biological properties o f these coagulation proteins.

Role of glycans in modulating intracellular 
trafficking

Carbohydrate determinants regulate transit through the ER

Secretoiy glycoproteins, including coagulation factors, are synthe
sized by ER-bound ribosomes. After processing within the ER, 
proteins follow an intracellular pathway through the ER-Golgi inter
mediate compartment (ERGIC) to the Golgi before finally being 
secreted into the plasma. Within the lumen o f the ER, significant 
folding and modification o f newly synthesized proteins occuis. This 
process is regulated by a series of enzymes and molecular chap;rones, 
including immunoglobulin-binding protein (BiP), Cxn, and Cit. Only 
correctly folded proteins are allowed to exit the ER. Misfolded 
proteins either are retained within the ER or are subject to degndation 
by the ER-associated protein degradation pathway
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Previous studies have clearly defined the critical role played by 
carbohydrate structures in regulating glycoprotein interaction with 
ER-resident moleculai' chaperones. In particular, the 14-sugar core 
A^-linked structure on nascent polypeptide chains is a key regulator 
o f these interactions. Cxn and Cn are homologous lectins that bind 
monoglucosylated polypeptides in concert with the thiol oxidore- 
ductase ER p57, facilitating correct folding and preventing protein 
aggregation. The fate o f the Cxn/Crt-bound polypeptide is ulti
mately determined by uridine diphosphate-glucose:glycoprotein 
glucosyluansferase (GT), which acts as a folding sensor that de
tects characteristic biophysical properties o f misfolded proteins. I f  
misfolding is detected, the protein is reglucosylaled by GT and re
enters the Cxn/Crt cycle, where it can either continue until cor
rectly folded or be transferred for degradation. I f  properly folded, 
GT does not reglucosylate high mannoses, and the protein is ready 
for transport to the Golgi apparatus.

The physiological relevance o f carbohydrate determinants in 
regulating U'ansit through the ER has been highlighted in a series 
o f elegant studies examining biosynthesis o f the homologous 
coagulation glycoproteins factor V (FV) and factor V III (FVIII), 
respectively. Once activated, these glycoproteins play crucial roles in 
the coagulation cascade, acting as cofactors in the prothrombinase 
and intrinsic tenase complexes. FV and FVIII share identical domain 
structures (A1-A2-B-A3-CI-C2), and significant structural homol
ogy exists between their A and C domains. In contrast, the B domains 
o f FV and FVIII exhibit limited sequence similainty." Nevertheless, 
both B domains are extensively glycosylated, containing 25 (FV) 
and 18 (FVIII) potential A'-linked glycosylation sites, respectively. 
Moreover, although the amino acid sequence encoding the FVIII B 
domain has diverged widely between human, porcine, and murine 
genes, the large number o f A/-linked glycosylation sites has remained 
strikingly conserved. In spite o f their homologous structures, 
expression studies have demonstrated that FV is secreted from 
mammalian cells significantly more efficiently than FVIII. Limiting 
steps in FV III secretion have been identified and include extended 
interactions with ER chaperone molecules, which in turn lim it its 
progress to the Golgi and onward to secretion from the cell. In 
paiticular, residues within the A I domain of FVIII have been shown 
to mediate stable interaction with B i P . I n  contrast, FV does not 
associate with BiP.’ ’  Furthermore, FV III has also been shown to 
bind both Crt and Cxn, which also slows its secre tion .U nsur
prisingly, these interactions are mediated in large part through N- 
linked glycan structures expressed within the FVIII B domain. 
Although FV can also interact with the chaperone Crt, it does not 
appear to bind to Cnx.

Carbohydrate determinants regulate transit from ER to Golgi

On successful folding and packaging, new proteins travel from the 
ER to the Golgi for additional posttranslational modifications 
before secretion. This is achieved by formation o f coat protein 
complex II (COPII) vesicles, which bud from the ER lumen and 
migrate to the Golgi apparatus via the ERGIC.*^ Despite their 
different ER processing, FV and FV III have a shared prerequisite 
for specialized ER-to-Golgi transport machinery. In particular, 
lectin mannose-BiP 1 (L M A N l; also known as ERGIC-53) and 
multiple coagulation factor deficiency protein 2 (MCFD2) are 
cargo transporters for ER-to-Golgi traffic o f FV and FV III.'* ’ ' ’

N-linked oligosaccharides are key to FV/FVIII interactions with 
the LMAN1/MCFD2 complex. LM A N l association with FV/FVIII 
is enhanced by the presence o f fully glucose tiimmed mannose 
9 sUuctures on B domain-located carbohydrates, as demonstrated

using an LM A N l mutant with defective mannose binding ability 
and, consequently, severely diminished F V III-LM A N l interaction. 
LMAN1/MCFD2 gene mutations that prevent interaction with FV/ 
FVIII (or each other) have been shown to be the cause of combined 
FV/FVIII deficiency, an autosomal recessive disorder associated 
with a mild to moderate bleeding tendency caused by reduced FV 
and FVIII plasma levels of 5% to 30%.'* '® Cumulatively, these 
data serve to emphasize the critical importance o f /V-linked glycan 
structures in regulating the intracellular trafficking of secretory 
glycoproteins.

Role of glycans in modulating susceptibility 
to proteolysis

In addition to modulating intracellular processing, carbohydrate 
expression on plasma glycoproteins influences a number o f their 
biological properties. In particular, glycans have been shown to 
modulate susceptibility to proteolysis. The critical importance of 
sugar structures in this regard has been highlighted through a series 
o f recent studies on the proteolysis o f the large, multimeric 
sialoglycoprotein, von Willebrand Factor (VWF). Before secretion, 
VWF undergoes extensive posttranslational modification, including 
significant glycosylation. As a result, each VWF monomer contains 
12 potential /V-linked and 10 potential 0-linked glycosylation sites 
with carbohydrate structures."'’ The glycan structures o f VWF have 
been characterized^' and shown to be highly complex and hetero
geneous in nature. The most common /V-linked structure is a 
monosialylated biantennary complex c h a i n . I n  contrast, the ma
jority o f the 0-linked glycans o f VWF are composed o f the tumor- 
associated T-antigen.^’  Thus, both the N- and 0-linked VWF 
glycans are commonly capped by terminal negatively charged sialic 
acid moieties. Unusually, covalently linked ABO(H) blood group 
carbohydrate determinants have also been described as terminal 
sugar residues on a proportion o f both the /V-linked (13%) and 
0-linked (1%) glycans of

Plasma VW F multimer composition is a critical determinant of 
functional activity. High-molecular weight multimers bind both 
subendothelial collagen and platelet glycoprotein Iba; with sig
nificantly higher affinities than low er-m olecu lar weight forms. 
Interesungly, the 0-linked glycans o f VWF have recently been 
reported to modulate the critical interaction with glycoprotein 
Ibct.'^'^* In normal plasma, the multimeric composition of circulating 
VWF is tightly controlled by a disintegrin and metalloproteinase 
with thrombospondin type repeals 13 (ADAMTS13). The phys
iologic importance o f regulating VW F multimer composition is 
highlighted in type 2A VW disease and thrombotic thrombocy
topenic purpura. In type 2A VWD, increased proteolysis is as
sociated with concomitant loss o f H igh-m olecular weight 
multimei's and a bleeding phenotype. Conversely, inherited or ac
quired ADAMTS13 deficiency or dysfunction resulLs in thrombotic 
thrombocytopenic purpura, characterized by an excess o f c ir
culating ulu-alarge VWF with the subsequent development of 
platelet-rich thrombi in the microvasculature.

For many years, it has been recognized that glycosylation profiles 
on circulating glycoproteins play critical roles in modulating sus
ceptibility to proteolysis. In particular, loss o f terminal sialic acid 
expression has been shown to result in increased proteolysis by 
various different p r o t e a s e s . F o r  example, desialylation o f VWF 
significanUy enhances sensitivity to proteolysis by plasmin, chymo- 
trypsin, and cathepsin B. In contrast to this accepted paradigm,
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however, recent data from our laboratory have shown that depletion 
of terminal a2-6 linked sialic acid from the A^-linked glycans of 
VWF specifically inhibits susceptibility to ADAMTS13 proteoly
sis.’ " Furthermore, terminal expression of ABO(H) blood group 
determinants on VWF glycans has also been shown to influence 
VWF permissiveness to ADAMTS13-mediated proteolysis (in the 
order O & B & A & Site-directed mutagenesis studies
have suggested that glycan expression at Asn-1574 in the VWF 
A2 domain adjacent to the ADAMTS13 cleavage site may be of 
particular importance in this context.^^ Mutation of this Asn residue 
with subsequent elimination of the associated glycan chain resulted 
in markedly enhanced susceptibility of VWF to ADAMTS13 prote
olysis. In contrast, mutation of neighboring glycan Asn-1515 had no 
such effect. On the basis of these findings, therefore, it is clear that 
variations in carbohydrate expression profiles can critically regulate 
plasma glycoprotein susceptibility to proteolysis, and thereby in
fluence normal physiology. Moreover, these alterations in carbohy
drate structure may involve only subtle changes in terminal glycan 
determinant expression. In addition, glycan variation at particular 
N-linked sites may also be of specific importance in this regard.

Role of glycans in modulating biological 
activity

Previous in vitro studies have demonstrated that modification of 
carbohydrate determinants on plasma glycoproteins, by either 
exoglycosidase digestion or site-directed mutagenesis, can sig
nificantly influence key aspects of biological function. It is im
portant to note, however, that even in normal individuals, some 
plasma glycoproteins naturally circulate as different glycoforms 
(Table 1). Although these protein isomers contain identical 
amino acid compositions, they differ with respect to the number 
and/or type of their attached glycan structures. As a consequence of 
altered glycosylation profiles, individual glycoforms may demon
strate clinically relevant differences in their functional properties. 
Within the coagulation cascade, there are several notable examples of 
naturally occurring, partially glycosylated plasma glycoforms that 
exhibit differential functional properties compared with their fully 
glycosylated counterparts.

Coagulation is initiated in vivo by the exposure of tissue factor 
(TF) on extravascular cells on vascular injury, which then interacts 
with activated factor VII (FVIIa) to activate factor X (FX). TF has 
A'-linked glycosylation consensus sequences at 3 positions (Asn-I I, 
Asn-124, and Asn-137); however, their contribution to TF procoagulant 
activity is subject to debate. TF possesses different glycan structures 
depending on whether it was derived from human placenta or gen
erated via recombinant expression in bacterial or insect cells.’ *’ ’’ * 
Deglycosylation of placenta-derived TF resulted in a significant 
(fourfold) reduction in catalytic rate CKcai) foi" extrinsic FXase 
activity, indicating an important role for N-Unked glycosylation in 
modulating TF procoagulant function.’ * In contrast, previous studies 
have reported that recombinant TF expressed in Escherichia coli 
possessed similar procoagulant activity to that expressed in 
mammalian cells.”  In addition, recent studies have shown that 
recombinant TF mutants lacking specific individual W-linked glycan 
consensus sequences also exhibit functional activity similar to that 
of wild-type TF.''"

Human coagulation FX is activated in vivo by FIXa and FVIIa 
in the presence of cofactors FVIIIa and TF, respectively, FX pos
sesses 2 A/-linked (Asn-39 and Asn-49) and 2 O-linked (Thr-!7 and

Thr-29) glycosylation sites, all of which are contained witnin the 
activation peptide of the zymogen protein. Various repons have 
suggested that FX carbohydrate moieties can modukte FX 
activation.""’̂ ’  Mutagenesis of FX N- and O-linked glycan attachment 
sites significantly increased FX activation by FVIIa or FIXa but 
exhibited a limited effect on the catalytic efficiency of eiuer die 
intrinsic (FIXa/FVnia) or extrinsic (TF/FVIIa) FXase comp^exes.''  ̂
Enzymatic desialylation of FX attenuates the rate of activaion by 
either the intrinsic or exU’insic FXase complex, implying an impor
tant role for terminal sialic acids in enhancing FXase complex for- 
mation."*’  Further to their role in FX activation, A/-linked (3ut not 
O-linked) glycans on the FX activation peptide have been proposed 
to protect FX from rapid clearance via glycan-dependen: inter
actions with macrophages in inice, accounting for its prolonged 
plasma half-life in comparison with related vitamin K-dependent

44 45zymogens.
The serine proteinase inhibitor antithrombin constitu.es the 

major plasma inhibitor of thrombin and circulates as a iingle- 
chain glycoprotein that possesses 4 W-linked glycosylaticn sites 
at Asn-96, Asn-135, Asn-155, and Asn-192, respectively. These 
glycan structures exist predominantly in the form of disiaylated 
biantennai7  complex chains.‘'® Two different plasma glycoforms 
of antithrombin {a- and 3-antithrombin) have been descrbed."'^ 
Fully glycosylated a-antithrombin accounts for the majority 
of total plasma antithrombin. In addition, a minor glycoform 
(3-antithrombin) contributes 10% to 15% of total plasma 
antithrombin. This glycoform is identical to u-antithromMn but 
for the absence of any A/-linked oligosaccharide expression at 
Asn-135.■** The loss of this specific glycan chain results in 
markedly enhanced protease inhibitor activity.'*’ ’'*'̂  As a conse
quence, despite representing only a small minority of plasma 
antithrombin, 3'3ntithrombin has been suggested to 5e the 
principal mediator of antithrombin protease inhibitor activity in 
vivo.^*' Kinetic and crystallographic analyses of the moecular 
basis underlying the enhanced activity of 3-antithrombin have 
demonstrated that the presence of the oligosaccharide structure at 
Asn-135 sterically impedes a conformational change required 
to activate antithrombin on heparin/heparan binding.^' Thus, 
absence of this steric hindrance at Asn-135 in 3-aritithiombin 
enables rapid adoption o f an active conformation once bcund to 
heparin, thereby enhancing its inhibitory activity,’ ^

Protein C (PC), similar to antithrombin, is crucial for the 
regulation of thrombin generation in vivo. PC circulates in 
zymogen form and is activated by the thrombin-thrombon'odulin 
complex. After activation by the thrombin-thrombon"odulin 
complex, activated PC (APC) inhibits further thrombin genera
tion by proteolytic degradation of procoagulant-activated cofac
tors FVa and FVIIIa. PC possesses 4 W-linked glycos/lation 
sequons: 1 located within its first epidermal growth factoi (Asn- 
97) and the remaining 3 located in its protease domain (Asn-248, 
Asn-313, and Asn-329),

In addition, 3 diffei^nt glycoforms of human PC have been de
scribed in normal human plasma: a-PC accounts for 70% of total 
plasma PC and is characterized by the presence of complex 
biantennary oligosaccharide chains at all 4 A -̂linked glycosylation 
sites, 3-PC accounts for approximately 25% of total plasma PC and 
differs from a-PC in that it is not glycosylated at Asn-329,'”  anl -y-PC 
represents only 5% of total plasma PC and lacks oligosaccharide 
chains attached at both Asn-329 and Asn-248. Several Ines of 
evidence support the hypothesis that these different glycoform; of PC 
have important biological differences. For example, site-cirected 
mutagenesis studies have suggested that PC activation )y the
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Table 1. Coagulation glycoproteins— carbohydrate composition and biological relevance

H aem osta tic
g lyco p ro te in A/-linked s ites 0 -llnked s ites

Functiona l s ig n ifican ce  o f g lycan 
s truc tu res

P hys io log ica l and 
pa tho log ica l g lyco fo rm s

Fibrinogen 4 0 Promotes fibrinogen solubility®® Pathological; fibrinogens

Lima,®° Caracas H N iig a ta ,® *  

Pontolse, Asahi,®^ and 

Kaiserslautern®*

Prolhrombin 3 0 None described None described

TF 3 ND Giycans modulate procoagulant 

activity of JF®®’“

None described

Factor V 26 ND Giycans modulate intracellular 

trafficking from ER to Golgl.’ ® ’ ^

/V-linked giycans also influence FVa 

phospholipid binding affinity and FVa 

susceptibility to APC mediated proteolysis “

Physiological: FVa, and FVa2 

Pathological: factor V Liverpool 

(He359Thr)^®

Factor VII 2 2 Influence hepatk: clearance and

plasma half-life of recombinant FVIIa. 

