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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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Generall  Overview: coagulation-induced inflammation 

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 
TM M 
protei nn  C 

© © 
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 

UR.11 PAR-1,1 

p42/p444 MAPK . 
pJSMAPK , , 
JNK ,, PI3 kinase, 
Rac,, Cdc42, 
NF-K B B 

p42/p444 MAPK , 
p388 MAPK , 
.INK ,, M - K I S 

PAR-3, , 
PAR-4 4 

I I 
p42/p444 MAPK , 
p388 MAPK , 
P133 kinase, 
RhoA,, N F - K B 

CTGF F Cyrf l ,, CTGF, 
IL-8,hbEGF . . 
coltagenase,, RhoB 

Cyrfil , , 
CTGF F 

VEGF,, KDR 
Cyi-61,, fl M 
CTGF,, 1L-6, 
IL-8 ,, IL-l p 

Adaptedd torn H.H. Vereteeg, ThrombHseinost. 86(2001) 1353-1353 

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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Abstract: : 

Objective:Objective: To review the dual characteristics of disseminated intravascular 
coagulationn (DIC), as both a contributor to multiple organ failure as well as a 
symptomm of severe underlying disease associated with systemic vascular changes. 
DataData Sources: Published literature data and unpublished results from the authors. 
DataData Summary: Clinical and experimental studies strongly suggest that DIC 
contributess to multiple organ failure and death in patients with severe systemic 
disorderss such as sepsis. DIC is evoked by systemic cytokine activity, and the 
inflammatoryy response aggravates vascular permeability, inflammation, and cell 
damagee in tissues. In addition to intravascular fibrin formation, thrombin and 
fibrinn generation in tissues is also an important aspect of DIC. An example of DIC 
att the organ level is adult respiratory distress syndrome, where fibrin in the lung is 
aa characteristic feature. Intravascular fibrin formation and occlusion may elicit a 
hypoxicc response with induction of hypoxia related transcription factors. The 
resultingg ischemic preconditioning may offer protective effects to the involved 
organ(s). . 
Conclusions:Conclusions: Overall, the beneficial or harmful effects of activated coagulation 
andd fibrin formation for organ pathology and recovery from DIC remain to be 
explored.. This may be a critical element in the assessment of ischemia-
reperfusionn effects of specific anticoagulant therapy. 

Introductio n n 

Disseminatedd intravascular coagulation (DIC) is a systemic syndrome 
characterizedd by enhanced activation of coagulation with some intravascular 
fibrinn formation and deposition, depending on the degree of activity.1 DIC is 
thoughtt to contribute to multi-organ failure and death in a variety of underlying 
conditionss for several reasons. First, pathologic studies have repeatedly 
demonstratedd the presence of intravascular fibrin in tissues of patients who had 
diedd from an illness associated with evidence of DIC, suggesting a causal 
relationship.. Second, cohort studies have indicated an increased mortality in 
patientss with DIC compared with those who have the same underlying disease but 
noo evidence of DIC. And third, experimental studies of DIC associated with 
sepsiss or low-grade activation of coagulation have repeatedly demonstrated that 
effectivee inhibition of DIC can indeed reduce mortality. In contrast, many 
investigatorss currently believe that it is not DIC, and particularly not fibrin 
formationn itself that is harmful, but rather it is the generation of serine proteases 
andd their potential interactions with pro-inflammatory mediators that contribute to 
organn failure and death. 
Thee microvasculature is the critical interface for oxygen and energy delivery to 
thee tissues. Thus, any damage to or obstruction of the microvasculature may have 
potentiallyy harmful consequences. In diseases complicated by DIC, a systemic 
inflammatoryy response syndrome is a standard finding (Fig. 1). The generation of 
pro-inflammatoryy cytokines has several consequences for the microvasculature 
withh relation to blood coagulation and DIC. Vascular endothelial cells may be 
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perturbedd by the action of cytokines such as interleukins (IL)-l , -6, and -8, as well 
ass tumor necrosis factor-a (TNF-a).2 These cytokines change the general 
anticoagulantt phenotype of the endothelium into a procoagulant phenotype, at 
leastt under in vitro conditions, resulting in, among other features, reduced 
expressionn of thrombomodulin 3 and heparan sulfates 4 as well as potentially 
upregulatedd tissue factor (TF).5 Inducible TF is predominantly expressed by 
monocytess and macrophages. The expression of TF on monocytes is markedly 
stimulatedd by the presence of platelets and granulocytes in a P-selectin-dependent 
reaction.. This effect may be the result of nuclear factor-KB activation induced by 
bindingg of activated platelets to neutrophils and mononuclear cells. This cellular 
interactionn also markedly enhances the production of IL-ip , IL-8, monocyte 
chemoattractantt protein-1 (MCP-1), and TNF-a.7'8 

Inflammatio n n 

TF/cytokines s 

Vascularr leakage 

Leukocytee activation 

Figuree 1. Relation between disseminated intravascular 
coagulationn (DIC) and inflammation. TF, tissue factor. 

