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Generall  Overview: coagulation-induced inflammation 

Contents s 

1.. Introduction 

1.1.. Coagulation cascade 

1.2.. Inflammatory system 

2.. Tissue factor/factor Vila-induced inflammation 

2.1.. In vitro studies 

2.2.. In vivo studies 

3.. Factor Xa-induced inflammation 

4.. Thrombin-induced inflammation 

5.. Anticoagulant factors inhibiting inflammation 

5.1.. Tissue factor pathway inhibitor 

5.2.. Antithrombin 

5.3.. Activated protein C 

6.. Conclusion 

7.. Outline of the thesis 



Chapterr 1 

1.. Introductio n 

Thee interaction between blood coagulation and inflammation as part of the innate 
hostt defense is becoming more and more apparent. In particular in the field of 
infectiouss disease there has been increasing interest in this subject, since the 
majorr complications of sepsis (i.e. disseminated intravascular coagulation (DIC) 
andd multiple organ failure) are strongly linked with excessive disturbances in the 
balancee between coagulation factors and their inhibitors. Thrombi formed during 
thesee complications are often accompanied by massive inflammation. The 
interactionn between coagulation and inflammation is a two directional process of 
whichwhich inflammation-induced coagulation is well established and has therefore 
beenn extensively reviewed.1"6 Coagulation-induced inflammation, on the other 
hand,, has only recently gained extensive attention and inhibition of coagulation 
duringg gram-negative sepsis might be an important target for therapeutic 
interventions.7"111 The overall aim of this review is to give an overview of the 
currentt knowledge concerning coagulation-induced inflammation. 

1.11.1 Coagulation system 

Uponn vessel injury, platelets adhere to macromolecules in the sub-endothelial 
tissuess and aggregate to form a haemostatic plug. The platelets stimulate local 
activationn of plasma coagulation factors, leading to generation of a fibrin clot that 
reinforcess the platelet aggregate. Current ideas about the mechanism(s) 
underlyingg blood coagulation are based on the waterfall- or cascade model 
introducedd by Davie and Macfarlane13 in the early 1960's. Traditionally, 
coagulationn was divided into an "intrinsic", an "extrinsic" and a "common" 
pathway.. The "intrinsic" pathway was thought to be initiated by activation of 
contactt factors and involves the subsequent activation of kallikrein, factor (F)XII, 
FXII  and FIX, leading to FX activation. The "extrinsic" pathway is initiated by 
tissuee factor (TF) expression upon tissue injury and after complex formation of 
TFF with FVII also results in activation of FX. In the "common" pathway, 
activatedd FX (FXa) activates prothrombin ultimately leading to fibrin formation. 
Althoughh the concept of distinct "intrinsic" and "extrinsic" pathways served for 
manyy years as a useful model for coagulation, more recent evidence showed that 
thee pathways are not, in fact, redundant but are highly interconnected. For 
example,, high levels of TF in complex with FVIIa directly activate FX (as shown 
inn figure 1), while at low concentrations of TF, FX activation not only involves 
FVIIaa but also factor IXa of the intrinsic pathway.14'15 In addition, in the early 
1990'ss it was demonstrated that thrombin (derived from either the "intrinsic" or 
"extrinsic""  pathway) directly activates FXI.16'17 Furthermore, patients with severe 
FVIII  deficiency may bleed18 even though the "intrinsic" pathway is intact. 
Likewise,, the severe bleeding complications associated with deficiencies of 
factorss VII I or IX would not be expected if the "extrinsic" pathway alone would 
bee sufficient to achieve normal haemostasis. The current hypothesis about the 
initiationn of blood coagulation is therefore that after vascular injury, TF is 
exposedd to the blood and forms a complex with FVII. Subsequently, the TF/FVII 
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complexx activates FX either directly ("extrinsic" pathway) or indirectly via 
activationn of FIX ("intrinsic pathway"), resulting in FXa mediated cleavage of 
prothrombinn into thrombin. Thrombin cleaves fibrinogen into fibrin, fibrin 
monomerss form multimers and a fibrin clot is formed. In addition, thrombin 
activatess FXI, VII I and V, resulting in enhanced production of FIXa and FXa, 
therebyy augmenting thrombin production.16'7 

APC C 

EPCR R thrombin n 
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© © 
fibrinoge nn  fibri n 

AT T 

Figuree 1: Schematic representation of the coagulation cascade. Tissue factor (TF) and activated FVI1 form a 
complexx to activate FIX and FX. FXa converts prothrombin into thrombin, which on its turn cleaves fibrinogen 
intoo fibrin. Besides thrombin also activates FVII1 and FV, which are co-factors for FIXa and FXa, respectively, 
andd FXI, that activates FIX. Thrombin generation is inhibited by the natural anti-coagulants tissue factor 
pathwayy inhibitor (TFPI), anti-thrombin (AT) and activated protein C (APC). APC is formed by the activation 
off  protein C by thrombomodulin (TM) in the presence of thrombin and/or endothelial cell protein C receptor 
(EPCR). . 