Loss of O-llnked giycans impairs 

procoagulant activity of FVIIa in 

plasma.®®

None described

Factor VIII 24 7 Giycans influence FVIII folding and 

Intracellular trafficking during 

biosynthesis.’ ® ’ ^ AAlinked giycans 

also regulate FVIII uptake by 

dendritic cells®’ and clearance 

by the ASGPR.

Pathological: factor VIII

(Met1772Thr) and (He566Thr)

Factor IX 2 5 None described Pathological: factor IX 

(Arg94Ser) ®®

Factor X 2 2 Both N - and O-linked giycans 

are negative modulators of FX 

zymogen actlva llon /^  A/-llnked 

giycans also regulate FX clearance.**®

None described

Factor XI 5 ND None described None described
Factor XII 2 7 None d e x rib e d None described

Factor XIII 3 ND None described None described
VWF 12 10 AWinked and O linked giycans

influence VWF synthesis, secretion, 

and biological acttvity.^^®® *® Glycan 

expression also regulates susceptibility 

to ADAMTS13 proteolysis®^ and is a 

critical determinant of VWF clearance.®^

Physiological: ABO blood 

group-specific glycoforms

PC 4 0 Modulate PC zymogen activation by 

thrombin thromt)omodulin complex.®^ 

Giycans also Influence the anticoagulant 

and antiinflammatory properties of APC.*®

Physiological: a-protein C. 

3'protein C, 7- protein C®®

Protein S 3 ND None described Pathological: protein S Heerien 

(Ser460Pro) ^

Antithrombin 4 0 Giycans Influence conformational

changes In antithrombin after heparin binding, 

and thereby regulate serpin activity.*^’®’

Physiological: a-antithrombin 

and p-antithrombin*^ 

Pathological: antithrombin 

{He7Asn).®® antithrombin 

(Ser82Asn)

ND, not determined.

thrombin-thixjmbomodulin complex is modulated by the presence of 
W-linked oligosacchaiides at Asn-313.’’ ‘* APC anticoagulant activity 
may also be subject to modulation by its glycan suiictures, but reports 
on its impoilance have been conflicting. Specifically, a naturally 
occuning PC mutation encoding only (E-PC (N329T) exhibited mildly 
reduced anticoagulant activity when purified from plasma, activated, 
and assayed for its ability to degrade FVa.

In contntst, a recombinant version of P-APC in which glycosyl- 
ation at Asn-329 was eliminated exhibited approximately twofold in
creased anticoagulant activity compared with wild-type recombinant 
AI^.^'*'^'’ In addition to its anticoagulant role, APC also possesses

potent anti-inflammatoiy and antiapoptotic activity that is mediated at 
least in pail by activation of protease-activated receptor 1 (PARl).^® 
We have recently demonstrated that a recombinant APC mutant that 
mimics the glycosylation pattern of P -A l^  (APC-N329Q) exhibits an 
increased capacity to maintain endothelial cell banier integrity and 
inhibit endothelial cell apoptosis compared with wild-type APC. '̂  ̂
Interestingly, Asn-329 is located proximal to a putative PAR-1 binding 
exosite on the surface of the APC protease domain,^’  and recent 
work has indicated that elimination of the oligosaccharide chain at 
this position accelerates the rate of PARI cleavage by APC, 
possibly by facilitating increased PAR I access to the binding
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exosileon APC (E. M . Gleeson, J. S. O ’Donnell, and R. J. Preslon, 
unpublished dala). On the basis of ihese findings, iherefore, it is 
clear that the different APC glycoforms present in normal human 
plasma exhibit important differences in their biological activities 
that are likely to be of physiological and pathological relevance.

Partial A'-linked glycosylation resulting in the synthesis of het
erogeneous glycoforms with distinct biological properties has also 
been reported for a number of important procoagulant plasma gly
coproteins. Human FV is abundantly glycosylated, with both N- and
O-linked carbohydrate structures accounting for 15% to 25% of the 
total molecular mass. FV is activated by limited specific proteolysis 
by either thrombin or FXa and then serves as a critical cofactor in the 
prothrombinase complex. Subsequently, FVa is inactivated by APC- 
catalyzed proteolysis at Arg-306 and Arg-506. Inactivation of FVa 
by APC plays a critical role in down-regulating thrombin formation. 
Two different glycoforms of FV are present in the normal human 
circulation. As a consequence, activation by thrombin results in the 
generation of 2 distinct forms of FVa (FVaj and FVai) that differ 
only with respect to their glycosylation profiles.^* Site-directed mu
tagenesis studies have established that unlike FVaj, the FVa2 

glycoform appears to result from partial glycosylation at Asn-2181 
in the C-temiinal C2 domain.’® Importantly, several reports have 
shown that this variation in the W-linked glycan component o f FVa 
significantly modulates its functional properties.'^®'*® For example, 
the affinity of the human FVa2  glycofonn binding to anionic phos
pholipids was approximately threefold higher than that of FVai.’ ® 
Moreover, FVai and FVa2  also displayed differential susceptibili
ties to APC-mediated proteolysis. In particular, at low phospholipid 
concentrations, FVaj was inactivated at a 15-fold slower rate compared 
with FVa2 .™ These distinct biological differences serve as a further 
example of how the relative concenUTitions of natiu'ally occurring co
agulation protein glycoforms have the potential to markedly influence 
overall thrombin generation at sites of vascular injuiy.

Role of glycans in modulating clearance

N- and O-linked carbohydrate structures play major roles in 
determining the rate of clearance of many human glycoproteins 
from plasma. Terminal sialic acids are of critical importance in 
this regard. The removal of capping sialic acid residues leading to 
exposure of penultimate Gal and GalNAc moieties typically re
sults in markedly enhanced glycoprotein clearance. In mammals, 
desialylation is achieved by a family of 4 sialidases (also known 
as neuraminidases; Neul-N eu4) that catalytically remove
oi-glycosidase-linked sialic acid groups from carbohydrate stiw- 
tures.®' This clearance is mediated primarily via the hepatic 
lectin asialoglycoprotein receptor (ASGPR or Ashweil receptor). 
A member of the calcium-dependent (C-type) lectin receptor 
family abundantly expressed in the liver, ASGPR is composed of 
2 homologous franj-membrane polypeptides (Asgr-1 and Asgr-2) 
that assemble into a hetero-oligomer on the cell surface. The 
C-terminal extracellular domains of Asgr-1 and Asgr-2 form a 
carbohydrate recognition domain that selectively binds glycoproteins 
expressing either P-D-galactose (|3Gal) or N-acetyl-D-galactos- 
amine (GalNAc) terminal sugar determinants in a calcium- 
dependent manner. However, these |3Gal and GalNAc residues 
are more typically expressed on plasma glycoproteins as sub
terminal moieties on oligosaccharide chains capped by sialic 
acid, i f  the terminal sialic acid residue is lost, the ASGPR can 
bind the exposed pGal or GalNAc and mediate endocytosis.

The critical importance of sialic acid expression in determining 
plasma half-life has been observed for several different coagulation 
glycoproteins. Enzymatic removal of terminal sialic acid residues 
from the abundantly sialylated V W F ex vivo markedly reduces 
plasma half-life in rabbits (240 vs 5 minutes for normal and 
desialylated VW F, respectively).®" In keeping with this observa
tion, genetic inactivation of a specific sialyltransferase (ST3Gal- 
IV ) in a transgenic mouse also resulted in significantly reduced 
plasma V W F  levels as a consequence of a twofold increased rate of 
clearance.®^ The importance of the ASGPR in modulating phys
iological VW F clearance is further underlined by recent data dem
onstrating that V W F half-life is significantly increased in ASGPR-1 
knockout mice.^

In addition to its role in regulating V W F plasma clearance, the 
ASGPR may also modulate the clearance of a number of other 
coagulation glycoproteins, including F V III. As previously de
scribed, F V III is heavily glycosylated, and the W-linked glycans of 
human F V III are commonly capped by negatively charged sialic 
acid residues.®’  Surface plasmon resonance studies have demon
strated that F V III also binds the ASGPR with high affinity 
(K(i =  2 nM). This interaction is mediated through the A-linked 
carbohydrate structures clustered within the B domain of F V III. 
Fiu-thermore, adminisU"ation of an ASGPR antagonist signiicantly 
inhibited F V III clearance in mice, suggesting that the ASGPR 
may contribute to normal physiological clearance of F V III from 
plasma.*®

Similar to sialic acid, ABO(H) blood group determinants are also 
expressed as terminal sugar residues on the carbohydrate strictures 
of both VW F and FV III. This ABO(H) expression has direct clinical 
relevance, as ABO blood group is major determinant of plasmi V W F  
levels. Group O individuals have 25% less circulating VW F com- 
paied with non-O individuals (group A, B, or AB).® '̂®* Moreover, 
plasma V W F  levels are even lower in individuals with tie rare 
Bombay blood group phenotype, in which H antigens are not 
expressed. '̂* The effect of ABO(H) blood group antigens on VW F  
levels is explained by differences in clearance rates between each 
blood group. As such, the V W F plasma half-life is signincantly 
shorter in normal group O vs non-O individuals (10.0 vs 25.5 hours, 
respectively).®’  Nevertheless, the molecular mechanism uncferlying 
the enhanced clearance of group O VW F remains unknown. 
However, given that the ASGPR selectively binds either GalNAc 
or Gal residues, it seems likely that another clearance receptor is 
responsible for modulating this phenomenon. A weak effec; of the 
Secretor blood group locus on plasma V W F levels has also been 
reported.®® Interestingly, this blood group system is similar tc ABO, 
in that it is characterized by the presence or absence of specific 
terminal carbohydrate determinants on oligosaccharide strtctures. 
To date, it remains unclear whether this Secretor influence is also 
modulated through an effect on V W F clearance.

In addition to the ASGPR, a variety of other leclin recepl.irs has 
been characterized. These lectins typically contain a carbohydrate 
recognition domain that has binding specificity for particuar ter
minal glycans moieties expressed on N- and/or O-linked ca'bohy- 
drate structures. Examples of other lectins that have been imflicated 
in modulating glycoprotein clearance include Mac-1 (umPj). the 
macrophage galactose lectin, and the scavenger receptor C-type 
lectin.’ ® The relative contribution of these individual receptors in 
mediating clearance of individual plasma coagulation glycop'oteins 
has not yet been defined. However, recent dala have demorstrated 
that macrophage-mediated endocytosis may be important in the 
physiological clearance of both VW F and F V III.”  Furthermore, data 
from our laboratory have shown that the rate of V W F  clearaice by
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macrophages is markedly influenced by VW F glycan expression, 
Recent data have also demonstrated that galectin I, galectin 3, and 
siglec 5 can also all bind to human VWF,^^^‘' In addition, other 
putative lectin-like receptors that may be involved in determining 
plasma levels o f the V W F -F V lll complex have been identified 
through genome-wide association studies and include C-type lectin 
domain family 4 member M and stabilin 2,^^ Thus, although the 
molecular mechanisms responsible for modulating the clearance of 
glycoproteins from plasma remain poorly understood, carbohydrate 
expression is o f critical importance in regulating the rate of 
clearance.

Aberrant glycosylation can cause 
human disease

Although rare, almost 50 different congenital disorders of glycosyl
ation have been identified,^® These disorders typically involve 
defects in  W-linked glycosylation and are associated with severe 
multiorgan clinical phenotypes including skeletal and neurological 
abnormalities. Significant coagulopathies have also been observed in 
children w ith congenital disorders o f glycosylation.^*’ * In particular, 
factor X I, PC, antithrombin, and protein S are commonly deficient. 
The molecular mechanism or mechanisms responsible for the re
duced plasma levels o f these specific coagulation glycoproteins 
remains unclear. Nevertheless, significant thrombotic and bleeding 
complications are well recognized as constituting important clinical 
features o f these conditions.’ ’  ’ *

Aberrant glycosylation o f specific proteins, including coagulation 
factors, has also been implicated in the etiology of human pathology. 
Point mutations that result in the introduction of novel W-linked 
glycosylation sites are o f particular importance. For example, the 
amino acid substitution lle359Thr within the heavy chain o f FV (FV 
Liverpool) creates a new N-linked glycosylation consensus sequence, 
such that an additional glycan chain is expressed at Asn-357,’  ̂As a 
result, the FVa-lle359Thr molecule is resistant to APC-mediated 
proteolysis, and consequently, FV Liverpool is associated with a 
prothrombotic phenotype, A number o f different amino acid sub
stitutions (hat introduce additional W-linked glycosylation sites have 
also been described in patients with congenital dysfibrinogenemia. 
These include fibrinogens Lima (Aa Argl41Ser),*" Caracas II 
(Aa Ser434Asn),*' Asahi ( 7  Met3 lOThr),*^ and Kaiserslauten 
( 7  Lys380Asn), In each o f these cases, the attachment o f an extia 
A/-linked glycan causes impaired functional activity and a conse
quent bleeding tendency. Similarly, an FIX gene mutation that 
results in an extra glycosylaUon site has been identified in a family 
with hemophilia B.*’  Interestingly, the Arg94Ser substitution 
actually leads to the introduction o f a new 0 -linked glycosylation 
site in the second epidermal growth factor-like domain o f FIX, 
which in turn markedly attenuates activation by FXIa.