55 DIC C Thrombosiss ^ ™ Extravascular 
fibrin n 

Increasedd endothelial permeability facilitates the interaction of transmigrating 
leukocytess with the subendothelial space, such that extravascular inflammation 
andd coagulation may occur. The generation of procoagulant pathways, as well as 
theirr interactions with platelets and leukocytes, in the microvasculature may lead 
too intravascular fibrin formation, which, in turn, may cause occlusion of the 
smallerr vessels. We will now consider several aspects related to the generation of 
fibrin,, the consequences that vascular occlusion might have, and the site of fibrin 
depositionn in relation to inflammation. 

GenerationGeneration of Fibrin and Its Deposition. 

Fromm studies in human volunteers and in baboons challenged with lethal 
EscherichiaEscherichia coli, it is known that DIC can be distinguished in various stages, in 
relationn to the degree of procoagulant derangement.9'10 Initially, thrombin 
generationn and down-regulation of fibrinolysis occur," followed by intra-vascular 
fibrinn formation and endothelial cell activation, as indicated by increased levels of 
fairlyy specific endothelial cell molecules.9 Subsequently, increased vascular 
permeabilityy occurs, indicative of endothelial disruption and damage. In the latter 
stages,, fibrin deposition occurs intravascularly as well as in extravascular spaces, 
forr example, as seen in adult respiratory distress syndrome (ARDS). Because of 
depletionn of clotting factors and platelets, bleeding may be seen in this stage of 
DIC. . 
Thee kinetics of fibrin deposition in organs was studied in a more systematic way 
byy analyzing the lungs of mice with a mutation in the thrombomodulin gene that 



Chapterr 2 

weree challenged with endotoxin. In these studies, thrombomodulin mutated mice 
withh a mixed genetic background of Svl29 and C57B1/6 were utilized, which 
mightt have contributed to part of the observed effects on fibrin formation and 
inflammation122 (R Franco, et al., unpublished observations). Nevertheless, 
intravascularr fibrin formation occurred early after endotoxin challenge of mice 
(detectablee after 30 mins), was associated with signs of inflammation, and 
disappeared,, probably as a result of fibrinolysis, at 24 hrs. In plasma, evidence of 
DICC was provided by substantial elevations in the levels of thrombin-
antithrombinn complexes, which followed a time course that was approximately 
parallell  to the pattern of fibrin deposition. This study illustrated that intravascular 
fibrinn formation can be observed in a specific organ, and does not lead to overt 
organn damage except for transient evidence of inflammation. Furthermore, this 
processs is reversible under certain conditions as a result of fibrinolytic clearance 
off  the microvasculature. 

DICDIC and Vascular Occlusion 

Theoretically,, when the trigger of DIC is stronger or more prolonged than 
anticoagulation,, or when the anticoagulant or fibrinolytic mechanisms fail to 
protect,, fibrin formation may persist and lead to prolonged vascular occlusion. 
Thee resulting hypoxia may contribute to organ ischemia and cell death (Fig. 2). 

 Vascular occlusion by fibrin 

 inflammatory response 
 hypoxia ^ + tissue ischemias necrosis 
 extravascular fibrin/inflammation 

i i 
 multi organ damage 

Systemicc hypoxia is known to cause fibrin formation as well. Several studies have 
indicatedd that, in the presence of either a defect in an anticoagulant pathway such 
ass thrombomodulin (S Schoenmakers et al., unpublished observations), or a 
defectt in the fibrinolytic system,14 hypoxia induced by keeping mice at 8% or less 
oxygenn causes fibrin formation in the lungs. Although, at lower oxygen pressure 
(6%),, fibrin may also accumulate in normal mice,15 these very low oxygen levels 
aree not well tolerated in normal or other mice (data not shown). Furthermore, it is 
unknownn to what extent fibrin formation occurs in tissues other than the lung. The 
proposedd procoagulant mechanism is enhanced expression of TF by monocytes as 
aa result of enhanced activity of transcription factors such as Egr-1 6 but it may be 
possiblee that endothelial cell-induced TF also plays a role in this process. 
Nevertheless,, it remains to be seen how the presence of fibrin influences the 
adjacentt tissue and whether inflammation and clotting may facilitate local 
apoptosiss and tissue damage. Local hypoxia also induces the expression of 
hypoxia-induciblee transcription factors that, via ischemic preconditioning, may 

Figuree 2. Consequences of disseminated 
intravascularr coagulation. 
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defendd the organ against permanent damage.17 The relevance of these defense 
mechanismsmechanisms in DIC remains to be investigated. 
Inn addition to intravascular fibrin formation, fibrin may be generated in or 
transferredd to extra vascular areas, where it may, in turn, be deposited.18 For 
example,, ARDS is frequently associated with intra-alveolar and intravascular 
fibrinn formation,19'20 most likely a result of both systemic and local mediators of 
procoagulantt reactions. Local production of TF, which is detectable in 
bronchoalveolarr lavage fluid, may trigger the procoagulant reactions.21 