Too prevent thrombotic complications due to excessive or untimely fibrin 
formation,, several regulatory mechanisms exist, involving many anti-coagulant 
proteins.. The three most important anti-coagulant proteins that also have 
functionss in coagulation-induced inflammation will be discussed. Tissue factor 
pathwayy inhibitor (TFPI) binds to and inhibits FXa. The FXa-TFPI complex then 
interactss with FVIIa/TF and inhibits activation of factors X and IX. TFPI may 
preventt coagulation unless the FVIIa/TF complex initially present generates a 
sufficientt amount of FIXa to sustain FX activation via the "intrinsic" pathway. In 
additionn to the well-known TFPI, a homologous protein named TFPI-2 has been 
described.199 In addition to inhibition of TF/FVIIa/FX(a), TFPI-2 inhibits trypsin, 
plasminn and kallikrein. 
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Inn a second anti-coagulant pathway, low concentrations of thrombin activate 
proteinn C (PC). Activated PC (APC) degrades the cofactors FVIIIa and FVa.2021 

APCC generation involves two endothelial cell receptors, i.e. thrombomodulin 
(TM)) and endothelial protein C receptor (EPCR). TM is a cofactor for thrombin 
andd changes thrombin's specificity from procoagulant to anticoagulant by 
activationn of PC.22 EPCR is an endothelial cell specific receptor for PC and APC. 
Recruitmentt of PC to EPCR enhances activation of PC by thrombin/TM.23 

AA third pathway regulating the coagulation cascade comprises antithrombin (AT), 
whichh inhibits factors DCa, Xa, and thrombin. The activity of antithrombin is 
potentiatedd in the presence of heparin by the following means: heparin binds to a 
specificc site on antithrombin, altering antithrombin's conformation increasing the 
affinityy for thrombin as well as for its other substrates. The naturally occurring 
heparinn source that potentiates antithrombin is present as heparan and/or heparan 
sulfatee on the surface of vascular endothelial cells. 
Nextt to the three discussed coagulation inhibitors, many other inhibitors are 
known,, like heparin cofactor II , protein Z, and protein S. However, as mentioned 
above,, they will not be further discussed. 

1.21.2 Inflammatory system 

Inflammationn is considered as the body's reaction to invasion by an infectious 
agent,, antigen challenge or even just physical, chemical or traumatic damage.24 

Thee inflammatory system can be activated by innate and adaptive immune 
defensee mechanisms. The innate response, which does not adapt to repeated 
contactt with the same infectious agent, relies on phagocytes and factors such as 
complementt and acute phase proteins. The adaptive response includes large 
populationss of lymphocytes, each with their own antigen specificity. Adaptive 
immunee responses, both humoral and cellular, are characterized by the creation of 
aa memory that confers protection upon renewed infectious contacts. The result of 
eachh inflammatory reaction may be beneficial (defend the body against agents 
derangingg its homeostasis) or harmful (damage to surrounding tissues). 
Thee inflammatory response involves redness (rubor), swelling (tumour), heat 
(calor),, pain (dolor) and deranged function (functio laesa). These signs are mainly 
duee to an increase in vascular permeability and enhanced migration of leukocytes 
acrosss the local vascular endothelium towards the site of inflammation. The 
migrationn of leukocytes is a complex process that depends on the type of cells that 
aree involved and the type of interaction with the endothelium. The pattern of 
migrationn is also determined by the activation state of cells: resting or naive 
lymphocytess tend to migrate across endothelial venules into lymphatic tissues, 
whereass activated lymphocytes tend to migrate to sites of inflammation. 
Inflammatoryy mediators, including cytokines and chemokines, are released during 
immunee reactions, or following tissue damage, and contribute to cellular 
activationn and migration. 

Cytokiness are small proteins that are produced by a number of cells of the 
immunee system in response to various infectious stimuli.25 Cytokines can be 
dividedd into pro-inflammatory cytokines, anti-inflammatory cytokines and soluble 
inhibitorss of cytokines. Whereas the former group of cytokines stimulates 
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inflammatoryy processes, the two latter groups act to inhibit either the production 
orr the activity of pro-inflammatory cytokines. Important pro-inflammatory 
cytokiness are tumor necrosis factor (TNF)-a and interleukin (IL)-l, 26'27 while 
IL-100 is a major anti-inflammatory cytokine.28 IL-6 is a cytokine with both pro-
andd anti-inflammatory properties.2 '25 

AA delicate balance between the three branches of the cytokine network is decisive 
forr the outcome of an infection.25 In a localized bacterial infection, pro-
inflammatoryy cytokines are required for an adequate host defense leading to 
clearancee of the pathogen, whereas anti-inflammatory cytokines can impair anti-
bacteriall  effector mechanisms. On the other hand, overwhelming sepsis may 
resultt in a systemic inflammatory response during which excessive systemic 
activationn of pro-inflammatory cytokines may harm the host and anti-
inflammatoryy cytokines may protect against organ damage caused by abundant 
inflammation.. As such, the cytokine network seems to act as a double-edged 
sword,, i.e. local activity of pro-inflammatory cytokines is important for local anti-
bacteriall  defense, whereas systemic activity of these mediators may lead to tissue 
toxicity.29 9 

Chemokiness are a large family of 8-10 kDa structurally homologous cytokines 
thatt play an important role in the host response by stimulating leukocyte 
migration.30"322 Chemokines may further contribute to the inflammatory response 
byy activation of leukocytes through induction of oxygen burst and 
degranulation.333 Depending on their structure, chemokines can be subdivided into 
distinctt families. Two of at least four of these families, the a- and 0- chemokines, 
havee been described extensively. In a-chemokines, one amino acid separates the 
firstfirst two cysteine residues (cysteine - X amino acid - cysteine, CXC) while in the 
P-chemokiness these cysteine residues lie adjacent to each other (CC). Of these 
twoo families, IL-8 (CXC), growth related oncogene (GRO)- a, and -fi (CXC) and 
monocytee chemoattractant protein (MCP)-l (CC) have received most attention. 
Inn this review, the interplay between coagulation and inflammation will be 
discussedd with a focus on cytokines, chemokines, migration of leukocytes, and 
survivall  upon infections as representatives of the complex role of inflammation in 
thee immune response. 