In contrast, mutations leading to the loss o f a single specific N -  

linked glycosylation site have also been implicated in disease pa
thology. Protein S is a plasma glycoprotein that is important in 
regulating thrombin generation in vivo. First, protein S functions as 
a nonenzymatic cofactor for APC inactivation o f FVa and FVIIIa. 
In addition, protein S may also regulate hemostasis by APC- 
independent inhibition mechanisms. Protein S Heerlen is found in 
approximately 0,5% o f the population and is characterized by 
a Ser to Pro substitution at position 4 6 0 , This change results 
in the loss o f N-linked glycosylation at Asn-458 and has been 
associated with an increased risk for venous thromboembolism,*’’

The clinical phenotype relates in part to the fact that the Ser460Pio 
substitution results in reduced plasma protein S levels because of 
an enhanced clearance,** In addition, protein S Heerlen demonstrates 
reduced cofactor activity for APC-inacuvation of IWIIIa,*'’

Glycan modification: tlierapeutic implications 
and opportunities

As summarized in this review, carbohydrate structures on human 
coagulation proteins play essential roles in determining stability, 
circulatory half-life, and biological activity. As a consequence, in 
the production o f biopharmaceuticals, glycosylation is o f critical 
importance. In particular, for the synthesis o f recombinant glyco
protein therapeutics, it is well established that glycosylation pro
files can vary significantly, depending on the cell line chosen for 
expression. Moreover, recombinant proteins generated in vitro can 
also demonstrate significant heterogeneity in terms o f their glycan 
profiles. This obviously has major implications, given that many 
studies of coagulation protein structure and function have used re
combinant proteins that may express carbohydrate determinants that 
differ markedly to those expressed on the native human proteins. 
Unsurprisingly, these glycan variations also can have important 
therapeutic sequelae. For example, recombinant FVIIa (rFVIIa; 
NovoSeven) used for the treatment o f patients with hemophilia 
with inhibitors contains 2 A^-linked and 2 0-linked glycans and is 
expressed in baby hamster kidney (BHK) cells.*’  Although all 4 
sites are glycosylated in the purified rFVIIa molecule, approxi
mately 10% o f rFVIIa molecules from BHK cells have W-linked 
glycans lacking terminal sialylation. Moreover, a further 30% of 
the rFVIIa possesses significantly reduced A^-linked sialic acid 
expression. This variable sialylation has important consequences in 
deteimining the plasma half-life of therapeutic rFVIIa, as hyposialy- 
lated rFVIIa is rapidly cleared from the circulation through the 
hepatic ASGPR,**

Patients with hemophilia A can be treated using either plasma- 
derived or recombinant FV III products. Unsurprisingly, glycan 
expression differs significantly between plasma-derived and recom
binant FVIII.*® Moreover, glycosylation variation has also been 
described between different commercial recombinant FVIII prod
ucts that have been synthesized in different mammalian cell lines 
(including Chinese hamster ovai^ and BHK).*® For example, 
rFVIII from Chinese hamster ovai^ cells express the NeuGc 
epitope, which accounts for 0.5% o f total sialic acid.®® In contrast, 
Gal-a(l,3)Gal structures have been identified on ~3%  of BHK- 
expressed rFVIII. Importantly, high levels o f antibodies against 
NeuGc and Gal-a(l,3)Gal both occur naturally in most humans. 
Interestingly, recent studies have also demonstrated that specific 
glycan chains on FV III may influence dendritic cell uptake 
mediated through the macrophage mannose receptor (CD206),®' 
Thus, removal o f the mannosylated sugars at Asn-239 (A I domain) 
or Asn-2118 (C l domain) abrogated dendritic cell endocytosis of 
FVIII and presentation to C D 4 ' T-cells, Importantly, these data 
raise the possibility that vaiiations in glycan expression on 
recombinant FV III products may influence immunogenicity 
and, consequently, risk for inhibitor development in patients with 
hemophilia,®'

As our understanding o f the critical role played by glycan 
structures in regulating the biological activity and half-life o f plasma 
glycoproteins continues to further develop, it seems likely that 
significant opportunities for the development o f novel therapeutic
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agents will arise. In particular, glycoengineering involving targeted 
selective carbohydrate modification may enable the development of 
recombinant glycoprotein therapies with improved clinical efficacy. 
From the data presented in this review, the wide spectrum of 
coagulation factor properties that can be influenced by protein 
glycosylation are readily apparent. Manipulation of carbohydrate 
structures may be useful in prolonging plasma half-life of recom
binant clotting factor concenuntes; for example, through hyper- 
sialylation. Alternatively, glycoengineering may be useful in reducing 
(he immunogenicity of recombinant therapeutic glycoproteins. Clearly, 
even minor glycan modification of terminal sugar moieties, or indeed 
the loss or introduction of a specific glycosylation site, may be enough 
to develop a glycoform with enhanced therapeutic properties.
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Abstract Increasing evidcncc links blood coagulation 
proteins with the regulation of acute and chronic inflamma
tory disease. Of particular interest are vitamin K-dcpendent 
proteases, which are generated as a hemostatic response to 
vascular injury, but can also initiate signal transduction 
via interactions with vascular receptors. The endothelial 
cell protein C rcceptor (EPCR) is a multi-ligand vitamin 
K-dcpendent protein receptor for zymogen and activated 
forms of plasma protein C and factor VII. Although the 
physiological role of the EPCR-FVII(a) interaction is not 
well-understood, protein C binding to EPCR facilitates 
rapid generation of APC in response to excessive thrombin 
generation, and is a central requirement for the multiple 
signal-transduction cascades initiated by APC on both 
vascular endothelial and innate immune cells. Exciting 
recent studies have highlighted the emerging role of EPCR 
in modulating the cytoprotective properties of APC in a 
number of diverse inflammatory disorders. In this review, 
we describe the structure-function relationships, signal 
transduction pathways, and cellular interactions that enable 
EPCR to modulate the anticoagulant and anti-inflammatory 
properties of its vitamin K-dcpendent protein ligands, and 
examine the relevance of EPCR to both thrombotic and 
inflammation-associatcd disease.
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Background

In addition to their well-established hemostatic functions, 
vitamin K-dependent (VKD) coagulation proteins can also 
modulate immune response upon infection or injury fl]. 
These immuno-regulatory effects require initiation of 
intracellular signaling networks in vascular and non-vascu- 
lar cells. To trigger signaling, VKD coagulation proteascs 
must first interact with extracellular reccptors. In some 
instances, this interaction alone is sufficient to trigger signal 
transduction [2]. More commonly, however, extracellular 
reccptor interaction positions VKD proteases such that pro- 
tease-sensitive receptor activation and intracellular signal 
transduction can occur. These ‘effector’ receptors constitute 
a family of cleavage-sensitive G-protein coupled receptors 
(GPCRs) called protease-activated receptors (PARs) [3, 4]. 
PAR activation commonly occurs upon presentation of the 
VKD protease by a proximal coagulation protein co-receptor 
[5-8]. The endothelial cell protein C receptor (EPCR) fulfils 
this role for several VKD coagulation factors. VKD protein 
interaction with EPCR does not, however, serve solely to 
localize VKD proteases for PAR activation. Rather, EPCR 
binding can directly influence the subsequent nature of 
downstream PAR-aetivated signaling outcomes [9]. EPCR- 
dependent signaling by VKD proteins is implicated in a 
myriad of ‘cytoprotective’ responses to injury or infection. 
This review highlights recent advances in our understanding 
of EPCR physiological function, biochemistry and expres
sion, and further explores the central position of EPCR in the 
regulation of coagulation and immune cell function.

^  Springer
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EPCR expression, structure, and post-translational 
modification

EPCR was initially characterized by Esm on and colleagues 
as a high-affinity endothelial cel! surface recep tor for 
zym ogen and activated protein C  [10]. A lthough originally  
identified as an endothelial cell receptor, EPCR has since 
been detected  in a num ber o f cell types, including vascular 
sm ooth m uscle cells [11], eosinophils f l2 ] , neutrophils 
f l3 ], m onocytes [14], keratinocytes [15], hippocam pal 
neurons [16], cardiom yocytes [17], and placental tropho- 
blasts [18]. EPCR was recently show n to be expres.sed on 
the surface o f bone m arrow  [19] and feta! liver em bryonic 
hcm atopoietic stem cells (H SCs) [20]. E P C R ^ HSCs 
exhibit potent hem atopoietic reconstitution activity and 
dem onstrate durable and equivalent differentiation  for all 
blood lineages [19]. C onsequently , EPCR  expression is 
now an established HSC phenotypic m arker.

The hum an EPCR gene {PROCR)  is located on chro
m osom e 20q l 1.2, spanning approxim ately 8 kiloba.ses (kb) 
[21]. PRO CR,  consisting o f four exons and three introns, 
encodes a protein o f 238 am ino acids [10, 21] to yield a 
mature protein o f approxim ately 46 kD a [22]. Exon 1 
encodes am ino acid residues 1-24. w hich com prise the 
5 '-untranslatcd  region and signal peptide. Exons 2 and 3 
encode am ino acids 2 4 -108  and 108-201 respectively, 
w hich constitute the m ajority o f the extracellu lar region. 
Exon 4 encodes am ino acids 201-238 . w hich includes the 
rem aining extracellu lar dom ain, the transm em brane region 
(com prising 21 am ino acid residues; 211 -231 ), a short 
cytoplasm ic tail (am ino acid residues 232-238), and 
3 '-untranslated  region [21]. Two m ajor transcription in iti
ation sites have been identified and are located 79 and 
82 bp upstream  o f the transcription start site [23]. PRO CR  
expression is tightly regulated by m ultiple S p l  transcrip
tion sites contained within the 5 ' flanking region [24].

EPCR shares both .sequence and three-dim ensional 
structural hom ology with the m ajor h istocom patibility  
class 1 (M HC)/CD1 fam ily o f  proteins, in particular m urine 
C D ld  [10]. The EPCR a | and a 2 dom ains consist o f  two 
antiparallel a-helices that sit upon an eight-stranded 
^-sheet platform . An M H C -like hydrophobic lipid-filled 
groove is form ed betw een the tw o helices [25] (Fig. 1). 
U nlike M H C  class I/C D l receptors, how ever, EPCR  lacks 
the a-3 dom ain and is therefore unlikely to associate with 
p-2  m icrogiobulin.

EPCR  undergoes significant post-translational m odifi
cation prio r to ex tracellu lar expression. EPCR contains 
four putative N -linkcd glycan attachm ent sites (A sn-30, 
A sn-47, A sn-119, and A sn-155), although the precise 
function o f each individual glycan chain is unknow n. 
R ccom binant soluble EPCR variants in w hich each indi
vidual A^-linkcd glycan attachm ent site was deleted by

VKD p ro te in  6I« domain 
binding s ite

VKD p r a e fn  
• PC/am: 
•FV1!(0 
•FX (a?

= N 'linkedgiycan 
a ttach m en t s ite s

EPCR

Bound phosjholipid

EPCR cleava{e s ite  for TACE 
(193-200)

Lipid raft

Cys-221 
(pu ta tive  palm ltoylatlon site)

F ig . 1 E PC R  s tru c tu re -fu n c tio n  re la tionsh ips: E PC R  is s tn c lu ra lly  
hom ologous to  C D ld  (app rox im ate ly  28%  am in o  acid  sjquence 
s im ila rity ) and  consis ts  o f  a  charac te ris tic  e igh t-s trand  /i-sheet 
p la tfo rm  fo r tw o  anti-para lle l a -he lical dom ains (a ,  and  a^) T he a j 
and  3-2 .segments fo rm  a b ind ing  .surface fo r V K D  ligand  binding, 
w hich  is la rge ly  con.served across b ov ine  and  m urine  species. 
A c rystal s truc tu re  o f  recom binan t so lub le  E P C R  reveiled  the 
p resence  o f  a phospho lip id  m oiety , tigh tly  bound  in the central 
g roove, rem oval o f  w hich  p reven ted  pro te in  C  in te rac tion  EPCR  
shedd ing  is m ed ia ted  by A D A M 17/T A C E  upon c leav ag e  o f i reg ion  
b etw een  E PC R  am ino  acids 19.'!-200. T he  ce llu la r m ic ro en v io n m en t 
o f  E PC R  is c ruc ia l to its functional ro le in PA R  activation  anl EPCR  
loca liza tion  in lipid rafts has been  show n to  be neces:ary fo r 
A P C -E P C R -P A R l signaling  on endo the lia l cells. E P C R  las four 
so lven t-exposed  Af-linked g lycosy lation  consensus sequeices at 
Asn-.30, A sn-47 , A .sn-117, and  A sn-155 , and a  p u ta tive  p a lm ioy la tion  
site  at the  in trace llu la r C  te rm inus (C ys-221)

site-directed m utagenesis did not exhibit reduced ligand 
binding [26]. EPCR contains an intracellular C-tirm inal 
unpaired cysteine (C ys-221), w hich con.stitutes a putative 
palm itolyation site [10]. EPCR palm itolyation msy con
tribute to the m em brane localization and intracellular 
trafficking o f EPCR, although a precise definitior o f  its 
contribution to EPCR function is unresolved.

EPCR is a multi-ligand coagulation protein receitor

Z ym ogen protein C and activated protein C  (APC) bind 
EPCR with com parable affinity [10, 22]. Both slare an 
identical E PCR -binding m otif, w hich is located w itiin the 
N -term inal -/-carboxyglutam ic acid rich (G la) dom an [27]. 
R esolution o f the crystal structure o f  ex tracellu lar :oluble 
EPCR (sEPCR) bound to a protein C  G la dom ain fngm ent 
identified a num ber o f  protein C  am ino acid residues hat are 
crucial for EPCR interaction [25]. This interactive su face is
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su rp r is in g ly  sm all: P h e -4  and L c u -8  lo ca tcd  in the c o n 

serv ed  ‘c o - lo o p ’ o f  the  p rote in  C /A P C  G la  d o m a in  m ed ia te  

h y d ro p h o b ic  in te ra c tio n s w ith  T y r -1 5 4  and T h r-1 5 7  at the  

d ista l en d  o f  E P C R  7 .1  and »2 ch a in s. A d d itio n a l h yd rogen  

b o n d in g  b e tw e e n  p ro te in  C  G la  res id u e s  G la -7 , G la -2 7 , and  

G la -2 9  and E P C R  r e s id u e s  G lu -8 6 , A r g -8 7 , and G in - 150  

w ere  a lso  id en tif ied . S ite -d irec ted  m u ta g e n e s is  stu d ie s  have  

a lso  c o n firm ed  that a d d itio n a l E P C R  a m in o  a c id s p rox im al 

to the s ite  o f  lig a n d  b in d in g  m ay a lso  co n trib u te  to protein  

C -E P C R  in tera ctio n  [2 6 ]. T h e  a m in o  ac id  res id u e s  o f  the  

p rotein  C /A P C  G la  d o m a in  in v o lv e d  in  m o d u la tin g  E PC R  

b in d in g  are h ig h ly  c o n se r v e d  a cro ss o ther  V K D  p rote in s, 

and are c o m p le te ly  id en tica l in facto r  F V II and its a c tiv a ted  

fo rm , a c tiv a ted  fa c to r  V II (F V IIa ) [2 8 ]. R e c e n t  stu d ies  have  

co n firm ed  that F V II(a )  co n st itu te s  an a d d ition a l lig a n d  for  

b oth  reco m b in a n t so lu b le  [2 8 ] and c e ll-b o u n d  E P C R  [2 9 , 

3 0 ] . A c t iv a te d  fa cto r  X  (F X a ) has a lso  b een  reported  to  

require E P C R  to  in itia te  P A R -d ep en d en t s ig n a lin g  [7 ], 

a lth o u g h  the a ffin ity  o f  hum an  F X a  for E P C R  in co m p a riso n  

to A P C  and F V IIa  is  u n k n ow n .