DICDIC and Inflammation 

Thee inflammatory component involved in ARDS may be distinct from the 
pathwayy that leads to fibrin formation. In a rat model of E. coli induced 
pulmonaryy injury, a synthetic specific inhibitor of kallikrein prevented pulmonary 
vascularvascular injury, but did not inhibit DIC. In contrast, the active site-blocked factor 
Vil aa inhibited DIC but not pulmonary injury, suggesting that the inflammatory 
andd coagulation reaction in the lungs to endotoxin are not intimately associated.22 

Severall  studies suggest a direct effect of fibrin on inflammatory activity: 
fibrinogenfibrinogen interacts with bacteria and modulates their activity, fibrin serves to 
encapsulatee bacteria, or fibrin cleavage peptides may trigger the release of 
proinflammatoryy cytokines.23 Thus, in extravascular spaces such as the 
intraperitoneall  cavity or pulmonary tissue, fibrin may be involved in the 
regulationn of inflammatory activity and tissue damage. It remains unknown 
whetherr fibrin plays an important role in this regard, and it is entirely unknown 
whetherr fibrin has "good" or "bad" properties in localized inflammatory 
processes. . 
Inn an experimental ARDS model induced by installation of endotoxin 
endobronchial,̂, a peribronchial inflammatory response occurs, with 
extravasationn of leukocytes (mostly granulocytes). The granulocytes stain positive 
withh specific antibodies against murine TF, possibly indicating that these cells 
mayy be involved in the local fibrin generating process. Indeed, local generation of 
thrombinn is indicated by elevated thrombin-antithrombin complexes in 
bronchoalveolarr lavage fluid (JJ Timmerman et al., unpublished observations) and 
fibrinfibrin  appears to be localized at areas of inflammatory activity, suggesting a 
relationshipp between these elements. 

Conclusion n 

Fibrinn formation in the course of DIC may be an important determinant of organ 
morbidity.. However, direct evidence to support this is essentially absent. All 
favorablee studies suggesting a beneficial effect of anticoagulant treatment in 
humanss or animals may be explained by the inhibition of intermediate proteases 
off  the coagulation cascade that have proinflammatory activities. Whether 
preventingg fibrin formation per se is helpful in limiting organ damage remains to 
bee established. With the emergence of powerful anticoagulant strategies such as 
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activatedd protein C,24 aspects involving ischemia-reperfusion damage and long-
termm organ recovery become important to investigate. 
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Abstract t 

Duringg endotoxemia blood coagulation becomes activated due to tissue factor 
expressionn on leukocytes and/or endothelial cells. We investigated the influence 
off  blood cell-derived tissue factor on murine endotoxemia. 
Wee generated mice that lack tissue factor on their blood cells by transplanting 
tissuee factor deficient hematopoietic stem cells into lethally irradiated wildtype 
recipients.. Control mice were also irradiated but were injected with stem cells 
fromm wildtype littermate embryos. Seven weeks after transplantation, the mice 
receivedd 250 ug of endotoxin intraperitoneally. Three hours later, the mice were 
bledd and plasma and organs were collected to assess inflammation, coagulation, 
andd apoptosis. 
Micee that lack tissue factor on their blood cells still reacted to endotoxemia, but 
markedlyy less than wildtype controls. Blood cell-derived tissue factor deficient 
micee showed significantly less clinical symptoms than control mice. Levels of 
circulatingg inflammatory mediators and thrombin-antithrombin complexes were 
lowerr in blood cell-derived tissue factor deficient mice than in controls. 
Surprisingly,, inflammation was seen more often in blood cell-derived tissue factor 
deficientt mice than in control mice, but signs of apoptosis were more pronounced 
inn controls. 
Inn summary, our data clearly indicate that endotoxin-induced coagulation and 
inflammationn are strongly influenced by blood cell-derived tissue factor. 

Introductio n n 

Tissuee factor (TF) is a membrane bound glycoprotein, which on exposure to 
bloodd activates coagulation, via formation of an enzymatic complex with factor 
Vil aa (FVIIa), leading to thrombin activation and fibrin deposition.1'2 Its 
constitutivee expression by mesenchymal cells residing in the adventitial lining of 
bloodd vessels normally precludes its interaction with FVIIa in plasma but allows 
rapidd activation of coagulation when blood vessel barriers are disrupted.~ 
Intravascularr cells do not express TF constitutively, but TF expression in some 
intravascularintravascular cells can be induced. Monocytes are generally considered to express 
TFF upon injury,6 in vitro contact with glass or plastic, oxygen deprivation,8 

stimulationn with lipopoly-saccharide,7 products of complement activation, 
cytokiness or homocysteine.7,9"11 Reports about granulocytes are less consistent. 
Todorokii  et al.u describe induction of TF mRNA and protein levels in neutro-
philss upon endotoxin administration to baboons, while 0sterud et al. claim that 
granulocytess do not express TF themselves, but "purchase" TF activity through 
platelet-dependentt interaction with monocytes.14 Endothelial cells also express TF 
uponn ex vivo stimulation with cytokines or other inflammatory stimulators, " but 
whetherr endothelial cells express TF in vivo remains controversial. 
Researchh in recent years has taught us that TF has additional biological functions 
independentt from its well-established role in blood coagulation. TF may be 
importantt for processes like embryogenesis,1819 tumor progression and 
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neovascularization,, and chemotaxis. In addition, a role for TF in cell adhesion 
hass been suggested. During inflammation, mononuclear phagocytes cross the 
lymphaticc endothelium in the basal-to-apical direction (i.e. reverse migration), a 
processs dependent on the expression of TF on the surfaces of these cells.3 TF does 
nott have chemotactic properties by itself but adheres to an unknown binding site 
exposedd on the endothelium, suggesting that mononuclear phagocytes use TF as 
ann adhesive protein to exit the site of inflammation.3 