2.. Tissue factor/Factor  Vila- induced inflammation 

FVIII  is a 50 kD vitamin K-dependent gamma-carboxylated plasma glycoprotein, 
whichh in its activated form, FVIIa, activates FX to FXa and FIX to FTXa by 
limitedd proteolysis. FVIIa alone shows very littl e proteolytic activity and realizes 
itss full enzymatic activity only when complexed to TF. FVII is synthesized in its 
zymogenn form in the liver. Although FVII is activated by the coagulation 
productss FXa and thrombin, a trace amount of FVIIa appears to be available in 
plasmaa at all times to interact with TF.34 

TFF is a 47 kDa, non-enzymatic, membrane-bound glycoprotein and is 
constitutivelyy expressed on the surface of cells that are not normally in contact 
withh blood (e.g., fibroblasts, smooth muscle cells, keratinocytes).35,3 Monocytes 
andd endothelial cells also express TF when stimulated by, among others injury, 

11 1 



Chapterr 1 

endotoxin,, tumor necrosis factor, interleukin-1, oxygen deprivation or glass and 
mayy be involved in thrombus formation under pathologic conditions.'5'37"41 In 
additionaddition to its regulation of the coagulation cascade (as discussed above), TF has 
beenn implicated in a variety of other pathophysiological processes (e.g. 
embryogenesis,, angiogenesis, tumor progression and metastasis, atherosclerosis 
andd inflammation), 
inflammation. . 

Here,, we will discuss the role of the TF/FVIIa complex in 

2.12.1 In vitro studies 

Pathways s 
act ivated d 
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Figur ee 2: Schematic representation of coagulation induced pro-inflammator y intra-cellula r  signaling. 

TF/FVII aa induced signaling involves PAR-2, FXa induced signaling involves PAR-1 and PAR-2, while 
thrombin-inducedd signaling involved PAR-1, -3 and -4. Al l PAR signaling results in activation of pro-
inflammator yy pathways lik e p42/p44 MAPK and p38 MAPK pathways, ultimately leading to the expression of 
geness lik e IL- 6 and IL-8 . 

InIn vitro studies on TF-induced inflammation can be divided into studies primarily 
focusingg on TF-induced cytokine production and into studies focusing on TF-
inducedd cell signaling leading to, among others, the production of inflammatory 
mediators.. TF/FVIIa-induced cell signaling has been extensively reviewed during 
thee last years, (see for example refs 21, 42-46). Nowadays the consensus opinion 
iss that TF-induced intracellular signaling involves the formation of a complex 
withh FVTIa and possibly FX(a) resulting in protease activated receptor (PAR) 
signaling.42'46,477 As is shown in figure 2, there is evidence that TF/FVIIa induced 
signalingg results in transcription of pro-inflammatory cytokines IL-8, IL-ip , IL-6, 
andd MTP-2a.48 However, the upstream signal transduction pathways have not yet 
beenn completely elucidated, but very likely involve the pro-inflammatory 
p38-MAPK,, Rac, and NF-KB pathways/2'48'49 
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Althoughh there are many reports about cytokine induced TF 
expression,3,5,42,43*45,46'500 there is littl e in vitro evidence that TF induces cytokine 
production.. In a 4-hour culture of coagulating blood, significant production of 
interleukin-88 (IL-8; >2,000 pg/ml) was observed, whereas other pro-inflammatory 
cytokiness including IL-lp , IL-6, or tumor necrosis factor (TNF)-a were 
undetectable.. Upon prolonged culture, IL-6 levels increased with delayed kinetics 
whenn compared to IL-8. Addition of LPS (lipopolysaccharide or endotoxin) to 
thiss system enhanced EL-8 production without influencing IL-6 levels.51 However, 
whetherr IL-8 (and EL-6) production is directly dependent on TF/FVIIa or 
dependentt on other coagulation factors (e.g. thrombin or FXa) remains unclear. 
Sincee IL-8 production correlates with the level of coagulation activation as 
determinedd by thrombin-antithrombin (TAT) complex formation, and since 
coagulationn inhibitors (TFPI and hirudin) inhibit the IL-8 response to LPS, it is 
temptingg to speculate that FXa or thrombin are key-players in this process. 
However,, analysis of cytokine production in systems that do not involve FXa and 
thrombinn production (e.g. anti-coagulated blood or cell culture in the presence of 
FXaa inhibitors) shows TF dependency as well. For instance, in keratinocytes, up-
regulationn of both IL-8 mRNA and protein is FVIIa dose- and time-dependent.52 

AA neutralizing antibody to TF reduces this induction by more than 90%. Addition 
off  the FXa inhibitor tick anticoagulant protein (TAP) does not influence IL-8 
productionn in this system. Active site-inhibited FVIIa completely blocks FVIIa-
inducedd upregulation of IL-8, indicating that the increased IL-8 production is 
dependentt on the formation of TF/FVIIa complexes and the proteolytic activity of 
FVIIa. . 
Recently,, Hjortoe et al.53 provided more evidence that TF/FVIIa influences IL-8 
production,, by showing FVIIa-induced IL-8 mRNA and protein in a breast 
carcinomaa cell line that constitutively expresses abundant TF. FVIIa-induced IL-8 
productionn in this system appears to be PAR-2 and TF dependent and thrombin 
independent.. In addition, in chapter 4 of this thesis we describe that LPS-induced 
IL-66 and KC (a mouse analog of IL-8) production in cultured macrophages and in 
anticoagulatedd whole blood is lower in TF haploinsufficient cells than in wildtype 
cells,, thereby adding more evidence to the notion that TF/FVIIa influences 
cytokinee production without intervention of other coagulation factors. 
Inn summary, in vitro data clearly suggest that TF and FVIIa are key-players in 
pro-inflammatoryy cytokine production, presumably via a coagulation-independent 
pathwayy involving PAR-2 signaling. However, the observation that TF/FVIIa 
inducess cytokine production in the absence of FXa and thrombin formation does 
nott exclude a coagulation-dependent role for TF/FVIIa in systems were 
coagulationn does take place. As discussed below, FXa and thrombin themselves 
aree also potent inducers of inflammation. 