In ad d itio n  to d iffe r e n c e s  b e tw e e n  the a b ility  o f  in d i

v id u al V K D  p ro te in s  to  b ind to E P C R , se q u e n c e  and  

fu n ctio n a l b in d in g  a n a ly se s  su g g e s t  sp c c ie s -sp e c if ic  E P C R  

b in d in g . Rat A P C , for  e x a m p le , p o s s e s s e s  a v a lin e  at 

p o sit io n  8 , w h ic h  h as b een  sh o w n  to b e  in co m p a tib le  w ith  

E P C R  b in d in g  in  the h um an A P C  G la  d o m a in  [2 8 ]. Inter

e s tin g ly , the  m urine A P C -E P C R  b in d in g  m o tif  d iffers  

s lig h tly  to  that o f  h u m an  P C /A P C /F V II(a )  in that L e u -8  is  

rep laced  b y  m e th io n in e  at th is  p o sit io n . T h is  E P C R  b in d in g  

m o tif  is  a lso  p resen t in h um an F X , w h ich  in teracts w ith  

m urine [3 1 ], but not h u m an  E P C R  [3 2 ]. O n th is  b a sis , the 

p resen ce  o f  M et at p o sit io n  8 in the  m urine protein  C  

w -Io o p  w o u ld  p rec lu d e  b in d in g  to hum an  E P C R . T h e  

sp e c ific  req u irem en ts for  E P C R  lig a n d  in teraction  arc, 

th erefore , in c o m p le te ly  u n d erstood . D u e  to the a lm o st  

c o m p le te  c o n se r v a tio n  o f  the V K D  p rote in  b in d in g  reg ion  

in E P C R  from  s p e c ie s  ch a ra cter ized  thus far [3 3 ], a m in o  

ac id  res id u e s  p ro x im a l to  the V K D  protein  b in d in g  s ite  

m ust u ltim a te ly  co n tr ib u te  to  the a ffin ity  o f  E P C R -lig a n d  

in teraction s [2 6 ]. F or e x a m p le , in the crysta l structure o f  

sE P C R  b ou n d  to  th e  protein  C  w - io o p , d irect in teraction s  

b e tw e e n  L e u -8  o f  p rotein  C  w ith  L e u -8 6  o f  sE P C R  w ere  

o b ser v ed  [2 5 ]. L e u -8 6  is c o n se r v e d  in m urine E P C R , but is 

surrounded b y  m u ltip le  a m in o  ac id  res id u e s  w h ich  are not 

shared b e tw e e n  h u m an  and m urine E P C R , in c lu d in g  a 

2 -a m in o  ac id  in ser tio n  in  the m urine E P C R  se q u e n c e  at 

p o sit io n s  8 8  and 8 9  [2 6 , 3 3 ] , C o n se q u e n tly , th is su b tle  

alteration  m ay p ro v id e  an op tim a l b in d in g  su rface  for  

M et-8  (rather than L e u -8 )-c o n ta in in g  V K D  protein  (o -lo o p s  

and thereby e n a b le  in teraction  w ith  m urine protein  C /A P C  

and n on -m u rin e V K D  p rote in s that p o s s e s s  a M et-8  o j-lo o p  

m otif, su ch  as h u m an  F X . T h e  sp e c if ic ity  o f  the V K D  

protein  w - lo o p  b in d in g  p o ck et is  further h ig h lig h ted  by the

fa ilu re  o f  m urine F V II to  b ind  e ith er  h um an or m urine  

sE P C R  [3 2 ]. M u rin e F V II p o s s e s s e s  a L eu  at p o sit io n  4  o f  

its  w - lo o p , w h erea s P he is p resen t in all o th er  V K D  protein  

E P C R  lig a n d s. T h is  in d ica tes that su b stitu tio n  o f  P h e -4  is 

not c o m p a tib le  w ith  E P C R  b in d in g , irresp ec tiv e  o f  sp e c ie s  

orig in .

E P C R  has b een  reported  to a lso  b in d  n o n -V K D  protein  

lig a n d s, a lth o u g h  the fu n ctio n a l s ig n if ic a n c e  o f  th ese  

in teraction s is  n ot fu lly  u n d erstood . A  p h o sp h a tid y le th a -  

n o la m in e  m o ie ty  b ou n d  w ith  h ig h  a ffin ity  to  the central 

g r o o v e  o f  the E P C R  m o le c u le  w a s id en tified  u p on  sE P C R  

c r y sta lliza tio n  [2 5 ]. In terestin g ly , the E P C R  h o m o lo g  

C D  Id  u tiliz e s  the sa m e  g r o o v e  to  b ind  lip id  a n tig e n s and  

p resen t them  to  natural k iller  T  (N K T ) c e l ls ,  resu ltin g  in  

their a ctiv a tio n  [3 4 ]. H o w e v e r , n o  ro le  for  E P C R  in  lip id  

p resen ta tion  to  N K T  c e l ls  has b een  a scr ib ed  to  date . T he  

b ou n d  lip id  m ay  con trib u te  to E P C R  structural in teg r ity , as 

d eterg en t rem o v a l o f  lip id  from  E P C R  resu lted  in  s ig n if i

can t lo s s  o f  p rotein  C /A P C  b in d in g  a ffin ity  [2 5 ]. C ell 

su rface  and reco m b in a n t sE P C R  a lso  b in d  to  the neutrophil 

serin e  p ro tea se  p ro te in a se -3  (P R 3 )[3 5 ] , w h ich  is secreted  

from  n eu trop h ils upon  a c tiv a tio n  or  e x p r e sse d  on  the  

a ctiv a ted  neu troph il c e ll  su rfa cc . O p tim al sE P C R  b in d in g  

to  P R 3 on  P M A -a c tiv a ted  n eu trop h ils req u ires M a c-1 , and 

m ay p resage ce ll-b o u n d  E P C R  c le a v a g e  b y  PR 3 [3 6 ].

R egulation o f coagulation by E P C R -ligand  interactions

P rotein  C -E P C R  c o m p le x  form ation  on  en d o th e lia l c e l ls  

a c ce ler a tes  A P C  g en era tio n  b y  the th r o m b in -th ro m b o -  

m o d u lin  c o m p le x , and thus en h a n c e s  the an ticoagu lan t  

resp o n se  upon  throm bin  g en era tio n  [3 7 ]. E P C R  b in d in g  

resu lts in a p p ro x im a te ly  a fo u r fo ld  red u ctio n  in  A'm for  

p rotein  C  a c tiv a tio n  b y  th r o m b in -th ro m b o m o d u lin  c o m p le x  

on en d o th e lia l c e l ls  [3 7 , 3 8 ] . T h e  m o lecu la r  b a sis  o f  E P C R -  

d ep en d en t in crea sed  p rote in  C  a ctiv a tio n  is u n k n o w n , 

but current e v id e n c e  su g g e s ts  that E P C R  p o s it io n s  protein  C  

for op tim a l throm b in  c le a v a g c  o f  the p rote in  C  a c tiv a 

tion  p ep tid e . S u rp r isin g ly , n o  d irect in teraction  b e tw een  

th r o m b o m o d u lin  and E P C R  has b een  d esc r ib ed , and their  

r eq u isite  p ro x im ity  o n  the su rfa ce  o f  e n d o th e lia l c e l ls  m ay  

b e a c o n se q u e n c e  o f  c o - lo c a liz a t io n  in ca v e o lin -r ic h  lip id  

m icro d o m a in s  [3 9 ]. In b a b o o n s, c o - in fu s io n  o f  throm bin  

w ith  an a n ti-E P C R  m o n o c lo n a l an tib o d y  red u ced  A P C  

g en era tio n  2 0 - fo ld  [4 0 ], su g g e s t in g  the  ro le  o f  E P C R  in 

p rotein  C  a ctiv a tio n  in  v iv o  m ay b e m ore p ro m in en t than is 

o b ser v ed  u sin g  cu ltured  e n d o th e lia l c e lls .  N orm al protein  

C  a ctiv a tio n  upon  throm b in  c h a lle n g e  w a s o b serv ed  

upon E P C R “ “̂ m o u se  b o n e  m arrow  tran sp lan tation  in to  

E PC R ~^“ m ic e , d em o n stra tin g  that n o n -h e m a to p o ie tic  c e ll  

(p resu m a b ly  e n d o th e lia l)  E P C R  is the m ain  s ite  o f  protein  C  

a ctiv a tio n  in v iv o  [4 1 ].

^  Springer
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In contrast to protein C-EPCR binding, the physiological 
significance of FVII(a) and/or FX(a) interactions with 
EPCR are less well understood. EPCR has been shown to 
attenuate FXa generation by the FVIIa-TF complex [30, 31 ] 
via EPCR interactions with FVTIa or FX. f ^ I I  activation by 
FXa is also reduced by the presence of EPCR, which is 
presumably achieved by reduction in FVII/FXa interaction 
with cell-surface phospholipids upon EPCR complex for
mation [42], Additionally, FVII binding to EPCR may have 
an indirect procoagulant role [29, 30]. The apparent affinity 
of FVII for EPCR suggests it is likely to remain bound to 
EPCR in vivo [28]. However, given the normal FVII plasma 
concentration (lOnM) compared to protein C (70nM) it is 
unlikely to represent an effective inhibitor of protein C 
activation. Nonetheless, administration of pharmacological 
does of recombinant FVIIa may serve to inhibit APC gen
eration on endothelial cells [29, 30].

The importance of EPCR in the regulation of coagula
tion in vivo has been characterized using transgcnic mice. 
Mice completely deficient in EPCR (EPCR ) die in utero 
by embryonic day 10. In contrast, mice with heterozygous 
EPCR deficiency (EPCR^^~) survive to birth and are 
phenotypically similar to EPCR^^* mice [43]. Absence of 
EPCR expression on giant trophoblast cells, rather than 
embryonic cells, is responsible for the early embryonic loss 
associated with EPCR“ “̂ mice [44]. However, the role 
played by EPCR in regulating hemostasis at the feto- 
matemal interface is not fully understood. Transgenic mice 
expressing approximately 1% of normal EPCR expression 
(EPCRlow) are viable and exhibit no thrombotic tendency, 
indicative of a requirement for only limited EPCR 
expression for embryonic viability [45, 46]. Conversely, a 
transgenic mouse line (EPCRhigh). with at least eightfold 
increased EPCR expression, exhibits higher circulating 
APC levels and as a result, rapidly reduced thrombin 
generation and fibrin deposition upon procoagulant chal
lenge with FXa and phospholipid vesicle infusion [47].

Soluble EPCR

sEPCR, comprising the EPCR extracellular domain, is 
detectable in plasma [48]. sEPCR retains the ability to bind 
protein C/APC with similar affinity to membrane-bound 
EPCR [49], and is released from the endothelial surface 
by metalloprotcinasc (tumor necrosis factor-a converting 
enzyme (TACE)/ADAM17)-dependent shedding [50, 51). 
sEPCR plasma concentration is bimodally distributed in the 
general population, with significantly elevated levels in 
approximately 10% of adults and 20% of children [52]. 
Unlike the membrane bound receptor. sEPCR acts to inhibit 
APC anticoagulant function. First, sEPCR competes with 
membrane-bound EPCR to bind zymogen protein C and

thereby inhibits APC generation. Second, sEPCR also blocks 
the interaction of APC with cell-surface phospholipids [49, 
53], preventing membrane complex formation with cofactor 
protein S and substrate activated factor V. Pro-inflammatory 
cytokines IL-lj6 and TNF-a, phorbol esters and thrombin 
enhance EPCR shedding from endothelial cell surfaces via 
activation of MAP kinase signaling pathways [54, 55]. 
Accordingly, higher levels o f sEPCR have been reported in 
patients with systemic inflammatory diseases and conditions 
associated with increased thrombin production [56].

As EPCR is crucial for effective APC generation, 
genetic aberrations leading to diminished membrane EPCR 
expression or function may be expected to contribute to 
an increased risk of thrombosis. A 23-bp insertion in 
PROCR was identified in individuals with early myocardial 
infarction and deep vein thrombosis. In vitro expression 
studies showed that a severely truncated EPCR molecule 
with diminished function [57] is generated as a conse
quence of this insertion, although its broader contribution 
to thrombotic risk is difficult to establish due to its rarity.

Of the four defined PROCR  haplotypes, the A3 haplo- 
type is most associated with an elevated risk of thrombosis 
[58, 59]. This haplotype results in elevated sEPCR levels 
compared to other haplotypes, and is characterized by a 
glycine substitution at Ser-219 in the EPCR transmem
brane region [58]. This substitution has been shown to 
result in increa.sed sensitivity to EPCR cell surface shed
ding by ADAM 17 [60]. Recent evidence indicates that an 
additional means by which the A3 haplotype contributes to 
elevated sEPCR levels is via expression of an alternatively 
spliced truncated PROCR mRNA [61, 62]. This alterna
tively spliced mRNA isoform is truncated at the 3' end of 
exon 3, and therefore does not encode exon 4. The 
expressed EPCR therefore does not contain the EPCR 
transmembrane and intracellular domains, but nstead 
possesses a C-terminal 56-amino acid tail. Transfection of 
a vector encoding alternatively-spliced EPCR cDNA into 
HEK 293 cells resulted in direct EPCR secretion and no 
membrane retention, highlighting the mechanism by which 
this EPCR mRNA transcript could lead to elevated sEPCR 
levels in individuals carrying the A3 haplotype [61]. 
Interestingly, the presence of the Scr219Gly substitution 
has been shown to result in significantly increased plasma 
levels o f both protein C and factor VII in healthy niddle- 
aged men, which is likely a consequence of reduccd vas
cular membrane localization of these EPCR ligands [63].

Molecular basis of EPCR-dependent signaling 
by coagulation proteases

Important recent studies have suggested that APC idmin- 
istration may have therapeutic applications in a raige of
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d iv e rse  se ttin g s , in c lu d in g  sep sis, p o st-isch em ic  stroke, 
d iab c tic  n e p h ro p a th y , m u ltip le  sc le ro s is , can cer, in flam 
m ato ry  b o w e l d ise a se , and  n eu ro d cg en era tiv e  d isease  
[6 4 -7 0 ] . E P C R  b in d in g  is req u ired  fo r the  benefic ia l e ffec ts  
o f  A P C  in  e ach  o f  these  d isease  m odels. A P C  b in d in g  
e n ab le s  P A R I a c tiv a tio n  and  A P C -sp ec ific  PA R  1/G -protcin  
c o u p lin g  [5]. E P C R  b lo ck a d e  p rev en ts  A P C  ac tiv a tio n  o f  
P A R I th e re fo re  E P C R  is an  o b lig a te  re ce p to r fo r A PC  
sig n a lin g  v ia  P A R I o n  en d o th e lia l c e lls  f5]. A P C  can  c leave  
and a c tiv a te  P A R I, b u t n o t P A R 2 on en d o th e lia l cells. 
H o w ev e r, A P C  h as b een  .shown to ac tiv a te  P A R 2 on  E P C R / 
P A R 2  tran s fec te d  c e lls , and  P A R I c le av a g e  by  A P C  m ay 
in itia te  P A R 2  ac tiv a tio n  by  an u n k n o w n  /ra/i.y-activation  
m ec h an ism  [5, 71 , 72]. A P C  in d u ces m u ltip le  cy to p ro tcc - 
tive  b en efits , in c lu d in g  d o w n -reg u la tio n  o f  in ju ry -in d u ced  
v a sc u la r  b a rrie r  p e rm e ab ility  bo th  in v itro  [6 ] and  in  v ivo  
[73], d o w n -re g u la tio n  o f  in flam m ato ry  cy to k in es  (IL -6 , 
T N F -a )  [74 , 75] and  u p -reg u la tio n  o f  IL -1 0  [76], F u rth e r
m o re , A P C -E P C R -d ep e n d e n t P A R I ac tiv a tio n  a tten u ates  
ap o p to s is  in  bo th  e n d o th e lia l ce lls  [77] and  n eu ro n s [78, 79].

T h e  c e llu la r  m ic ro en v iro n m en t is c ru c ia l fo r E PC R - 
d e p en d e n t P A R I sig n a lin g  by  A P C . C h em ica l d isru p tio n  o f  
lip id  ra fts  d isab le s  E P C R -d e p en d e n t p ro tec tiv e  P A R I s ig 
n a lin g  by A P C  ag a in s t th ro m b in -in d u ced  en d o th e lia l cell 
b a rrie r  p e rm e ab ility  and T N F -a -in d u ce d  ap o p to s is  in 
en d o th e lia l ce lls  [39]. P A R I re c ru itm en t w ith  E P C R  to 
cav e o lin -rich  m ic ro d o m ain s  a lte rs  G -p ro te in  co u p lin g  
spec ific ity , and th u s the d o w n stream  sig n a lin g  response  
upon  P A R I ac tiv a tio n  [9]. S p ec ifica lly , A P C -E P C R  b in d 
ing p reced in g  P A R I p ro teo ly s is  a lte rs  P A R I ac tivation - 
d ep en d e n t G p ro te in  c o u p lin g  from  Gq/1 2 / 1 3  to  Gi [9]. A s 
such , c av e o la e  fo rm atio n  is c ru c ia l fo r E P C R -d ep en d en t 
A P C  s ig n a lin g  v ia P A R I [80]. T h e  p h y sical m ean s by 
w h ich  E P C R  a sso c ia tes  w ith  lip id  ra fts  in en d o th e lia l ce lls  
is u n k n o w n , bu t m ay  be lin k ed  to  in te rac tio n  w ith  cav eo lin - 
1 [39]. C -te rm in a l E P C R  p a lm ito ly a tio n  is a lso  ex p ec ted  to 
c o n trib u te  to  E P C R  ra ft lo ca liza tio n .