Evidencee for TF's role in sepsis-induced coagulation and inflammation is derived 
fromm in vivo models in which animals are challenged with live bacteria or 
lipopolysaccharidee (LPS or endotoxin). For instance, administration of anti-TF 
antibodiess to baboons results in the attenuation of coagulopathy and protects 
againstt death after injection of a lethal amount of Escherichia coli {E.coli)}2 

Moreover,, administering tissue factor pathway inhibitor (TFPI) to baboons 
alreadyy infused with a lethal amount of E.coli also turned out to be highly 
protective.23,244 Baboons injected with E.coli alone showed a mean survival time of 
400 hours, while E.coli I TFPI treated animals survived for the full seven days of 
thee experiment. Furthermore, TFPI caused decreased serum levels of markers of 
hypoxia,, acidosis and cell injury and protected against inflammation, thrombosis 
andd necrosis of lung, liver and kidney. Interestingly, administration of TFPI also 
impairedd the IL-6 response to endotoxin, whereas TNF-a levels were not 
influencedd by TFPI treatment. Interventions with active-site inhibited FVIIa 
(DEGR-FVIIa)) diminish both the IL-6 and IL-8 responses in baboons injected 
withh LDioo E.coli, whereas the LPS-induced TNF-a response was insensitive to 
DEGR-FVIIa.255 In addition, like TFPI, DEGR-FVIIa administration reverses the 
lethall  consequences of E.coli in a baboon model. 
Additionall  evidence for the role of TF in endotoxin-induced inflammation comes 
fromm experimental endotoxemia, in which a low dose of endotoxin is 
administeredd intravenously to human volunteers and/or chimpanzees, resulting in 
TF-dependentt coagulation.26,27 The endotoxin-induced activation of the TF system 
andd subsequent activation of coagulation appears to be mediated by pro-
inflammatoryy cytokines like TNF-a, IL-1 and IL-6. TNF-a administration to 
healthyy volunteers elicited rapid activation of coagulation which was similar to 
thatt evoked by endotoxin. Whereas interventions with TNF-a specific 
monoclonall  antibodies prove unsuccessful in preventing endotoxin-induced 
coagulationn activation,28 monoclonal IL-6 antibodies do completely block this 
activation.299 In addition, IL-1 receptor antagonists also attenuate activation of 
coagulationn either by a direct mechanism or by inhibiting IL-1 induced cytokine 
production.30 0 

Thee prominent role of TF in sepsis and the beneficial effects of blocking the 
initiationn of coagulation by TF on survival in experimental models warrant 
studyingg the role of TF in more detail. A major question concerns the relative 
contributionn of leukocyte-derived TF to the initiation and development of blood 
coagulationn and inflammation. Already in the early seventies Niemetz and co-
workers31'322 recognized the importance of endotoxin-induced leukocyte-derived 
coagulantt activity. Peritoneal leukocytes from rabbits that were treated with 
endotoxinn showed considerable procoagulant activity. Intravenous infusion of 
thesee leukocytes into other rabbits caused pulmonary embolisms and death, while 
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infusionn of leukocytes from untreated rabbits did not produce thrombi. In the 
presentt paper, we provide in vivo evidence for the notion that blood cell-derived 
TFF is of major importance for the propagation of coagulation and inflammation, 
butt not for the initiation of these processes, by showing that mice that lack TF on 
theirr hematopoietic cells still react to endotoxemia, but markedly less than 
wildtypee controls. 

Material ss and Methods 

MouseMouse strains 

Recipientt C57Bl/6J01aHSD mice were purchased from Harlan (Horst, The 
Netherlands).. Donor mice were offspring of heterozygous TF knockout mice,34 on 
aa C57B1/6 background. These mice were a gift from Dr. G. Broze Jr. and were 
bredd and maintained at the animal care facility at the Academic Medical Center. 
Al ll  mice were housed according to institutional guidelines, with free access to 
foodd and water. Animal procedures were carried out in compliance with the 
Institutionall  Standards for Humane Care and Use of Laboratory Animals. 