2.22.2 In vivo inflammation 

Thee in vivo significance of TF/FVIIa-induced coagulation for host-defense has 
beenn extensively investigated. Already in 1991 Taylor et al.54 reported that 
pretreatmentt with a monoclonal antibody against TF attenuates coagulopathy and 
mortalityy in a LD100 E.coli sepsis model in baboons. Besides, immunization of 
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micee with a polyclonal antibody against TF protects against death upon 
administrationn of a lethal amount of endotoxin.5 Treatment with active site-
inhibitedd FVIIa (DEGR-FVIIa) delays or prevents death upon LD100 E.coli 
administrationn in baboons as well.56 Furthermore, DEGR-FVIIa inhibits late IL-6 
andd IL-8 production during sepsis without influencing TNF-a levels or IL-6 and 
IL-88 production during the first four hours after E.coli administration. 
Furthermore,, administration of DEGR-FVIIa prevents sepsis-induced respiratory 
andd renal failure in baboons, most likely via inhibition of pro-inflammatory 
cytokinee release and fibrin deposition.11 Although these data clearly indicated that 
TF/FVIIaa is important during sepsis, it does not clarify whether TF/FVIIa directly 
influencess host defense during sepsis or whether TF/FVIIa dependent activation 
off  coagulation factors more downstream in the coagulation cascade are the actual 
mediatorss involved in sepsis-induced mortality. 
Duringg the last years several tools have been used to answer this question. De 
Jongee et al51'59, showed that inhibition of the TF/FVIIa pathway using TFPI 
attenuatess coagulation during low-grade endotoxemia in healthy humans without 
affectingg LPS-induced cytokine levels. Since TFPI inhibits TF/FVII-induced 
coagulationn via interaction with FX(a), TF/FVIIa-mediated intracellular signaling 
iss not inhibited by TFPI. Treatment with TFPI during endotoxemia indeed inhibits 
thrombinn formation, but not inflammation. This suggests that the TF/FVIIa 
complexx and not more downstream factors influence LPS-induced inflammation. 
Experimentss using active-site inhibited FXa59 or nematode anticoagulant protein 
c22 (NAPC2)60'61 also failed to show any other effects than coagulation inhibition. 
However,, very recently it has been shown that mice lacking the cytoplasmatic 
domainn of TF (TF5017 mice) react less to intra-articular injection of methylated 
bovinee serum albumin, which is used to induced arthritis. Although coagulation is 
unaffectedd in TF6 0 7 7^ mice, they show less signs of arthritis-related 
inflammationn (e.g. synovitis, synovial exudates, cartilage degradation, and bone 
damage),, indicating that TF/FVIIa induced intra-cellular signaling but not 
TF/FVIIaa induced coagulation is important for inflammation.62 

Takenn together, in vivo data strongly suggest a key role for TF/FVIIa in 
inflammation,, most likely not involving the pro-coagulant properties of this 
complex,, but rather its intracellular signaling properties. 

3.. FXa-induced inflammation 

InIn vivo studies using active-site inhibited FXa in septic baboons or human 
volunteerss clearly demonstrated no benefical effects of FXa inhibition on 
inflammation,, while FXa-mediated coagulation was inhibited.59,63 Nevertheless, in 
vitrovitro data strongly suggest a role for FXa in inflammation via PAR-mediated 
intracellularr signaling. As shown in figure 2, FXa cleaves PAR-1 and PAR-2, 
resultingg in activation of the NF-KB pathway, MAP kinase phosphorylation and 
expressionn of the angiogenesis-promoting genes Cyról and connective tissue 
growthh factor (CTGF). However, cell signalling in these studies has been 
reportedd at FXa concentrations that are higher than those expected to occur 
physiologically. . 
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Thee TF inhibitor nematode anti-coagulant protein c2 (NAPc2) exerts its action by 
stabilizingg the complex between TF, FVIIa and FXa (figure 3).65 In this complex, 
FXaa maintains its catalytic active conformation, but its coagulant activity is 
inhibitedd because FXa is only catalytically active when dissociated from the 
TF/FVIIaa complex. Importantly, FXa bound to TF/FVIIa is a potent inducer of 
signall  transduction. This implies that TF/FVIIa/FXa mediated cell-signaling 
formss an integral part of TF-dependent coagulation and takes place immediately 
beforee FXa-mediated coagulation. This notion that TF/FVIIa/FXa mediated 
signalingg precedes FXa-mediated coagulation might be the explanation for the 
factt that in vivo experiments using FXa inhibitors mainly failed to show any 
beneficiall  effect of FXa inhibition. ,63 Iba et al.66 reported that the FXa-inhibitor 
DX-9065aa inhibits leukocyte-endofhelium interactions in the mesenteric 
microcirculationn of a rat upon endotoxin administration. The mechanism for this 
effectt has not been elucidated, but suppression of both excessive coagulation and 
cytokinee production appears to play a role. 