P rio r s tu d ies  u tiliz in g  P A R I and P A R 2 re p o rte r  c o n 
stru c ts  in h e te ro lo g o u s  cell ex p ress io n  sy s tem s ind ica ted  
th a t F ^ I I ( a )  b in d in g  to  E P C R  d o cs not fac ilita te  PA R I 
c leav ag e  and  fa ils  to  p re v en t th ro m b in -in d u ced  en d o th e lia l 
ce ll b a rrie r  p e rm eab ility  [29]. F u rth e rm o re , F V IIa  a c tiv a 
tio n  o f  P A R I d id  no t tak e  p lace  on E P C R -ex p ressin g  
im m o rta lized  en d o th e lia l c e lls  [9]. H o w ev er, rcccn t stud ies 
ind ica te  th a t E P C R -b o u n d  F V IIa  can  ac tiv a te  P A R I on 
p rim ary  en d o th e lia l c e lls  (H U V E C s) and  re su lts  in sim ila r 
d o w n stream  p ro tec tiv e  s ig n a lin g  to th a t o f  A P C  [8 ]. E PC R - 
d ep en d en t F Y IIa -P A R l s ig n a lin g  on en d o th e lia l ce lls  
re su lts  in  en d o th e lia l b a rrie r  s tab iliza tio n , M A P K  p h o s
p h o ry la tio n  and R a c l  ac tiv a tio n . F u rth e rm o re , E PC R  has 
recen tly  b een  d esc rib ed  to  in te rac t w ith  the  ex trin sic  tenase  
co m p lex  (F X -T F -F V IIa ) to  m o d u la te  P A R  ac tiv a tio n  in 
th is se ttin g  [31].

F X a  can  a lso  e lic it cy to p ro tcc tiv e  s ig n a lin g  v ia  P A R  1/2 
c le av a g e  th a t is d ep en d en t upon  E P C R  [7, 81]. F X a  b inds 
e n d o th e lia l c e lls  and  E P C R -tran sfec ted  C h in ese  H am ste r  
O v ary  (C H O ) cells . T h e  p resen ce  o f  a  m o n o c lo n a l anti- 
E P C R  a n tib o d y  in h ib its  F X a ac tiv a tio n  o f  P A R I and 
c o n se q u en tly  E R K l/2  p h o sp h o ry la tio n  and en d o th e lia l cell 
b a rrie r  p ro tec tio n . T h ese  da ta  su g g est th a t m any  o f  the  
P A R -d ep e n d en t s ig n a lin g  p ro p e rtie s  o f  F X a  o n  en d o th e lia l 
ce lls  req u ire  in te rac tio n  w ith  E P C R  as a co -recep to r.

E P C R -b o u n d  A P C  in itiates a lte rna tive  signal transduction  
pathw ays independen t o f  P A R I activation . A polipopro te in  E 
re ce p to r 2 (A p o E R 2 )-b o u n d  A P C  in d u ces d isab led  1 and 
g ly co g en  sy n th ase  3(i p h o sp h o ry la tio n  v ia  P I3  K /A kt 
s ig n a lin g  p a th w ay  on m o n o cy tic  U 937  cells . A n  an tib o d y  
that in h ib ited  A P C -E P C R  in te rac tio n  a tte n u a ted  A PC  
in h ib itio n  o f  T F -m ed ia ted  p ro co ag u lan t a c tiv ity  v ia  th is 
p a th w ay  on L P S -trea ted  m o n o cy tes . P A R I b lo ck ad e , 
h o w ev er, had  no c ffe c t [2], T h is  in d ica te s  that the  A PC - 
E P C R  co m p le x  can  stim u la te  a n ti- in flam m ato ry  signal 
tran sd u c tio n  in a  P A R I-in d e p e n d e n t m an n e r on  m y elo id  
cells.

Ligand-bound EPCR determines PARI signaling 
outcome

In a d d itio n  to  E P C R -d c p cn d c n t P A R I sig n a lin g  b y  A P C , 
recen t re sea rch  by  the  R eza ie  lab o ra to ry  has sh o w n  that 
zy m o g en  p ro te in  C -b o u n d  E P C R  is a lso  im p o rtan t in the 
co n tro l o f  P A R I p ro teo ly s is -d ep en d en t s ig n a lin g  [9]. 
E P C R  b ound  to  an e n zy m atica lly  in ac tiv e  A P C  v arian t 
c o n ta in in g  an ac tiv e  site  m u ta tio n  that d isru p ts  th e  A P C  
ac tiv e  site , e x h ib its  p ro tec tio n  from  th ro m b in -in d u ced  
e n d o th e lia l c e ll b a rrie r  p e rm eab ility  and  s tau ro sp o rin e- 
in d u ced  a p o p to s is  [9], am o n g st o th e r cy to p ro tcc tiv e  b e n e 
fits [8 2 -8 5 ] . S im ila rly , P A R I ac tiv a tio n  by  P A R I pep tid e  
a g o n is ts  and th ro m b in  in th e  pre.sencc o f  p ro te in  C -b o u n d  
E P C R  in h ib its  P -se lec tin  sec re tio n  fro m  W eib c l-P a lad c  
b o d ies  in en d o th e lia l ce lls , lim itin g  leu k o cy te  ad h esio n  
upon  c y to k in e  s tim u la tio n  [8 6 ]. T he m o le c u la r b asis  fo r 
th ro m b in -P A R l s ig n a lin g  in th e  p re sen ce  o f  p ro te in  
C -b o u n d  E P C R  on  en d o th e lia l ce lls  has b een  fu rth er 
defined . E P C R  o ccu p an cy  by p ro te in  C  in d u ces E PC R  
d isso c ia tio n  fro m  c a v e o lin - l- r ic h  lip id  ra fts  o n  the  e n d o 
the lia l ce ll su rface , a lte rin g  the G -p ro te in  c o u p lin g  
spec ific ity  o f  P A R I from  G q /G |2 / | 3  to Gj/„ [9]. T h is  in turn 
lead s to  sp h ingosine-1  p h o sp h a te  re ce p to r 1 ( S lP j )  p h o s
p h o ry la tio n  v ia  the  P I3  K /A kt p a th w ay  [87]. R a c l  b eco m es 
ac tiv a ted  and N F -k B  d o w n -reg u la ted . R e ce n tly , a  p o sitiv e  
feed b ack  loop  has b een  id en tified  w h ereb y  R a c l  ac tiv a tio n  
u p -reg u la te s  A n g l/T ie 2  ex p ress io n , a m p lify in g  PI3 K /A kt 
s ig n a lin g  and  S I P ,  p h o sp h o ry la tio n . T h e  im p o rtan ce  o f  
the PI3 K /A kt s ig n a lin g  p a th w ay  w as e v id en ced  u sin g  a
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specific PI3 K/Akt inhibitor L Y 294002, w hich com pletely 
ablated protective throm bin-PA R l signaling on endothelial 
cells in the presence o f protein C -bound EPCR [84, 871.

D espite convincing evidence for the protective benefits 
o f PA RI activation in the presence o f  protein C-bound 
EPCR on endothelial cells, a key role for EPCR occupancy 
in determ ination o f PA RI signaling outcom e rem ains to  be 
characterized in vivo, and is com plicated by the com plex 
role played by PA RI activation during sepsis [88]. A ddi
tionally, adm inistration o f active-site inhibited A PC is 
unable to  confer protection from  L PS-induced m ortality in 
m urine m odels o f endotoxem ia [89], suggesting EPCR 
occupancy alone by protein C /A PC is not sufficient to 
enable sepsis survival benefit.

It is not known what role EPCR  occupancy by alterna
tive EPCR  ligands FVII and FX m ay have on the 
unperturbed endothelium . FX can m aintain endothelial cell 
barrier integrity in a sim ilar m anner to protein C (i.e., via 
alteration o f throm bin-PA R l signaling), enabling R acl 
activation and blocking N F-hB  activation in the presence 
o f throm bin and PA RI agonists [90]. H ow ever, unlike 
protein C, EPCR was not found to be im portant in m edi
ating this phenom enon [90]. D espite binding to EPCR with 
equal affinity as zym ogen protein C, EPCR occupancy by 
FV II failed to yield any cytoprotective benefit upon PA RI 
activation by throm bin or PA R I agonists [8, 9], G iven the 
lim ited EPCR binding m otif on PC /FV II required for 
FV II(a)-EPCR  interaction, the inability o f FV lI(a)-bound 
EPCR to m odulate PA R I signaling specificity when acti
vated by throm bin is incongruous with our current 
understanding o f ligand-bound EPCR dependent reversal 
o f PA RI signaling. Furtherm ore, this discrepancy may 
indicate the involvem ent o f hitherto unidentified m echa
nism s by w hich protein C-bound EPCR can modulate 
PA RI signaling that are inaccessible to FVII.

In addition to direct regulation o f  cell surface signal 
transduction via PARs, exciting recent data suggest that 
EPCR can be internalized in the presence or absence o f  its 
ligands [91]. APC or FV IIa-bound EPCR undergo dynam in 
and caveolin-1-dependent endocytosis in both endothelial 
and E PC R -transfected cells. U pon internalization, the 
m ajority o f  EPCR-ligand com plexes are trafficked to 
recycling endosom es before transportation back to the cell 
surface, m aking it unlikely that EPCR exerts a m ajor role 
in the plasm a clearance o f its ligands [91], but may provide 
a m eans by w hich EPCR ligands can be delivered to the 
extravascular environm ent.

The role of EPCR in APC therapy of severe sepsis

The prototypal EPCR ligand APC exhibits pleiotropic 
signaling functions in vivo, regulating inflam m atory.

barrier-function and apoptosis pathw ays. Baboon cha l
lenged with a sublethal dose o f LPS in conjunction vith an 
anti-EPC R  antibody that blocks EPCR ligand inteaction 
died m ore rapidly than those treated w ith a non-bocking 
anti-EPCR antibody [92]. As such, ligand binding t(E PC R  
was established as a crucial step in host response tosepsis. 
Later studies in w hich E PC R m cn transgenic mic: were 
challenged w ith LPS showed reduced m ortality conpared 
to w ild-type m ice [47]. As EPCR is expressed ci both 
vascular endothelial cells and leukocytes, m ice solely 
expressing hem atopoietic o r non-hem atopoietic EPCR 
were utilized to define the cellu lar sourcc o f  EPCR nquired 
for protective benefit from sepsis [41]. Interestingl', m ice 
deficient in hem atopoietic cell EPCR exhibited a dm ilar 
response to LPS challenge as w ild-type mice, indcating 
non-hem atopoietic-derived EPCR is crucial for m antain- 
ing endogenous im m une response to LPS challeng: [41]. 
Further inform ation on the role o f EPCR in host response 
to sepsis is provided by transgenic E P C R low  mic: using 
the sam e endotoxem ia m odel. As expected, E P ’R lo w  
mice exhibited reduced survival com pared to w id-type 
mice, and adm inistration o f  APC had lim ited pntective 
effect in these m ice [89].

Efforts to characterize the cellu lar source o f EPCR 
required to m ediate the protective effects o f exogmously 
adm inistered A PC in m urine m odels o f sepsis identified 
E PC R ’ CD8~CD1 Ic*” dendritic cells and E PC R ^ fcmato- 
poietic cellular precursors as im portant for APC— nduced 
m ortality [93]. This suggests that the ecllular target 
for pharm acological APC is distinct from  that utilzed by 
the endogenous protein C -EPCR pathw ay to dam jen the 
inflam m atory response to LPS. Further clinical studies 
are necessary to elucidate the role o f  E PC R ^ dindritic 
cells in recom binant APC protection from  sepsis-hdueed 
mortality.

Crucial role of EPCR interaction with APC beytnd 
sepsis

There is increasing evidence that dim inished EPCR 
expression and/or function can be a contributory fictor in 
conditions characterized by chronic inflam m atiin and 
autoim m une disease. For exam ple, individuals witl active 
inflam m atory bowel disease (IBD ) exhibit depleted EPCR 
expression and increased EPCR shedding on their :olonic 
m ucosal m icrovasculature, caused by local generaion of 
T N F-a and IL -1^  in the inflamed local environm eit [69]. 
The deleterious effect o f vascular EPCR  depletion n vivo 
was highlighted by mice w ith dextran-sodium  silphate- 
induced colitis, w hich lost the ability to effectivey gen
erate APC. ‘R eplacem ent’ o f m issing A PC  by reconbinant 
APC adm inistration reduced disease activity, weight loss
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and mucosal inflammation by inhibition of chemokine 
production and leukocyte adhesion to the colonic micro- 
vascular endothelium [69],

The presence of anti-EPCR auto-antibodies has been 
associated with an increased risk of deep vein thrombosis 
[94], myocardial infarction [95], and fetal death [96]. Anti- 
EPCR antibodies could feasibly inhibit APC anticoagulant 
activity by limiting protein C-EPCR binding and slowing 
protein C activation. Indeed, an anti-EPCR IgM antibody 
isolated from an individual with anti-phospholipid syn
drome effectively inhibited protein C activation on 
endothelial cells [96]. Furthermore, given the established 
link between chronic inflammation and va.scular disease, 
impairment of EPCR-dependent APC cytoprotective func
tion may also be expected to contribute to the deleterious 
effect o f anti-EPCR auto-antibodies in vascular disease.

APC can also mediate multiple neuroprotective benefits, 
which arc dependent upon its interaction with EPCR on 
central nervous system (CNS) cells and the blood-brain 
barrier (BBB) [97]. EPCR mediated APC-PARl signaling 
enhances brain endothelial barrier integrity [6, 98] and 
stimulates angiogenesis [99-101]. APC-EPCR interaction 
promotes BBB integrity, and in doing so, reduces the 
passage of neurotoxic circulatory proteins into the CNS 
[70] and leukocyte migration across the BBB [102]. APC 
also directly inhibits microglial inflammation via activation 
of PARI [70] and neuronal cell apoptosis via PARI and 
PAR3 activation [78, 79, 103]. This neuroprotcctive effect 
of APC on CNS cells is indirectly facilitated by EPCR, as 
APC-EPCR complex formation is required for APC 
transeytosis across the BBB and delivery into the cere
brospinal fluid [104]. Recombinant APC administration is 
anti-inflammatory, neuroprotective, and increases neuro
logical function and survival in murine models of ischemic 
stroke [64, 102]. Interestingly, this therapeutic benefit was 
not observed in transgenic EPCRlow mice, highlighting 
the importance of EPCR in the neuroprotective effect 
of APC in vivo [64]. APC administration is similarly 
neuroprotective in murine models of embolic stroke [105], 
hemorrhagic brain injury [65], and amyotrophic lateral 
sclerosis (ALS) [70], Recombinant non-anticoagulant APC 
administration to mice with a superoxide dismutase (SOD) 
mutation causing ALS-like symptoms enhanced BBB 
integrity and enabled cytoprotective neuronal signaling. 
This was evidenced by diminished SOD mutant expression 
and proinflammatoi7  cytokine markers, reduced disease 
severity and increased lifespan. APC was unable to 
modulate BBB integrity or neuroprotective signaling in 
EPCRlow mice, demonstrating the crucial role o f EPCR 
interaction in the protective effects of APC in this mouse 
model. These studies highlight a potential role for non
anticoagulant APC as a drug target for multiple neurolog
ical diseases.