FetalFetal liver preparation3536 

TF*7""  breeding pairs were put together in the late afternoon and were checked for 
vaginall  plugs the following morning. The morning on which a vaginal plug was 
observedd was designated as 0.5 days postcoitum (dpc). Embryos were harvested 
att 12.5 dpc. Livers were dissected from the embryos, and single cells were 
preparedd by pulling the tissue clumps three times through a 25-gauge needle. 
Cellss were suspended in phosphate buffered saline (PBS, NPBI, 
Emmercompascuum,, The Netherlands) containing 10% fetal calf serum (FCS, 
Bioo Witmaker, Heidelberg, Germany), 100 U/mL penicillin (BioWitthaker), and 
1000 (xg/mL streptomycin (BioWitthaker), centrifuged for 10 minutes at 250 x g, 
aspiratedd and resuspended in freezing medium (RPMI (BioWitthaker), 25% FCS 
andd 10% DMSO (Merck, Darmstadt, Germany). The cells were frozen in 2 mL 
cryotubess (Nalge Nunc, Roskilde, Denmark) to -80 QC in a rate-controlled 
freezingg device (-1 ^C/min, Nalge Nunc). The cells were then stored at less than 
-1500 eC in gaseous nitrogen. On the day of transplantation, the cryopreserved cells 
weree thawed rapidly in a 37 QC water bath, mixed with 10 mL of Hanks' Balanced 
Saltt Solution (HBSS, BioWitthaker) containing 25% FCS, centrifuged at 250 x g 
forr 10 minutes, aspirated, washed, and resuspended in PBS. 

GenotypingGenotyping of the embryos 

Afterr dissection of the liver, the remaining embryo was lysed at 55 QC in lysis 
bufferr (100 mM Tris pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl, 100 
H-g/mLL proteinase K (all Merck)). The lysate was centrifuged at 10,000 x g for 10 
minutes.. DNA was subsequently isolated using phenol/chloroform extraction, 
precipitatedd with 2-propanol and dissolved in 0.2 M Tris/0.02 M EDTA pH 8.0. 
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Genotypingg was performed by a one-tube polymerase chain reaction using the 
followingg primers (TF primers derived from the murine TF sequence published by 
Mackmann et a/.37): forward PI 5'-GTGATCGATCTAGAAACTGGA-3' and 
reversee P2 5'-GCTACTTACTGTCTCGGTAAGG-3' yielding a 228 bp product 
forr the wild type 3rd exon of the TF gene, and forward Pneo 5'-GGAAGACAATA 
GCAGGCATGCTGG-3'' and the above mentioned reverse P2 yielding a 185 bp 
productt for the mutant locus. 

BoneBone marrow transplantation 

Seven-week-oldd C57B1/6 mice received a split total body irradiation of 9.5 Gy 
(lethall  dose) using a X-ray source at a dose rate of 0.88 Gy/min. Embryonic liver 
homogenatess containing hematopoietic stem cells of either the TF+1|,+ or the TFA 

genotypee were injected intravenously at a dose of 0.1 embryo-equivalents per 
recipientt (n=8 per genotype). Normal syngeneic spleen cells (2xl05) were co-
injectedd to ensure short-term survival of the recipients.39 To prevent the 
immunocompromisedd recipients from infections, the mice were supplied with 
autoclaved,, acidified (pH 2.5) drinking water containing 0.16% neomycin (Sigma 
Chemicall  Co, St.Louis, MO, USA) from one week before until six weeks after 
transplantation,, and they were housed in filter top cages in a laminar flow 
chamber. . 

EndotoxemiaEndotoxemia model 

Sevenn weeks after transplantation, the mice were injected intraperitoneally (i.p.) 
withh 200 |xl sterile PBS containing 250 |Xg of endotoxin (10-12.5 mg/kg; LPS 
fromm E.coli 055:B5, Fluka Chemie GmbH, Buchs, Switzerland). Since we only 
obtainedd eight blood cell-derived TF knockout mice, we decided to study one 
timee point after endotoxin injection, i.e. 3 hours. This time point was chosen 
becausee former experiments using wildtype mice showed that 3 hours after 
endotoxinn injection mice are visibly ill and several markers of coagulation 
activationn and inflammation are measurable. At this time point, symptoms of 
diseasee were scored by a biotechnician who was unaware of the genotype of the 
mice,, according to the following rating: 0: healthy, 1: pilo-erection, 2: hunched 
appearancee and shivering, 3: shivering, not moving, but still responsive, 4: not 
moving,, not responsive. The mice were bled from the vena cava inferior after 
beingg anesthetized by i.p. injection of FFM (1:1:2 hypnorm (Janssen 
Pharmaceutical,, Beerse, Belgium), dormicum (Roche, Mijdrecht, The 
Netherlands),, H20 (sterile water for injection, Braun Melsungen AG, Melsungen, 
Germany);; 0.1 mL per 10 grams body weight). Blood, organs (kidney, liver, and 
lung)) and bone marrow were harvested and processed for further analysis, as 
describedd below. 