Inflammatoryy gene expression | [inflammatory gene expression] 

Figuree 3: Graphical representation of the working mechanism of NAPc2. The complexes formed between 
FVIIa,, TF and /or FX activate signal transduction via activation of PAR-2. Upon activation of FX, the 
TF/FVIIa/FXaa complex signals through both PAR-1 and -2. When FXa is released from the TF/FVIIa/FXa 
complex,, it is capable of prothrombin activation, which results in the formation of fibrin. In the presence of 
NAPc2,, FXa is not released from the TF/FVIIa/FXa signaling complex and therefore, NAPc2 inhibits fibrin 
formation,, meanwhile promoting FXa's signaling properties. 

Ann alternative working mechanism for FXa mediated inflammation has been 
suggestedd by Altieri et al.61'68 In the early nineties they described the existence of 
aa novel protease receptor called effector cell protease receptor-1 (EPR-1). This 
high-affinityy receptor for FXa is present on monocytes, neutrophils and 
endotheliall  cells and appears to be involved in inflammation. FXa-induced EPR-1 
mediatedd cell influx in a rat model of acute inflammation can be inhibited using 
thee histamine/ serotonin antagonists cyproheptadine and methysergide, and by the 
activee site inhibitor TAP, but is unaffected by hirudin,69'70 suggesting that like 
PAR-signaling,, EPR-1 mediated FXa signaling involves FXa's active site, but not 
itss procoagulant properties. 
Takenn together, as for TF/FVIIa, FXa appears to play a role in inflammation via 
itss intracellular signaling capacities, since studies using FXa-mediated 
coagulationn inhibitors show no beneficial effects. 
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4.. Thrombin-induced inflammation 

Forr more than 25 years it has been claimed that thrombin has pro-inflammatory 
properties.. In 1977 Makinen et al7i described that heparin is not suitable as an 
anticoagulantt in the ex vivo leukocyte migration test, which is used to demonstrate 
thee presence of migration inhibition factor (MIF). In the presence of heparin the 
MIFF effect disappears very rapidly. The change in response when using 
heparinizedd blood is not due to any direct effects of heparin, because heparin has 
noo effect when added to defibrinated blood. However, heparin, added together 
withh thrombin, is capable of abolishing the MIF effect completely. The basis for 
thiss phenomenon is most probably the binding of antithrombin to a complex with 
heparinn and thrombin. The activity of MIF requires the presence of antithrombin, 
itss esterase-inhibiting activity probably being crucial, in order to express MIF 
activityy on macrophages. This mechanism forms a link between thrombin and 
inflammation. . 
Sincee then, thrombin has been shown to have a variety of non-coagulant 
effects.2'21,72733 In vitro, thrombin induces production of TNF-a, MCP-1 and IL-6 
inn fibroblasts, epithelial cells and monocytes.74 76 In endothelial cells thrombin 
inducess MCP-1 and IL-8.76'77 Production of IL-6 and IL-8 in fibroblasts and 
monocytess can be inhibited using the specific thrombin inhibitor hirudin.51'75 

Thrombin-inducedd cytokine production has been shown to be PAR-1, -3 and 4 
dependentt (figure 2), which has been extensively reviewed by Ruf and 
Riewald.21'43'46 6 

InIn vivo data also support a direct role for thrombin in inflammation. Szaba et al 
showedd in mice that intraperitoneal injection of thrombin stimulated accumulation 
off  IL-6 and MCP-1 in the peritoneal cavity in a fibrin(ogen) -dependent manner. 
Inn addition, in sensitized rats, hirudin inhibits leukocyte migration upon pleural 
inflammationn induced with ovalbumin, bradykinin or platelet-activating factor.79 

Evenn more convincing are the beneficial effects of hirudin treatment in antigen-
inducedd arthritis.80 In this model, antigen-induced arthritis is induced by intra-
articulararticular injection of methylated bovine serum albumin in the knee joints of 
previouslyy immunized mice. Hirudin was given during 13 days, starting three 
dayss before arthritis onset. Joint inflammation, synovial thickness and intra-
articulararticular fibrin deposition was significantly reduced in hirudin treated mice at 
dayss seven and ten after arthritis onset. 
Givenn the fact that in vitro studies clearly established inflammatory roles for 
PAR-1,, thrombin probably has pleiotropic functions during inflammation, 
stimulatingg vasodilation and mast cell degranulation via PAR-1, and activating 
cytokine/chemokinee production and macrophage adhesion via fibrin(ogen). More 
indirectt evidence stems from in vivo experiments using PAR knockout mice. 
PAR-1,, -3 and -4 are activated by thrombin. The contribution of PAR-1 to 
inflammatoryy cell-mediated renal injury has been shown in murine crescentic 
glomerulonephritis.811 A pivotal role for thrombin in this model was demonstrated 
byy the capacity of hirudin to attenuate renal injury. Compared with control 
treatment,, hirudin significantly reduced glomerular crescent formation, T-cell and 
macrophagee infiltration, fibrin deposition, and elevated serum creatinine. 
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Inn summary, a large body of both in vitro and in vivo data suggests a PAR-
mediatedd role in inflammation for thrombin. 