EPCR expression has been detected in a number of cancer 
cell lines, including monoblastic leukemia, glioblastoma, 
osteosarcoma, erythroleukemia, and prostate cancer cells 
[106]. Interestingly, EPCR can dictate divergent cancer cell 
behaviors: EPCR-dependent APC cleavage of PARI 
increases invasion and chemotaxis of breast cancer cells, 
without alteration of cell proliferation [107]. In contrast, 
EPCRuigm mice with melanoma metastasis are less prone to 
metastatic infiltration into both the lungs and liver compared 
to wild-type mice. In vitro analysis o f APC-treated cultured 
B16-F10 melanoma cells indicate that this function is a 
consequence of APC-EPCR complex-dependent down-reg- 
ulation of tumor adhesion and transendothelial migratory 
functions [108],

Summary

Since its identification as a co-receptor for protein C acti
vation by the thrombin-thrombomodulin complex on 
endothelial cells, discovery of additional roles in regulating 
VKD protease signal transduction has established EPCR as a 
central player in the convergent pathways of hemostasis and 
inflammation. EPCR binding unlocks the signaling potential 
of APC and potentially other ligands on numerous cell types, 
initiating down-regulation of multiple inflammatory pro
cesses. EPCR interaction is central to many of the potential 
therapeutic applications proposed for recombinant APC, and 
its prominent role in regulating endogenous response to 
infection has been unveiled in numerous animal models of 
inflammatory disease. Significant advances have been made 
in identifying novel EPCR ligands, but further efforts arc 
required to establish what role, if any, these interactions may 
have in modulating hemostasis and/or immunity. Future 
studies will aid our understanding of the part played by 
EPCR in recently identified PAR-dependent and -indepen
dent signaling pathways, and further cement EPCR’s 
position as the conductor of the complex symphony of VKD 
protease cytoprotective signaling.
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Activated protein C (APC) has potent anticoagulant and 
anti-inflammatory properties that hm it clot formation, inh ib it 
apoptosis, and protect vascular endothelial cell barrier integ
rity. In this study, the role o f A/^-linked glycans in modulating 
APC endothelial cytoprotective signaling via endothelial cell 
protein C receptor/protease-activated receptor 1 (PARI) was 
investigated. Enzymatic digestion o f APC TV^-Iinked glycans 
(PNG-APC) decreased the APC concentration required to 
achieve half-maximal inh ib ition  of thrombin-induced endo
thelial cell barrier permeability by 6-fold. Furthermore, PNG- 
APC exhibited increased protection against staurosporine- 
induced endothelial cell apoptosis when compared w ith 
untreated APC. To investigate the specific iV-linked glycans 
responsible, recombinant APC variants were generated in 
which each iV-linked glycan attachment site was eliminated. O f 
these, APC-N329Q was up to 5-fold more efficient in protect
ing endothelial barrier function when compared w ith w ild type 
APC. Based on these findings, an APC variant (APC-L38D/ 
N329Q) was generated w ith m inimal anticoagulant activity, 
but 5-fold enhanced endothelial barrier protective function 
and 30-fold improved anti-apoptotic function when compared 
w ith w ild type APC. These data highlight the previously uni
dentified role o f APC Af-linked glycosylation in modulating 
endothelial cell protein C receptor-dependent cytoprotective 
signaling via PARI. Furthermore, our data suggest that plasma 
P-protein C, characterized by aberrant A^-linked glycosylation 
at Asn-329, may be particularly im portant fo r maintenance o f 
APC cytoprotective functions in  vivo.

In  response to throm bin generation, zymogen plasma pro
tein C is converted to activated protein C (APC)^ by the

*  This w o rk  was su p ported  by a M o lecu la r M ed ic in e  Ire land Clinician Scien
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throm bin-throm bom odulin  complex on endothelial ;ells and 
serves to lim it clot development (1). APC attenuatescoagula- 
tion by proteolytic inactivation o f procoagulant-acti'ated co
factors factor Va (FVa) and factor V illa  (FVlIIa) ( 2 , APC 
also has im portant non-anticoagulant properties. AFC acti
vates the G protein-coupled throm bin receptor, protase- 
activated receptor 1 (PARI), when bound to its protttypic 
receptor, the endothelial cell protein C receptor (EPCR) (4). 
PARI activation by EPCR-bound APC mediates bro;d protec
tive cellular benefits. APC inhibits endotoxin-inducel secre
tion o f TN F-a by macrophages (5), reduces cellular UFkB 
activation in endothelial cells (5), and prevents leukocyte ad
hesion to activated endothelial cells (6). APC also recuces 
apoptosis by blocking the pro-apoptotic activity o f piS in hu
man brain endothelium (7). Moreover, APC signaling induces 
stabilization o f endothelial cell barrier integrity via sjhingo- 
sine-1 phosphate release and sphingosine-1 phosphae recep
tor 1 (S lP j) activation (8, 9). Prevention o f vascular bakage by 
EPCR bound A PC -P A R l-S lP j activation is a contrilu tory 
factor in rescuing mice from  lipopolysaccharide-indiced le
thality (10).

The anti-inflam m atory and anti-apoptotic properies of 
APC are o f proven therapeutic benefit. APC reducesthe rela
tive risk o f m ortality in individuals w ith severe sepsis when 
compared w ith placebo, and recombinant APC (Xigiis®) is 
licensed for the treatment o f severe sepsis (11). Receit evi
dence suggests that APC anticoagulant activity is no required 
to reduce m orta lity in murine models o f sepsis (12). Zonse- 
quently, removal or alteration o f APC anticoagulant ictivity, 
but retention o f the anti-inflam m atory activity, has been pos
tulated as a potential method to improve APC therajy (13).

Protein C is secreted from the liver in to plasma asa glyco
protein and possesses four N-linked glycosylation atachment 
sites. O f these, three attachment sites (Asn-248, Asn3I3, and 
Asn-329) are located in the protein C/APC serine pr>tease 
domain, and one is present in the C-term inal EGF d(main 
(Asn-97). The N-linked glycans attached to protein C/APC 
are sialylated bi- or tri-antennary complex structure; (14). 
Interestingly, the Asn-329 glycan attachment site do^s not 
possess a typical N -linked glycosylation consensus squence 
(NX(S/T)) but instead utilizes a cysteine residue in pace o f 
the serine/threonine amino acid residue (NA'C) (15).Further
more, an A/-linked glycan chain is only attached at A;n-329 in 
70-80%  plasma protein C (14, 16). The role o f each V-linked 
glycan chain in protein C activation and APC anticoigulant
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activity has been previously investigated. Am ino acid substi
tu tion  o f the A/-linked glycan attachment site at Asn-97 was 
found to  im pair in vitro protein C secretion from mammalian 
cells. Furthermore, A/-linked glycosylation at Asn-248 was 
found to be im portant for generation o f the protein C disul
fide-linked heterodimer (17). The same study showed that 
individual mutagenesis o f each A/-linked glycosylation attach
ment site on the APC serine protease domain increases APC 
generation by the throm bin-throm bom odulin  complex and 
improves anticoagulant activity in  a modified activated partial 
throm boplertin  tim e (APTT) assay (17).

In this study, the role o f APC N -linked glycans in regulating 
EPCR-dependent PARI signaling on endothelial cells was as
sessed. Enzymatic removal o f A/-linked glycans significantly 
enhanced APC endothelial barrier protective and anti-apo- 
ptotic functions. Af-Linked glycosylation at amino acid posi
tion Asn-329 was identified as a key regulator o f APC-EPCR- 
PARl signaling on endothelial cells. These data indicate that 
deglycosylated, non-anticoagulant recombinant APC variants 
may represent a novel tool for treatment o f sepsis and other 
inflammatory diseases.

EXPERIMENTAL PROCEDURES

Materials—Plasma-purified human protein C and throm 
bin were purchased from Hematologic Technologies Inc. 
(Essex Junction, VT). PNGase F was purchased from New 
England Biolabs Inc. (Ipswich, M A). Sheep anti-protein C 
polyclonal antibody was from Abeam (Cambridgeshire, UK). 
APC chromogenic substrate BIOPHEN CS-21(66), Protac, 
and protein C-deficient plasma were from  HYPHEN BioMed 
(Neuville-Sur-Oise, France). Throm bin generation assay re
agents (platelet-poor plasma reagent, fluorogenic substrate, 
throm bin calibration standard) were purchased from Throm - 
binoscope BV, Maastricht, The Netherlands. EA.hy926 cells 
were a kind gift from Dr. C. Edgell, University o f N orth Caro
lina, Chapel H ill, NC (18). Polycarbonate membrane Tran
swell permeable supports (Costar, 3- /x m  pore size, 12-mm 
diameter) were from M illipore  (Billerica, M A). Anti-EPCR 
monoclonal antibody RCR-252 and staurosporine was ob
tained from Sigma. The RNA extraction k it (RNeasy M in i) 
was from Qiagen (Hilden, Germany). High capacity cDNA 
reverse transcription k it and specific primers for Bax and 
Bd-2 were purchased from Applied Biosystems Inc. (Foster 
City. CA). APOPercentage apoptosis k it was purchased from 
Biocolor (Belfast, Northern Ireland, UK).

Deglycosylation of Protein C hy PNGase F Digestion—lo  
remove A/-linked glycans, plasma-purified and recombinant 
protein C/APC were incubated w ith PNGase F and G7 buffer 
for 4 h at 37 °C, as per manufacturer’s instructions. PNGase 
F-treated protein C was activated w ith Protac, as described 
previously (19). Briefly, protein C (5 jug/ml) was incubated 
w ith 0.25 units o f Protac in 50 m M  Tris-HCI (pH 7.4), 100 m M  

NaCl for 1 h at 37 °C. PNGase F-treated APC was character
ized by SDS-PAGE analysis and Western blotting.

Generation of Recombinant Protein C Variants—Recombi- 
nant PC variants PC-N97Q, PC-N248Q, PC-N313Q, and 
PC-N329Q were generated by site-directed mutagenesis, ex
pressed, purified, and characterized as described previously

(19). W ild  type protein C and protein C variants were acti
vated w ith Protac as outlined above (19, 20). The concentra
tion o f each recombinant APC concentration was determined 
by active-site titra tion  against a calibration curve generated 
from the am idolytic activity o f APC o f known concentration. 
APC chromogenic substrate cleavage by each recombinant 
APC preparation was determined as described previously 
(19).

Assessment of APC Anticoagulant Activity in Protein C-defi
cient Plasma—APC anticoagulant function in protein C-defi
cient plasma was assessed using a Fluoroskan Ascent plate 
reader (Thermo Lab System, Helsinki, Finland) in combina
tion w ith Thrombinoscope software (Thrombinoscope BV). 
Briefly, 80 /xl o f plasma were incubated w ith 20 o f platelet- 
poor plasma reagent containing 5 pM  soluble tissue factor and 
4 ijlM phospholipids (60% phosphatidylcholine, 20% phos- 
phatidylserine, and 20% phosphatidylethanolamine) in the 
presence or absence o f APC (2.5-20 nM). Throm bin genera
tion was in itiated by automatic dispensation o f fluorogenic 
throm bin substrate (Z-G ly-G ly-Arg-AM C-HCI) and 100 m M  

CaCI-2 into each well (final concentrations, Z-G ly-G ly-Arg- 
AM C 'H C l, 0.42 m M  and CaClj, 16.67 m M ) .  Throm bin genera
tion was determined using a throm bin calibration standard. 
The area under the throm bin generation curve (endogen
ous throm bin potential, ETP) was measured. Experiments 
were performed in triplicate, and data were reported as 
mean ±  S.E.

Measurement of Endothelial Cell Barrier Protection hy 
APC—Endothelial cell barrier permeability was determined 
as described previously, w ith m inor modifications (20, 21). 
Briefly, EA.hy926 cells were grown to confluence on polycar
bonate membrane Transwell permeable supports (Costar, 
3-fXM pore size, 12-mm diameter) and incubated w ith APC 
(0.63-20 nM ; all final concentrations). A fter 3 h, EA.hy926 
cells were treated w ith 5 n M  throm bin in serum-free medium 
for 10 min. The cells were then washed and incubated w ith 
0.67 mg/m l Evans Blue w ith 4% bovine serum albumin (BSA; 
Sigma). Changes in endothelial cell barrier permeability were 
determined by assessment o f the increase in absorbance at 
650 nm in the outer chamber over time due to transmigration 
o f Evans Blue-BSA. To assess the role o f APC-EPCR binding, 
supernatant was removed, and an anti-EPCR monoclonal an
tibody (RCR-252) was incubated w ith the cells for 30 m in (25 
/xg/ml, final concentration) followed by standard permeability 
measurement (see above). The same assay was used to evalu
ate the effect o f throm bin (5 n M  for 3 h) on permeability o f 
EA.hy926 cells pretreated w ith a non-enzymatic protein C 
variant PC-S360A (2.5-10 nM ) for 15 min. Experiments were 
performed in trip licate and plotted as the mean ±  S.E. Perme
ability (percentage) was determined using the following 
equation

P =  ( X - C ) / ( F  -  C) X  100% (Eq.1)

where P is permeability (percentage), X  is the APC-treated 
ODj;5 „, C is the ODg^o o f untreated EAhy926 cells, and F  is the 
ODj;5 o for throm bin-treated EA.hy926 cells.
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Regulation o f Apoptosis-related Gene Expression in Endo
thelial Cells APC—Confluent EA.hy926 cells in 6-well 
plates were pretreated with APC for 4 h. EA.hy926 cell apo- 
ptosis was then induced by incubation with staurosporine (20 
/lim) for 4 h. Staurosporine-treated cells were trypsinized and 
RNA-extracted using the RNeasy mini kit (Qiagen). Reverse 
transcription (high capacity cDNA reverse transcription kit, 
Applied Biosystems) followed by RT-PCR was performed us
ing Bax  (Hs00180269_ml), B d-2  (Hs00153350_ml), and 
/3-actin (Hs99999903_ml) TaqMan® gene expression assays 
(Applied Biosystems) in an Applied Biosystems 7500 real time 
PCR system. Experiments were perform ed in triplicate and 
plotted as a percentage of the mean staurosporine-treated 
hax/hd-2  ratio (100% apoptosis).

Determination o f APC-mediated Protection ofApoptotic  
Endothelial Ce//.s—EA.hy926 cells were grown to confluence 
in a 96-well plate and then treated for 3 h with wild type or 
variant APC (0.625-20 nM). Apoptosis was then induced by 
incubation with staurosporine (20 /j .m )  for 4 h. 30 min prior to 
the end of this incubation period, an apoptosis-specific purple 
dye (Biocolor) was added to each well. The cells were then 
washed twice with phosphate-buffered saline and photo
graphed. Apoptosis was quantified by converting digital pho
tograph images into pixel counts using Adobe® Photoshop® 
software, according to the m anufacturer’s instructions. Aver
age pixel counts calculated were based on analysis of at least 
three images per well. Three independent experiments were 
performed, and data are reported as the ’’pixel ratio" calcu
lated from the pixel count from each APC-treated well rela
tive to  pixels calculated from staurosporine-treated wells.