SampleSample preparation 

Bloodd was drawn into tubes containing heparin (Becton Dickinson, Franklin 
Lanes,, NJ, USA) and was centrifuged twice at 1,000 x g for 10 min. The plasma 
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layerr was carefully removed, and stored at -20 °C until subsequent analysis. The 
remainingg pellet was resuspended in 200 jl l PBS. DNA was isolated from these 
cellss using a QIAamp DNA blood mini kit (Qiagen, Hilden, Germany). 
Bonee marrow was isolated from the femurs and tibia by flushing the bones with 
PBS.. The cell suspension was centrifuged at 250 x g for 10 min at 4QC, aspirated 
andd resuspended in lysis buffer. DNA was isolated using the phenol/chloroform 
protocoll  as described above for the embryonic tissue. 
Proteinn extracts were obtained essentially as described by Weiler-Guettler and 
Tabrizi.40'411 Briefly, tissue extracts were made from snap-frozen kidney and liver 
off  known weights. Tissue was homogenized in extraction buffer (10 mM sodium 
phosphatee (pH 7.5)), 0.1 M e-amino-caproic acid (Sigma), 5 mM EDTA, 10 
U/mLL aprotinin (Roche Diagnostics GmbH, Mannheim, Germany), 10 U/mL 
heparin,, 2 mM AEBSF (Pefabloc® SC, Merck). The homogenate was agitated 
overnightt at 4 QC, sedimented by centrifugation at 10,000 g for 10 minutes, 
resuspendedd in 10 mM sodium phosphate buffer, sedimented again, and the pellet 
wass dissolved at 659C in reducing SDS sample buffer (10 mM Tris (pH 7.4), 2% 
SDS,, 5% glycerol (Sigma), 5% v/v (3-mercaptoethanol (Sigma), bromophenol 
bluee (Fluka)). Extracts were stored at -80 QC until usage. 

ReconstitutionReconstitution analysis 

Thee genotype of leukocytes from mice transplanted with TFA cells was analyzed 
usingg PCR analysis as described above. 

CytokineCytokine measurement 

Cytokinee and chemokine levels were determined in plasma as a measurement for 
thee inflammatory response to endotoxin administration. Interleukin-2 (IL-2), IL-4, 
IL-5,, EL-6, IL-10, IL-12p70, interferon-y (IFN-y), monocyte chemoattractant 
protein-11 (MCP-1), and tumor necrosis factor-oc (TNF-oc) were measured using 
Mousee Cytometric Bead Array (CBA) Kits (Becton Dickinson). KC (mouse 
growthh regulated oncogene-alpha (GRO-cc)) was measured using an enzyme-
linkedd immunosorbent assay (ELISA, R&D Systems, Minneapolis, MN, USA). 
Bothh CBA and ELISA were performed according to the recommendations of the 
manufacturer.. Detection limits were 5 pg/mL except for KC that had a detection 
limi tt of 7.8 pg/mL. 

MeasurementMeasurement of coagulation activation 

Thrombin-antithrombinn (TAT) complexes were determined in plasma as a 
measurementt of activation of the coagulation cascade. TAT complexes were 
measuredd with a mouse-specific, ELISA-based.42 Briefly, rabbits were immunized 
withh mouse thrombin or rat antithrombin. Anti-thrombin antibodies were used as 
capturee antibody, digoxigenin (DIG)-conjugated anti-antithrombin antibodies 
weree used as detection antibodies, horseradish peroxidase (HRP) labeled sheep 
anti-DIGG F(ab)-fragments (Boehringer Mannheim GmbH, Germany) were used as 
stainingg enzyme, and o-phenylene-diamine dihydrochloride (OPD, Sigma) was 
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usedd as substrate. Dilutions of mouse serum (Sigma) were used for the standard 
curve,, yielding a lower detection limit of 1 ng/mL. 

HistologyHistology and immunohistochemistry 

Shortlyy after sacrificing the mice, kidney, liver, and lung were removed, fixed in 
4%% formaldehyde, dehydrated, and embedded in paraffin. 5-um-thick sections 
weree stained with hematoxylin and eosin. All slides were coded and scored by a 
pathologistt for the presence or absence of blood clots, and for the degree of 
inflammation.. Inflammation was characterized by the influx of granulocytes and 
byy the presence of endothelialitis (i.e. sticking of leukocytes to the vessel wall). 
Observationss were rated 0 if absent, 0.5 if seen only once or twice, 1 if present, or 
22 if omnipresent. 
Immunohistochemicall  staining was performed for the presence of granulocytes or 
fibrin.. All stainings were performed on paraffin slides after deparaffinization and 
rehydrationn using standard immunohistochemical procedures. Primary antibodies 
usedd were FITC-labeled anti-mouse Ly-6-G Ab (PharMingen, San Diego, CA, 
USA)) for the granulocyte staining and biotinylated goat anti-mouse fibrinogen Ab 
(Accuratee Chemical & Scientific Corporation, Westbury, NY, USA) for the fibrin 
staining.. As secondary antibodies biotinylated rabbit anti-FITC antibody (DAKO, 
Glostrup,, Denmark) were used for the granulocyte staining. For both stainings 
endogenouss peroxidase activity was quenched using 1.5% H202 in PBS, and ABC 
solutionn (DAKO) was used as staining enzyme. 0.03% H202 and 3,3'-
diaminobenzidinee tetrahydrochloride (DAB, Sigma) in 0.05 M Tris pH 7.6 was 
usedd as substrate. For the granulocyte staining, slides were digested using a 
solutionn of 0.25% pepsin (Sigma) in 0.01 M HC1, before incubation with the first 
antibody.. Examination of immunohistochemical stained slides was performed on 
codedd samples. For granulocytes, the number of positively stained cells was 
countedd in 25 fields at a magnification of 40 x. For fibrin, the presence or absence 
off  fibrin staining in 25 fields at a magnification of 40 x was determined. 