5.. Anticoagulant factors inhibitin g inflammation 

5.77 tissue factor pathway inhibitor 

Tissuee factor pathway inhibitor (TFPI) is a 34 kDa protein associated with plasma 
lipoproteinss and with the vascular endothelium. It is a Kunitz-type plasma 
proteasee inhibitor that binds to and inhibits FXa. The FXa-TFPI complex then 
interactss with TF/FVHa and inhibits activation of factors X and DC. The TFPI 
genee is located on chromosome 2 and mainly synthesized by endothelial cells.83 In 
additionn to the well-known TFPI, a structurally related protein named TFPI-2 has 
beenn described.19 This protein is also known as placenta protein 5. The TFPI-2 
genee is located on chromosome 7 and TFPI is expressed in placenta, endothelial 
cellss and liver. In addition to inhibition of TF/FVIIa/FX(a), TFPI-2 inhibits 
trypsin,, plasmin and kallikrein. No role for TFPI-2 in inflammation has been 
described. . 

Animall  models show a beneficial effect of TFPI treatment during sepsis. In two 
separatee studies, TFPI administration to septic baboons not only inhibited the 
occurrencee of DIC, but all baboons infused with a lethal amount of E. coli showed 
aa marked improvement in vital functions and survival.10,84 In addition to reduction 
off  excessive coagulation, mean arterial blood pressure and renal necrosis, TFPI 
treatmentt also reduced IL-6 production in plasma. In mice with polymicrobial 
intra-abdominall  sepsis, administration of recombinant human TFPI gave 
comparablee results. Mortality in the TFPI treated group was 20% as compared to 
64%% in the control group. The TFPI-treated mice showed significantly lower IL-6 
levelss than the control group. TNF-a and interferon-y levels did not differ 
betweenn the two groups. 
InIn vitro experiments provided an interesting explanation for TFPI-induced 
reductionn of IL-6 levels. Systemic exposure to LPS (a bacterial cell wall 
component)) activates a cascade of inflammatory responses leading to increased 
secretionn of cytokines such as TNF-a, IL-1, and IL-6 from inflammatory cells. 
CDD 14 and LPS-binding protein (LBP) play a crucial role in mediating cellular 
responsess to endotoxin. CD 14 binds LPS and the LPS-CD14 complex induces 
intracellularr signaling through TLR-4. LPS binding protein (LBP), a lipid transfer 
protein,, is present in plasma associated with a lipoprotein particle. LBP transfers 
LPSS molecules from LPS micelles to CD 14. Park et al showed that TFPI 
interferess with the LBP-mediated transfer of LPS to CD 14 via a direct interaction 
withh LPS.86 They showed that despite the relatively high affinity of TFPI for LPS, 
strongg inhibition of LPS action requires higher levels of TFPI than normally 
presentt in plasma. Because LBP is abundant in plasma, the physiologic plasma 
concentrationn of TFPI is not likely to be sufficient to neutralize endotoxin in 
endotoxemicc patients. However, the plasma TFPI concentration reached in the 
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above-mentionedd baboon and mice studies may have been high enough for 
competitionn with LBP. 
Althoughh animal studies provide a promising treatment strategy for sepsis using 
TFPI,, experiments in humans are less conclusive. An experimental study in 
humann volunteers58 receiving a low dose bolus intravenous injection of endotoxin, 
followedd by a 6-h continuous infusion of TFPI, showed complete prevention of 
endotoxinn induced-activation of coagulation by TFPI. However, TFPI did not 
influencee leukocyte activation, chemokine release, endothelial cell activation, or 
thee acute phase response. Thus, complete prevention of coagulation activation by 
TFPII  does not influence activation of inflammatory pathways during human 
endotoxemia. . 
AA recent multi-center, randomized, placebo-controlled, single-blinded, phase II 
triall  in sepsis patients87,88 showed that TFPI treatment is well tolerated and results 
inn a non-significant 20 percent relative reduction in 28-days all-cause mortality. 
TFPI-treatedd patients showed lower thrombin-antithrombin complexes and IL-6 
levels.. Unfortunately, this study was not powered to show treatment efficacy and 
thereforee an adequately powered, double-blinded study should be performed 
beforee any definite conclusions about the potential beneficial effects of TFPI 
treatmentt can be drawn. 
Theree are several possible explanations for the discrepancy between the 
confirmatoryy results from the animal studies and the phase II trial and the 
negativee results from the endotoxemia study regarding a role for TFPI in 
inflammation.55 These explanations relate to the differences between an 
endotoxemiaa model that involves healthy volunteers and septic animals/patients 
thatt involve severely il l animals or patients. 
Inn conclusion, animal studies show that TFPI influences coagulation as well as 
IL-66 production and survival upon E .coli administration, probably via a direct 
effectt on LPS-binding to its receptor CD 14. Studies in humans are less conclusive 
butt certainly promising. 

5.25.2 Antithrombin 

Antithrombinn is a plasma-derived, single-chain glycoprotein with a molecular 
weightt of 58 kDa. It is a serine protease inhibitor (serpin), sharing about 30% 
homologyy in amino acid sequence with other serpins.89 Antithrombin is thought to 
bee one of the most important inhibitors of the activated coagulation system. 
Antithrombinn is a rather a-specific protease inhibitor that among others inhibits 
TF/FVIIa,, FXa and thrombin. 
InIn vitro experiments have shown that addition of antithrombin to LPS-treated 
wholee blood, human umbilical vein endothelial cells, or mononuclear cells 
inhibitss TF and IL-6 production in a dose-dependent manner. Addition of hirudin, 
aa specific thrombin inhibitor, did not inhibit the LPS-induced production of TF or 
IL-6,, suggesting that the observed inhibition by antithrombin is not due to its 
abilityy to inhibit thrombin.90 