RESULTS

Deglycosylation o f APC hy PNGase f —To enable assess
m ent of the role of APC N-linked glycans in mediating APC 
cytoprotective signaling, A/-linked carbohydrate moieties were 
removed from APC by enzymatic digestion with PNGase F. 
Untreated and PNGase F-treated APC (PNG-APC) were 
characterized by reducing SDS-PAGE analysis and W estern 
blotting using an anti-protein C polyclonal antibody that de
tects the protein C/APC heavy chain. For wild type APC, a 
doublet of ~ 3 5 -4 0  kDa, corresponding to the heavy chains of 
the two major APC glycoforms, a  and /3, was identified (Fig. 
M ). PNGase F treatm ent of APC reduced the molecular mass 
of the APC doublet ~ 1 0  kDa (Fig. lA ), corresponding to the 
disappearance of the fully glycosylated APC heavy chain and 
the formation of lower molecular mass APC glycoforms upon 
N-linked glycan proteolysis (16, 22). In keeping with previous 
reports, total APC deglycosylation could not be achieved 
without significant APC degradation and loss of function (16).

A throm bin generation assay using protein C-deficient 
plasma was used to assess PNG-APC anticoagulant activity.
As described previously (17), removal of APC A/-linked gly
cans caused a slight increase in plasma APC anticoagulant 
activity. 5 n M  APC reduced the ETP to 47% of the ETP in the 
absence of APC, whereas an identical concentration of PNG- 
APC attenuated throm bin generation to 27% of the original 
ETP (Fig. IB). Increased anticoagulant activity was not associ
ated with increased amidolytic activity, as determ ined by

Ot------- 1 —1----- 1 T
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FIGURE 1, C haracterization o f PNGase F -treated  APC. A, APC a id  PNGase 
F-treated  APC (PNG-APC, 1 /xg) w ere  charac te rized  by 4 -1 5 %  SCS-PAGE 
analysis a n d  W estern b lo tting , using a s h ee p  a n ti-p ro te in  C/APC jolyclonal 
an tib o d y  th a t  d e te c ts  th e  p ro te in  C/APC heavy chain (HC, showrl. 6, th e  
an tico ag u lan t activity of APC (O) and  PNG-APC (■  2 .5 -2 0  nM) W 5  assessed  
in p ro te in  C -deficient p lasm a by a th ro m b in  g en era tio n  assay. TIrom bin 
g en era tio n  w as initia ted  w ith  5 pM so lub le  tissue fac to r a n d  1 0 0  pm  CaClj 
an d  assessed  as desc ribed  u n d e r "Experim ental P rocedures." Thi p e rcen t
ag e  of ETP w as d e te rm in ed  for th rom bin  g en era tio n  in th e  p reseice  a nd  
ab sen ce  of APC, w ith 100% £FP d efined  as ETP in th e  ab sen c e  of !ither APC 
species.

PNG-APC hydrolysis of a short APC-specific chrom>genic 
substrate (data not shown).

Enzymatic Removal ofN -Linked Glycans ImprovesAPC 
Protection against Thrombin-induced Endothelial Cdl Barrier 
Permeability and  Staurosporine-induced Apoptosis—k\?C 
protects the endothelium  from throm bin-induced ptrmeabil- 
ity in an EPCR- and PARl-dependent m anner (23). "o deter
mine the functional consequences of APC deglycosyation on 
EPCR-dependent PARI signaling, PNG-APC cytopr*tective 
activity (2.5-20 n M ) was assessed in a throm bin-indiced en
dothelial cell permeability assay. As expected, p reinabation 
with untreated APC induced a dose-dependent im pnvem ent 
in endothelial cell barrier integrity (Fig. 2A). Interestngly, 
preincubation with PNG-APC maintained barrier inegrity at 
~6-fold lower concentration than wild type APC. H;lf-maxi- 
mal endothelial barrier protection was achieved at 9.55 nM for 
wild type APC, yet only 1.71 nM  PNG-APC was requred to 
achieve the same level of endothelial barrier protecti>n (Fig. 
2A). The presence of Protac and PNGase F alone hac no effect 
upon throm bin-induced endothelial cell barrier perneability 
(supplemental Fig. 1).

EPCR occupancy by protein C causes throm bin toexert 
barrier-protective, rather than barrier-disruptive, intacellular 
signaling (24). A protein C variant containing an amno acid 
substitution in the serine protease catalytic triad (PC S360A) 
that renders the variant enzymatically inactive was p eincu- 
bated with EA.hy926 cells in the presence of 5 nM thom bin. 
As shown previously (24), EPCR occupancy by PC-S!60A in
duced a barrier-protective response upon PARI acti'ation by 
throm bin. PNGase F-treatm ent of PC-S360A did notaffect 
EPCR occupancy-m ediated reversal of throm bin sigialing 
specificity upon PARI proteolysis, (data not shown).PNG- 
APC signaling via PARI was completely abolished inthe pres
ence of a monoclonal antibody that prevents APC-EJCR 
binding (RCR-252; Fig. 25). These data indicate tha tm - 
hanced PNG-APC cytoprotective signaling is depencent on 
both APC proteolytic activity and EPCR binding.

JANUARY 14, 2011 -VOLUME h . t p . ^ ^ P ^ i ,  IReL (Univ College Dublin) or, C H E M IS V Y  1 325



ARC Glycosylation and Cytoprotective Signaling

^  100

0 2 4 6 8 10 
APC (ryyi)

// 75-

50-

25

0 5 10 15 20

FIGURE 2. PNGase F-treated APC possesses enhanced endothelial 
barrier-protective function and up-reguiatlon of anti-apoptotic 
gene expression. the role of APC W-linked glycosylation In mediating 
APC-dependent endothelial cell signaling was assessed in a thrombin- 
induced endothelial cell barrier permeability assay. EA.hy926 cells were 
grown to confluence on polycarbonate membrane Transwell permeable 
supports and then incubated with either APC (O) or PNG-APC (■) (1.25-10 
nM). Treated cells were then incubated with 5 nm thrombin for 10 min, and 
barrier permeability was determined for each APC concentration at 10 min. 
Endothelial barrier permeability (percentage) was calculated as described 
under "Experimental Procedures." 6, to assess the role of EPCR binding in 
PNGase F-treated APC cytoprotective signaling, EA.hy926 cells were incu
bated with PNGase F-treated APC and an anti-EPCR monoclonal antibody 
(RCR-252; 25 jig/m l) to prevent APC-EPCR binding. Thrombin-induced per
meability was then assessed as described above. C, deglycosylation im
proves APC anti-apoptotic gene expression in staurosporine-treated endo
thelial cells. The anti-apoptotic function of PNG-APC was determined by 
calculation of the ratio of pro- and anti-apoptotic gene expression, using 
Sox and Bcl-2 expression, respectively. EA.hy926 cells were pretreated with 
10 nM APC for 4 h. EA.hy926 cell apoptosis was then induced by staurospo- 
rine (20 /.i m , 4 h). After RNA extraction, RT-PCR was performed using box, 
bd-2, and /3-actin TaqMan"* gene expression assays. Experiments were per
formed in triplicate and plotted as a percentage of the mean staurosporine- 
treated bax/bd-2 ratio (100% apoptosis). **, p <  0.005.

APC-mediated cell signaling inhibits endothelial cell apo
ptosis in an EPCR-PARl-dependent manner (7, 23). To exam
ine the role o f APC N-linked glycans in APC regulation of 
pro/anti-apoptotic gene expression, the ability o f PNG-APC 
to modulate EA.hy926 cell pro/anti-apoptotic gene expression 
was assessed by RT-PCR analysis o f the Bax!Bcl-2 ratio in the 
presence o f staurosporine. A t identical concentrations (10 nM), 
PNG-APC was almost twice as effective in reducing staurospo- 
rine-induced apoptosis as wild type APC (p <  0.05; Fig. 2C).

Removal o f N-Linked Glycans at Asn-329 Mediates En
hanced Protective APC Signaling—PNG3iSe F treatment of 
APC enhances the EPCR-PARl-dependent barrier-protective 
and anti-apoptotic functions o f endothelial cells. However, 
PNGase F does not completely deglycosylate APC under con
ditions required to maintain APC function and does not pro
vide inform ation as to the specific N -linked glycans that regu
late APC endothelial cell signaling function. To map the 
location o f the Af-linked glycans that regulate APC cytopro
tective signaling via EPCR-PARl, four recombinant APC vari
ants were generated in which each N-linked glycosylation at
tachment site sequence was individually modified to prevent 
glycan linkage (APC-N97Q, APC-N248Q, APC-N313Q, and 
APC-K329Q). N-Linked glycosylation at Asn-97 on the pro
tein C light chain is critical for protein C secretion in a mam
malian cell expression system (17), preventing sufficient 
expression o f this variant for analysis. APC variants APC- 
N248Q, APC-N313Q, and APC-N329Q were expressed and 
characterized. Reducing SDS-PAGE/Western blot analysis of 
each variant was performed prior to activation (Fig. 3/1). The
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FIGURE 3. Glutamine substitution of the (V-llnked glycan attachment 
site at Asn-329 causes enhanced endothelial barrier-protective 
and anti-apoptotic APC activity. A, each recombinant protein C (wild 
type protein C, PC-N248Q, PC-N313Q, PC-N329Q, and PC-L38D/N329Q) 
was reduced using p-mercaptoethanol and assessed by 7.5% 5D5-PAGE 
analysis. The protein C heavy chain was subsequently detected by West
ern blot using a sheep anti-protein C polyclonal antibody. 6, the antico
agulant activity of each APC variant was determined by a thrombin 
generation assay in protein C-deficient plasma (• , wild type APC; T, APC- 
N248Q; ♦,APC-N313Q; 0 , APC-N329Q;all 1.25-20nw,except APC-N313Q, 
1.25-10 nM). C, the endothelial barrier-protective properties of wild type 
APC (O) and APC-N329Q (□ ; 1.25-10 nM) were determined as described 
previously. D, endothelial cell pro/anti-apoptotic gene expression in the 
presence of wild type APC and APC-N329Q (both 5 nM ) was measured by 
RT-PCR quantification of the relative expression of Bax/Bcl-2 mRNA tran
scripts, as described under "Experimental Procedures." *,p <  0.05.

observed w ild type doublet represents the heavy chains o f the 
two major protein C glycoforms, « and f i  (17). Each protein C 
N-linked glycan variant exhibited a single major band o f re
duced molecular weight when compared w ith w ild type pro
tein C, corresponding to the loss o f an individual A/-linked 
glycan. A faint band corresponding to a protein C heavy chain 
glycoform predicted to possess a single A/-linked glycan chain 
at Asn-313 was observed in the PC-N248Q preparation. An 
additional band o f sim ilar molecular weight, corresponding to 
a protein C glycoform predicted to possess a single A/-linked 
glycan at Asn-248, was observed in the PC-N313Q prepara
tion upon blot overexposure (data not shown).

The anticoagulant activity o f w ild type APC and each gly
can variant (2.5-20 nM) was assessed in protein C-deficient 
plasma using a throm bin generation assay. Each APC variant 
exhibited comparable anticoagulant activity to that o f w ild 
type APC (Fig. 38). To determine whether specific ^/-linked 
glycan chains modulate EPCR-dependent APC signaling via 
PARI on endothelial cells, the barrier-protective and anti- 
apoptotic activity o f each expressed APC variant was charac
terized. APC-N248Q and APC-N313Q exhibited sim ilar en
dothelial cell barrier protection to recombinant w ild type
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APC (supplemental Fig. 2). In contrast, APC-N329Q was sig
nificantly more barrier-protective than wild type APC and 
achieved maximum protection (~90%) from thrombin-in
duced endothelial barrier permeability at 1.25 nM APC. The 
same concentration of wild type APC reduced endothelial 
barrier leakage by only 21% (Fig. 3C). The enhanced activity 
of APC-N329Q was not due to improved affinity for EPCR as 
surface plasmon resonance analysis revealed a comparable 
soluble EPCR affinity as wild type APC {Kj  ̂—193 h m , supple
mental Fig. 3) (19, 20, 25, 26). Similarly, 5 nM wild type APC 
was ineffective in reducing staurosporine-induced apoptotic 
gene expression in EA.hy926 cells, whereas the same APC- 
N329Q concentration reduced the Bax/Bd-2  ratio by 43% 
(Fig. 3£>). The extent of altered pro/anti-apoptotic gene ex
pression mediated by APC-N329Q was comparable with that 
observed in the presence of an identical PNG-APC concentra
tion. Collectively, these data demonstrate that the enhanced 
barrier-protective and anti-apoptotic signal transduction of 
PNG-APC is mediated by specific removal of the A/-linked 
glycan at Asn-329.

APC-N329Q Is More Effective than Wild Type APC in Pre
venting Staurosporine-induced EA.hy926 Cell Apoptosis—The 
anti-apoptotic role of each APC N-linked glycan variant in 
EA.hy926 cells was further assessed using an assay in which 
apoptosis was determined by accumulation of an apoptosis- 
specific dye in staurosporine-treated EA.hy926 cells. Un
treated EA.hy926 cells were largely impermeable to the dye, as 
expected (Fig. 4A). In comparison, staurosporine treatment 
led to widespread purple dye accumulation in EA.hy926 cells 
(Fig. 4A). Wild type and variant APC reduced dye accumula
tion and therefore endothehal cell apoptosis in a concentra- 
tion-dependent manner (Fig. 4, A  and B). Interestingly, vari
ants APC-N248Q and APC-N313Q were more protective 
than wild type APC at all concentrations tested, but this en
hanced anti-apoptotic function failed to reach statistical sig
nificance (Fig. 4B). At 1.25 nM , wild type APC reduced endo
thelial cell apoptosis by —30%, as determined by analytical 
digital photomicroscopy (Fig. 4, A  and B). Remarkably, how
ever, APC-N329Q virtually ablated apoptotic cell dye accu
mulation at the lowest APC-N329Q concentration tested 
(0.625 nM ). A similar rate of endothelial cell apoptosis inhibi
tion was only observed at 20 nM wild type APC (Fig. 4B).

Enzymatic Deglycosylation o f Non-anticoagulant Recombi
nant APC Causes Enhanced PARl-mediated Protection o f 
Endothelial Cell Barrier Non-anticoagulant recom
binant APC variants represent a potentially improved recom
binant APC therapy for severe sepsis. APC-L38D has similar 
anti-inflammatory and anti-apoptotic properties to wild type 
APC but has limited anticoagulant function (25). To examine 
the functional consequences of APC-L38D deglycosylation, 
the anticoagulant and barrier-protective signaling properties 
of PNGase F-treated APC-L38D (PNG-APC-L38D) were ex
amined. Like APC-L38D, PNG-APC-L38D was unable to in
hibit thrombin generation in protein C-deficient plasma (data 
not shown). However, PNG-APC-L38D exhibited improved 
EPCR-PARl-dependent barrier-protective function when 
compared with its glycosylated counterpart at each APC con
centration tested (Fig. 5). Enzymatic deglycosylation of non-
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FIGURE 4. Inhibition of endothelial cell apoptosis by recombinant 
APC N-linked glycan variants. A, endothelial cell apop tosis v/as m ea
sured by accum ulation of apoptosis-specific dye (pink-purple) in stauros
porine-treated  EA.hy926 cells following incubation with wild ^pe/vari- 
an t APC. U ntreated/staurosporine-trea ted  EA.hy926 cells {topoaneh) 
and wild type/variant APC (1.25 nM, middle and bottom panels) are siown. Im
ages are representative of three independent experiments. 8, APC concen
tration-dependent reduction in endothelial cell apoptosis ( • ,  wid type 
APC; 0 ,  APC-N248Q; A, APC-N313Q; □ , APC-N329Q; 0.625-20 ni<). Uptake 
of apoptosis-specific dye was quantified by converting digital photograph 
images into pixel counts using Adobe* Photoshop* software according to 
manufacturer's instructions. Average pixel counts calculated were based on 
analysis of at least three images per well.

anticoagulant recombinant APC therefore leads to improved 
APC signaling function via EPCR-PARl on endotheLal cells.