WesternWestern blotting 

TF,, fibrin and activated caspase-3 protein levels were measured in protein extracts 
fromm liver and kidney by Western blotting. To correct for unequal loading, 
obtainedd values were divided by ERK-2 expression levels.43 

Briefly,, samples were subjected to SDS-polyacrylamide gel electrophoresis 
(10%),, and transferred to a polyvinylidine difluoride membrane (Immobilon-P, 
Millipor ee Corp, Bedford, MA, USA) by electroblotting. Proteins levels were 
visualizedvisualized using the following primary antibodies: horseradish peroxidase labeled 
mousee anti-human fibrin II beta chain antibody (NYB-T2G1 HRP, Accurate 
ChemicalChemical & Scientific group) for the detection of fibrin, rabbit anti-mouse TF 
(producedd in our laboratory ) for the detection of TF, rabbit anti-active caspase-3 
(Aspp 175, Cell Signaling Technology Inc., Beverly, MA, USA) for the detection 
off  active caspase-3, and goat anti-mouse p44-MAPK (Santa Cruz Biotechnology 
Inc,, Santa Cruz, CA, USA ) for the detection of ERK-2. In case of a non-labeled 
primaryy antibody, HRP-labeled secondary antibodies were used (HRP-labeled 
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swinee anti-rabbit or HRP-labeled rabbit anti-goat, respectively, DAKO). Primary 
antibodiess were incubated for 16 hours at 4SC, secondary antibodies during one 
hourr at room temperature. After enhanced chemiluminescence using Lumilight 
pluss Western Blotting substrate (Roche Diagnostics), antibody binding was 
visualizedd using a GeneGnome (Syngene Bio Imagine, Cambridge, England) and 
quantifiedd using Gene Snap and Gene Tools software (Syngene Bio Imagine). 

Statistics Statistics 

Resultss are presented as mean  SEM. Statistical significance of differences 
betweenn the two genotypes was determined by use of the unpaired Student's t-test 
inn case of parametric data or a Mann-Whitney test in case of the non-parametric 
histologicalhistological data. A probability (P) of < 0.05 was considered statistically 
significant. . 

Results s 

GenerationGeneration of blood cell-derived TF deficient and TF wildtype mice 

Inn order to obtain homozygous deficient embryos, timed matings with TF*7" mice 
weree performed. At 12.5 dpc, 2% turned out to be homozygous, whereas 69% 
weree heterozygous and 29% were wildtype (see figure 1A for the genotyping 
resultss of a litter containing a TF"/_ embryo). Vaginal plugs were only observed in 
42%% of the TF+/" females, aged between 8 and 16 weeks, within four days after 
beingg put in one cage with a TF+/" male, whereas less than 55% of the plugged 
micee indeed carried a litter at 12.5 dpc. 

A A 
+/-- +/+ -/- +/+ +/- +/+H20 . „ , . . . ,__, . , „ . 
—— mm mm — » w t Figure 1: Analysis of TF genotype of offspring 

 *" '  inur  0f Tp*' - breeding pairs and of bone marrow 
andd blood of transplanted mice. A. Example of 

BB the genotyping of offspring from TF*'" breeding 
'' pairs. Indicated is the TF genotype (-/-: 

mutt  homozygous TF deficient, +/-: TF heterozygous, 
pp +/+: wildtype). Genotype of bone marrow (B) and 

bloodd (C) from mice transplanted with TF 
deficientt hematopoietic stem cells. 

mut t 
Too obtain blood cell-derived TF deficient and wildtype mice, eight irradiated 
C57B1/66 recipient mice were transplanted with TF_/" fetal liver cells and eight 
micee with TF+/+ cells. Without co-administration of adult recipient-type spleen 
cells,, none of the recipients survived upon 14 days post-transplantation. With co-
administrationn of adult spleen cells all mice survived the seven-week-recovery 
period,, and no differences between the two groups were observed. 
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Endotoxemia Endotoxemia 

Too study the relative contribution of blood cell-derived TF to blood coagulation 
andd inflammation during endotoxemia, mice were subjected to endotoxin 
injection.. Since we only had eight blood cell-derived TF knockout mice, we 
decidedd to study one time point after endotoxin injection, i.e. 3 hours. This time 
pointt was chosen because 3 hours after endotoxin injection mice are visibly ill 
andd several markers of coagulation activation and inflammation are measurable. 
Ass a primary endpoint, we assessed endotoxin-induced clinical symptoms. As 
shownn in table 1, blood cell-derived TF deficient mice have a significant lower 
diseasee score than wildtype mice subjected to endotoxin (2.1 vs. 3.6). 