Duringg sepsis markedly lowered antithrombin levels are observed. l In the 
absencee of heparin, antithrombin binds to selected forms of glycosamino-glycans 
foundd on endothelial cell membranes.92 In rat liver and bovine aortic endothelial 
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cells,, binding of antithrombin to heparin-like glycosaminoglycans results in an 
increasee in prostacyclin synthesis.93' 4 Binding of antithrombin to glycosamino-
glycanss limits interactions between endothelial cells and neutrophils, and thereby 
inhibitss leukocyte accumulation.95'96 In the presence of heparin, anti-inflammatory 
effectss of antithrombin have not been detected.92"96 

Infusionn of high concentrations of recombinant human antithrombin into baboons 
reducess mortality upon E. coli infusion by 60 percent.97 Antithrombin treated 
animalss show similar hemodynamic responses, but different coagulation and 
inflammatoryy responses compared to controls. For instance, the formation of 
thrombin-antithrombinn complexes was accelerated and fibrinogen consumption 
wass diminished by antithrombin treatment. In addition plasma IL-6 and IL-8 
levelss were significantly reduced in the antithrombin treatment group. 
Remarkably,, TNF-a and IL-10 levels were elevated in treated animals compared 
too controls. 
Overall,, antithrombin treatment protected baboons from the harmful effects of E. 
colicoli infusion. On the other hand, in a large clinical sepsis trial, survival upon 
treatmentt with antithrombin did not differ from treatment with placebo. In this 
study,, 2314 adult, hospitalized patients with clinical evidence of sepsis received 
eitherr intravenous antithrombin therapy for four days or placebo. Overall 
mortalityy at 28 days was 38.9% in the antithrombin treated group and 38.7% in 
thee placebo group. Survival at later time points did not differ between the two 
groupss either. In the subgroup of patients not treated with concomitant heparin 
duringg the four days of antithrombin treatment survival at 90 days was 
significantlyy improved (55.1% vs. 47.5% in the placebo group), hi patients 
receivingg antithrombin and heparin, the bleeding incidence was elevated (23.8% 
vs.vs. 13.5% for the control group), thereby diminishing the potential beneficial 
effectt of antithrombin.98 

Inn summary, antithrombin treatment during sepsis modulated the host-response in 
baboons,, however, a large randomized control trial failed to show a beneficial 
effect,, probably due to an increased bleeding risk. 

5.35.3 Activated protein C (APC) 

Proteinn C is a vitamin K-dependent serine protease zymogen. APC inactivates 
FVaa and FVIIIa and thus has an important anticoagulant role. In its primary 
structure,, protein C most closely resembles factor VII , IX, and X and it has light 
andd heavy polypeptide chains linked by disulfide bridges. 
Inn the early 1980's Taylor and Esmon99 showed that administration of low doses 
off  thrombin to dogs prior to infusion of endotoxin improves survival. Infusion of 
loww amounts of thrombin leads to production of APC. Direct infusion of APC into 
baboonss challenged with E. coli improves survival rates as well, while potent 
inhibitorss of thrombin formation (e.g. active site-inhibited FXa) in the same 
modell  abolished only coagulation abnormalities without affecting the lethal 
effectss of E. coli,59 thereby identifying APC as the relevant downstream effector 
off  thrombin administration.100 This indicates that not APC's anti-coagulant 
propertiess are involved in survival upon E. coli sepsis and consequently research 
interestt shifted to the direct anti-inflammatory properties of APC. Studies in rats 
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challengedd with endotoxin showed that administration of APC reduced TNF-a 
production.1011 Upon LPS stimulation or E. coli administration, APC also inhibits 
TNF-aa secretion by monocytes. The working mechanism most likely involves 
interferencee of APC with nuclear factor-KB nuclear translocation. By blocking 
nuclearr factor-KB nuclear translocation, cytokine- and endotoxin-mediated 
adhesionn molecule up-regulation is decreased, resulting in diminished activation 
andd migration of leukocytes.9,102"104 

Heterozygouss protein C deficient mice show both more severe DIC and increased 
fibrinn deposition upon endotoxin administration, but also have elevated levels of 
TNF-a,, IL-6 and IL-1.105 Furthermore, the survival of heterozygous protein C 
deficientt mice is diminished. These experimental data have been confirmed in a 
large,, randomized, multi-center, double-blinded, placebo-controlled trial. In this 
so-calledd PROWESS trial, 1690 adult severe sepsis patients received either 
drotrecoginn alfa (recombinant human APC) or placebo. ,8'106 The mortality rate 
wass 30.8 percent in the placebo group and 24.7 percent in the APC group. On the 
basiss of the prior defined primary analysis, treatment with APC was associated 
withh a reduction in the relative risk of death of 19.4 percent. APC-treated patients 
demonstratedd lower levels of thrombin generation and IL-6 production. 
Ass for TFPI, administration of APC in experimental low-grade endotoxemia in 
humanss failed to show beneficial effects on inflammatory mediators.107 APC or 
placeboo was given intravenously for eight hours. Endotoxin was administered two 
hourss after starting the infusions. Although APC decreased basal TF mRNA 
expressionn and thrombin formation, it did not reduce LPS-induced thrombin 
generation,, indicating that the amount of APC administered in this experiment 
wass too low to influence LPS-induced coagulation. Consequently, APC did not 
reducee LPS-induced levels of TF mRNA or D-dimer and had no effect on 
fibrinolyticc activity or inflammation. 
Althoughh the above-mentioned data strongly suggest an anti-inflammatory role 
forr APC, the working mechanism has not yet been completely elucidated. In vitro 
dataa strongly suggest the involvement of PARs.108 APC uses EPCR as a co-
receptorr for cleavage of PAR-1 on endothelial cells. The signaling effects of APC 
inn endothelial cells have been analyzed using micro array gene-expression 
profiling.1099 These experiments demonstrated APC-dependent induction of genes 
thatt down regulate pro-inflammatory signaling pathways and that counteract 
apoptosis.. For example, upregulation of MCP-1, which during systemic 
inflammationn suppresses TNF-a and IL-12 induction, was shown. APC-mediated 
genee expression strongly resembles PAR-1 mediated profiles. Experiments using 
PAR-11 blocking antibodies proved the involvement of PAR-1 in APC-induced 
intracellularr signaling.21*46'109 