APC-L38D/N29Q Has M inim al Anticoagulant Activity 
but Exhibits Enhanced Barrier-protective and Anti-apo
ptotic Activity on Endothelial Cells—To  generate a non
anticoagulant APC variant with improved EPCR-depen- 
dent signaling function without glycosidase treatment, a 
recombinant APC variant was prepared containing the 
L38D amino acid substitution (to limit anticoagulant func
tion) combined with the N329Q amino acid substitution 
(to enhance APC-protective signaling). When assessed by 
SDS-PAGE and Western blotting, this variant migrated as a 
single band similar to that of APC-N329Q. APC-L383/ 
N329Q exhibited hmited anticoagulant activity in a tnrombin
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FIGURE 5. Enzymatic deglycosylation of non-anticoagulant APC variant 
APC-L38D with PNGase F enhances APC-L38D-mediated endothelial 
cell barrier protection. Endothelial cell barrier permeability was assessed 
in the presence o f w ild  type APC (O) and PNG-APC-L38D /■ ) (1.25-10 nM) 
fo r 3 h prior to incubation w ith  5 nw thrombin. Endothelial barrier perme
ability was assessed by leakage o f Evans Blue-BSA through the endothelial 
cell barrier, as described above.
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FIGURE 6. APC-L38D/N329Q possesses no anticoagulant activity in 
plasnna but demonstrates enhanced cytoprotective PAR-1 signaling.
A, throm bin generation in protein C-deficient plasma was assessed in the 
presence of wild type APC and APC-L38D/N329Q. Thrombin generation 
(nm X min] was initiated w ith  platelet-poor plasma reagent and CaCI^ as 
before, and the percentage o f ETP (throm bin generation in the absence of 
APC) was determ ined. (O, no APC; □ ,  5 hm w ild type APC;#, 10 nM w ild type 
APC; ♦ ,  20 nM APC-L38D/N329Q). 8, EPCR-PARl-dependent endothelial cell 
barrier protection by APC-L38D/N329Q is more potent than w ild type APC. 
Barrier permeability assays using EA.hy926 cells were performed in the 
presence of wild type APC (O) or APC-L38D/N329Q (■; 1.25-10 nM) prior to 
throm bin treatment. Permeability is expressed as a percentage o f total 
thrombin-induced endothelial cell barrier permeability. C, endothelial cell 
apoptosis was measured by accumulation o f apoptosis-specific dye (pink- 
purple) in staurosporine-treated EA.hy926 cells fo llow ing incubation with 
w ild type APC or APC-L38D/N329Q (1.25 nM). D, APC concentration-depen
dent reduction in endothelia l cell apoptosis (O, w ild  type APC; ■ , APC- 
L38D/N329Q; 0.3125-20 nM ).

generation assay using protein C-deficient plasma such that 
no anticoagulant activity was observed at 20 nM  APC-L38D/ 
N329Q (Fig. 6A). However, 1.25 nM APC-L38D/N329Q re
duced endothelial barrier permeability by 72%, whereas wild 
type APC only reduced thrombin-induced permeability by 
15% at the same APC concentration (Fig. 6B). Therefore, de
spite possessing virtually no anticoagulant activity, APC- 
L38D/N329Q possesses up to 5-fold enhanced endothelial cell 
barrier-protective function when compared with wild type

APC. Furthermore, when assessed in an endothelial cell apo
ptosis assay, APC-L38D/N329Q was a significantly better in
hibitor of endothelial cell apoptosis than wild type APC (Fig.
6, C and D). Apoptotic specific dye accumulation in EA.hy926 
cells was only completely inhibited at 20 nM wild type APC, 
whereas the same protective effect was observed at 0.625 nM  

APC-L38D/N329Q. These data suggest that APC-L38D/ 
N329Q is ~30-fold more effective than wild type APC in pre
venting staurosporine-induced endothelial cell apoptosis.

DISCUSSION

Reduced protein C plasma concentration is observed in the 
majority of cases of severe sepsis and is strongly associated 
with high morbidity and mortality in this setting (11, 27). The 
anticoagulant activity of APC means that its administration is 
associated with an increased risk of severe bleeding. To ad
dress this, "second generation" recombinant APC variants 
have been designed that possess limited anticoagulant activity 
but retain full cytoprotective signaling properties. This was 
originally demonstrated using an APC variant with defective 
factor Va substrate recognition and anticoagulant activity but 
normal cytoprotective function (13). Recombinant APC vari
ants with similar divergent functional activities have since 
been described in which APC cofactor sensitivity has been 
abrogated (25) or where engineered disulfide bonds were in
corporated into the protease domain to specifically prevent 
anticoagulant activity (28). To date, no recombinant non
anticoagulant APC variant has been described that also exhib
its improved cytoprotective signaling function.

Glycosylation of membrane signaling receptors and soluble 
ligands is a common mechanism by which signaling networks 
can be regulated and can influence multiple aspects of signal 
transduction, including ligand recognition and affinity (29), 
intracellular trafficking, and receptor activation (30, 31). In 
this study, the role of N-linked glycosylation of APC in modu
lating EPCR-dependent APC endothelial cell signaling via 
PARI was examined. Enzymatic deglycosylation of APC sig
nificantly reduced the APC concentration required to achieve 
maximum protection against thrombin-induced endothelial 
cell barrier permeability and apoptosis (Fig. 2). Assessment of 
recombinant APC variants in which individual A/-linked gly- 
can attachment sites were removed identified the A/-linked 
glycan at Asn-329 as a critical modulator of APC endothelial 
cell signaling. APC-N329Q impaired thrombin-induced endo
thelial cell barrier permeability up to 6-fold more efficiently 
than wild type APC and completely inhibited staurosporine- 
induced endothelial cell apoptosis at ~30-fold lower APC 
concentration than wild type APC (Figs. 3 and 4). Similarly, a 
PNGase F-treated non-anticoagulant APC variant (PNG- 
L38D-APC) and an APC variant with no anticoagulant activ
ity but specific substitution of the Asn-329 glycan attachment 
site (APC-L38D/N329Q) displayed similarly enhanced endo
thelial cell barrier-protective and anti-apoptotic functions 
when compared with wild type APC (Fig. 6). These novel APC 
variants are, to our knowledge, the first description of APC 
variants in which APC anticoagulant function is attenuated, 
but the cytoprotective anti-inflammatory and anti-apoptotic 
functions of APC are simultaneously improved.
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Plasm a p ro te in  C  is com posed  of th ree  d is tinc t glycoforms. 
55-78%  o f plasm a p ro te in  C possesses N -linked  glycans at 
each of the four po ten tia l N -linked  glycan a ttach m en t sites 
(a -p ro te in  C) (14, 16, 17). 2 2 -4 5 %  o f p lasm a p ro tein  C  is ab 
erran tly  glycosylated at A sn-329 and  there fo re  possesses only 
th ree  A/-linked glycan chains (/3-protein C). T he final glyco- 
form  (7 -p ro te in  C) is N -linked-glycosylated at tw o positions 
(A sn-97 and  A sn-313) and constitu tes —5% of to ta l plasm a 
p ro te in  C (16, 17), T he m olecular basis for partial glycosyla
tion  at th e  A sn-329 A/-linked glycan a ttach m en t site  is u n 
know n but is no t linked to  level o f p ro te in  C expression as 
transgenic  pigs th a t display bo th  high and  low pro te in  C ex
p ression levels exhibit sim ilar p ro te in  C glycosylation patterns 
(14). O n e  possible exp lanation  is th a t th e  unusual N X C  glycan 
a ttach m en t site at A sn-329 is a less favorable substra te  for 
glycosyltransferase processing th an  th e  typical NX(S/T) site 
(16).

T he A/-linked glycan a ttach m en t site a t position  A sn-329 is 
located in th e  p ro te in  C /A PC  serine p ro tease  dom ain  (32) and 
is conserved  across m am m alian  species (Fig. 6^4). T he im p o r
tance of Af-linked glycosylation at th is site in regulating APC 
an ticoagu lan t activity is controversial. In th is study, we ob
served a sm all increase (up to  2 -fold) in an ticoagulan t activity 
of PN G ase F -treated  APC and  A PC -N 329Q  varian t w hen 
added  to  p ro te in  C -deficient plasm a and  an ticoagulan t activ
ity d e te rm in ed  by a tten u a tio n  of th ro m b in  generation  (Figs. 1 
and  3). In agreem ent w ith o u r findings, previous characteriza
tion  of th e  A PC -N 329Q  varian t found  th a t rem oval o f the 
A sn-329 N -linked glycan enhanced  p ro te in  C  activation by 
th ro m b in  in the presence of soluble th ro m b o m o d u lin  and 
increased A PC an ticoagu lan t function  2-fold w hen assessed 
by A PT T  assay (17). In con trast, a naturally  occurring  p ro tein  
C varian t con ta in ing  the N 329T su bstitu tion  was associated 
w ith reduced  an ticoagulan t activity. T his varian t protein  was 
im m unopurified  from  plasm a, and  its ra te  o f p ro te in  C activa
tion  and  an ticoagu lan t activity was determ ined . PC -N 329T 
was found  to  be activated  by th ro m b in  to  the  sam e ex ten t as 
norm al p ro te in  C, bu t in its activated form , it exhibited  a re 
duced  ra te  o f FVa proteolysis w hen com pared  w ith  norm al 
APC (33).

T he m olecular m echanism (s) for th e  increased cy topro tec
tive signaling  functions o f A PC -N 329Q  observed in this study 
is cu rren tly  unknow n. H owever, A sn-329 is in close proxim ity 
to tw o am ino  acids (G lu-330/G lu-333) th a t form  a putative 
P A R l-b ind ing  exosite on th e  APC p ro tease  dom ain  surface 
(Fig. 7B). A previous study  found th a t m utagenesis o f this re 
gion d id  n o t alter A PC  an ticoagulan t activity but com pletely 
p reven ted  E PC R -dependent A PC signaling via PA RI on endo 
thelial cells (34). C onsequently , we hypothesize th a t the p res
ence o f a com plex A/-linked glycan chain  a t A sn-329 regulates 
PARI access to  its exosite-b ind ing  region on  A PC  and  sub
sequently  inhibits th e  rate  at w hich E PC R -dependent, APC- 
m ed ia ted  PA RI activation  can occur. As such, increased 
A PC -N 329Q  access to  the P A R l-b ind ing  exosite facilitates 
increased  PA RI proteolysis. H owever, an  increased rate  o f 
PA RI activation  by its pro to typal ligand th ro m b in  is associ
ated  w ith  pro-in flam m atory , ra th e r th an  increased an ti-in 
flam m atory, dow nstream  endothelia l cell signaling. PARI

Asn>329 glycosylation site

*  *
PROC_HUMAN PHNEC
P R O C _ P I G  PHNEC
P R O C _ B O V I N  PYN§ C
P R O C _ C AN F A PHNEC
P R O C _ R A B I T  PQNEC
P R O C _ R A T  A R N i c
PROC MOUSE ARNEC

FIGURE 7. The N -linked g lycan  a t A sn -329  is co n serv ed  and  proxim al to  
a PARI -b in d in g  e x o s ite  o n  APC. A, am in o  acid a lig n m en t o f I<n3wn p ro 
tein C (PROQ am in o  acid seq u e n ces  ind icates conserva tion  o f the unusual 
NXC W-linked glycan a tta ch m e n t site  in know n m am m alian  protein C am ino 
acid seq u en ces . 6, N-linked glycosylation occurs a t  th re e  sites  (A<n-248, 
Asn-313, an d  Asn-329; turquoise) on  th e  p ro te in  C/APC serine  p ro tease  d o 
m ain (blue). The Asn-329 glycan a tta ch m e n t site  th a t  reg u la tes  fiPC cy to 
p ro tec tiv e  signaling is s itu a ted  next to  tw o  am in o  acid residues (3lu-330/ 
Glu-333; red) th a t a re  essen tia l for PARI c leavage  by APC (34). Th? APC 
cataly tic triad  (His-211, Asp-257, a n d  Ser-360; yellow) is in d ica ted  The 
m odel w as g e n e ra ted  b ased  upo n  th e  Gla dom ain less APC crystal s truc tu re  
(1AUT (32)) using  th e  PyMOL m olecular visualization softw are.

activation  by th ro m b in  (10,000-fold m ore rapid th an  EPCR- 
bound  A PC on  endothelia l cells (35)) in itiates d is tin rt G p ro 
te in  coupling  to  th a t o f A PC -activated PARI (G^ and G 1 2 /1 3 . 
ra th er th an  Gj) (24). C aveolar com partm en ta liza tion  of PARI 
an d /o r EPCR occupancy by A PC have been proposec as po 
ten tia l m echanism s by w hich the d ivergent dow nstream  co n 
sequences of PARI activation are m ediated  (24, 36). In terest
ingly, a m eizo th rom bin  chim eric varian t con ta in ing  a p ro tein  
C /A PC  Gla dom ain  has also been show n to  exhibit signifi
cantly faster PARI cleavage than  APC yet still possesses APC- 
like barrier-p ro tec tive  functions as a consequence of its ability 
to  bind EPCR (24). T his suggests th a t EPCR b inding of PN 
G ase F -treated  A PC o r A PC -N 329Q  is critical for determ in
ing protective signaling tran sd u c tio n  induced  by PARI p ro te 
olysis on endothelial cells, irrespective o f PA RI activation 
rate.

T he  physio log ical re levance  o f  d iffe ren t p lasm a p ro te in  
C g lycofo rm s is n o t well u n d e rs to o d . In te resting ly , th e  zy
m ogen  form  o f th e  A P C -N 329Q  v a rian t u sed  in  th;s stu d y  
is p re d ic te d  to  possess a s im ila r g lycosy lation  p a tte rn  to  
th a t o f p lasm a /3 -p ro tein  C, O u r stu d y  suggests tha t once  
ac tiva ted , /3 -p ro tein  C m ay be particularly  im portan t for 
A PC cytopro tective function  in vivo. F u rtherm ore , this im 
plies th a t /3-protein C  plasm a con cen tra tio n  m ay be a m ore 
reliable m arker o f endogenous A PC anti-inflam m ato."y po ten 
tial th an  to ta l plasm a p ro te in  C concen tra tion . Further studies 
are underw ay to assess th e  influence of /3-protein C  in m ed i
a ting  cytopro tective activity in the se tting  of acu te  inrlam m a- 
to ry  disease.

In sum m ary, A PC A/-linked glycosylation plays a significant 
role in th e  regulation  of APC cytopro tective function. In par
ticular, we have identified the A/-linked glycan moiety a t
tached  at am ino  acid A sn-329 in the APC serine protease do 
m ain  as a key m odu la to r of A/-linked glycan-enhanced APC 
cytoprotective signaling function  on endothelia l cells. F ur
therm ore , th is observation  has lead to  th e  generation  o f re 
com binan t non-an ticoagu lan t APC varian ts in w hich th e  pro-

APC serine p ro tease  domain
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tective PA R l-m ediated signaling capacity is significantly 
enhanced when com pared with wild type APC. The develop
ment o f  such recom binant APC variants represents a novel 
approach to im prove the therapeutic potential o f recom bi
nant APC therapy in the treatment of acute and non-resolving 
inflammatory disease.
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