Inn summary, both in vivo and in vitro data suggest an anti-inflammatory role for 
APCC during sepsis, most likely involving an EPCR-APC-PAR1 signaling 
pathwayy on endothelial cells. 
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6.. Conclusion 

Thee data summarized above strongly suggest an important role for individual 
coagulationn factors (and inhibitors) in inflammation induced by infectious agents. 
However,, although the amount of data generated during the last decades is 
impressive,, definite answers about the relative contribution of the individual 
coagulationn factors remain largely elusive, since inhibition of one factor 
influencess the expression of other factors as well. As is shown in figure 1, 
inhibitionn of TF results in decreased production of FXa, thrombin and APC, while 
inhibitionn of thrombin results in lowered levels of FXIa, FVIIIa, FVa, and thus 
FXaa and thrombin. 
Recentlyy it has become evident that beyond the role of coagulation factors in 
haemostasis,, their role in intracellular signaling cascades is of major importance 
forr coagulation-induced inflammation. Unfortunately, it is impossible to 
discriminatee between coagulation dependent and coagulation independent 
functionss of the individual proteins. Ideally, to study coagulation-induced 
inflammationn inhibitors that specifically inhibit single coagulation factors are 
needed,, and more importantly, the precise inhibitory effect on both coagulant and 
inflammatoryy properties should be known. The current available inhibitors are 
welll  characterized regarding their anti-coagulant properties but whether they 
inhibitt (for instance) intracellular signaling of the targeted proteins remains 
unclear.. Until the available inhibitors are better characterized, studies using these 
inhibitorss will not provide conclusive answers about the role of coagulation in 
inflammation. . 
Ass an alternative approach numerous transgenic and knockout mice are now 
available.. Especially knockout mice may yield important insight into the role of 
individuall  coagulation factors in inflammation. The advantage of knockout mice 
overr inhibitors lies in the fact that these mice completely lack a single protein and 
thereforee there will be no uncertainty about which functions of the protein are 
inhibited.. Unfortunately, many coagulation factors are important for 
embryogenesiss and deficiency of TF, FVTC, prothrombin, TFPI, antithrombin or 
proteinn C results in embryonic or neonatal lethality.110111 As for the currently 
availablee inhibitors, the use of knock-out mice will not resolve the issue whether 
thee coagulant activity or the intracellular signal transduction capacity of a specific 
coagulationn factor is involved in inflammation. To assess this issue, mutants that 
specificallyy diminish either coagulation or signal transduction without interfering 
withh its other functions need to be developed. 

77 Outline of the thesis 

Thee major objective of the studies described in this thesis is to study the 
interactionn between coagulation and inflammation in more detail using (knockout) 
mice.. Therefore, experiments were performed using infectious disease models 
likee endotoxemia and peritonitis as model systems for the interaction between 
coagulationn and inflammation. Hypoxia has been studied for its potential role as a 
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modell  system for the cross-talk between coagulation and inflammation in the 
absencee of infectious agents. 
Inn chapter  2, a short review of the dual characteristics of disseminated 
intravascularintravascular coagulation (DIC), as both a contributor to multiple organ failure as 
wellwell as a symptom of severe underlying disease associated with systemic vascular 
changess is provided, based on both published literature and unpublished data of 
ourr research group. In chapter  3-6 the effects of alterations in coagulant 
propertiess during either endotoxemia or septic peritonitis in mice have been 
studied.. The role of TF in infectious disease has been investigated using several 
toolss like knockout mice and inhibitors. In chapter  3 the role of blood-borne TF 
inn endotoxemia is described. Mice that lack TF on their blood cells have been 
generatedd by bone marrow transplantation using TF knockout embryonic liver 
cellss as donor material. The effect of TF haploinsufficiency during endotoxemia 
hass been studied both in vitro and in vivo and is described in chapter  4. In 
chapterr  5 we investigated whether TF's procoagulant function or its signaling 
propertiess are involved in the outcome of septic peritonitis. To this end NAPc2, 
ann inhibitor of TF/FVIIa induced coagulation that does not inhibit TF's signaling 
propertiess has been used. In chapter  6 the role of the coagulation system itself 
duringg inflammation was investigated by determining whether hemophilia or 
thrombophiliaa determine host defense during septic peritonitis. 
Too investigate whether hypoxia can be used as a model system to study the cross-
talkk between coagulation and inflammation without using infectious agents, we 
studiedd the time course of coagulation activation and cytokine production during 
andd after cessation of oxygen deprivation (chapter  7). Since the results in chapter 
77 made us doubt the bioactivity of the cytokines produced during hypoxia, we 
investigatedd in chapter  8 whether a hypoxic period influences host defense 
duringg Pseudomonas aeruginosa pneumonia. 
Inn chapter  9 we tried to answer an important question regarding factor VII I 
synthesis;; i.e. whether blood cells are capable of producing factor VIII . 
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