Tablee 1: Disease scores and systemic responses to endotoxin administration are 
lowerr in blood cell-derived TF deficient mice compared to wildtypes. 

WTT TF deficient P value 

Clinicall  svmptoms 

Diseasee score 

Inflammation n 

IFN-YY  (pg/mL) 

IL-55 (ng/mL) 

IL-66 (ng/mL) 

IL-100 (ng/mL) 

IL-12p700 (ng/mL) 

KCC (ng/mL) 

MCP-11 (ng/mL) 

TNF-aa (ng/mL) 

Coagulation n 

TATT (ng/mL) 

3.66  0.3 

977 + 9 

0.233  0.03 

5655 4 

0.255 1 

0.999 8 

177 1 

0.288 1 

6.66  0.6 

188 + 3 

2.11 4 

366 2 

0.122 3 

3177 6 

0.177 5 

0.466 4 

9.44 2 

0.133 6 

3.88 1 

111 2 

<0.01 1 

<0.01 1 

<0.05 5 

<0.05 5 

<0.05 5 

<0.05 5 

<0.01 1 

<0.05 5 

<0.05 5 

<0.05 5 

Valuess represent mean  SEM of eight mice per genotype. 
Diseasee scores were scored three hours after endotoxin administration on an arbitrary scale (0: healthy, 1: pilo-
erection,, 2: hunched appearance and shivering, 3: shivering, not moving, but still responsive, 4: not moving, not 
responsive). . 
Cytokinee and TAT levels were measured in plasma collected three hours after endotoxin administration. 

ReconstitionReconstition analysis 

Threee hours after injection of endotoxin, the mice were sacrificed and the TF 
genotypee of DNA isolated from bone marrow was determined. This showed that 
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bonee marrow of the blood cell-derived TF deficient mice was 100% TF knockout 
(figuree IB), suggesting that the transplantation procedure was successful. In all 
eightt blood cell-derived TF deficient mice trace amounts of wildtype DNA were 
detectedd (figure 1C) in blood. On average 9. 5  1.3 % of the DNA existed of the 
wildtypee genotype. 

CirculatingCirculating TAT complexes 

Too assess coagulation activation in the circulation, thrombin-antithrombin 
complexess were measured in plasma. As shown in table 1, the obtained TAT 
levelss were significantly higher in control mice than in TF deficient mice. 

CirculatingCirculating cytokines and chemokines 

Too assess systemic signs of inflammation, we measured cytokine and chemokine 
levelss in plasma. These levels correlated well with the disease scores. As shown 
inn table 1, KC, IFN-y, IL-5, IL-6, IL-10, IL-12p70, MCP-1, and TNF-oc levels 
weree about twice as high in control mice compared to blood cell-derived TF 
deficientt mice. IL-2 and IL-4 levels were in both groups below the detection limit 
off  5 pg/mL. 

InflammationInflammation at tissue level 

AA  „ 

ii  , 

 • 
thrombii inflammation 

Figuree 2: Histological analysis of liver, lung and 
kidneyy shows increased inflammation in blood cell-
derivedd TF deficient mice compared to wildtype 
controls.. Graphical representation summarizing 
histologicall  scores in liver (A) and lung (B). Graphical 
representationn of leukocyte influx in lung, liver, and 

nn kidney as was observed by immunohistochemistry 
usingg anti-granulocyte antibodies (C). Mean +/- SEM 
(n=88 mice per genotype) for scores of blood cell-
derivedd TF deficient mice are shown as white bars and 
forr wildtype controls as black bars. * P <0.05. 

Too examine inflammation in individual tissues, we scored H&E stained tissue 
slidess for influx of leukocytes and for sticking of leukocytes to the vessel wall. As 
iss shown in figure 2B, lungs of wildtype mice showed less signs of inflammation 
thann lungs of blood cell-derived TF deficient mice. This effect is less pronounced 
inn liver (see figure 2A), while kidneys show no signs of inflammation either in 
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wildtypee mice or in blood cell-derived TF deficient mice (data not shown). In 
addition,, we performed a granulocyte staining, which confirms the observation 
fromm the H&E staining: more granulocytes are present in lungs and liver of blood 
cell-derivedd TF deficient mice than in lungs and liver of wildtype control mice 
(seee figure 2C). 

CoagulationCoagulation activation at tissue level 

Usingg routine H&E staining and immunohistochemistry, thrombi or fibrin 
depositionn could hardly be observed in lung, liver or kidney (figure 2). The lack 
off  end-stage coagulation does not exclude early signs of coagulation activation to 
bee present. Since early stage coagulation activation is not visible on tissue slides, 
wee determined relative TF and fibrin levels in liver and kidney homogenates 
usingg Western blotting. As shown in figure 3, very low amounts of fibrin are 
presentt in liver homogenates of blood cell-derived TF deficient mice; this level is 
increasedd in homogenates of wildtype controls. Furthermore, as shown in figure 
3,, blood cell-derived TF deficient mice have the same relative TF levels in either 
kidneyy or liver as wildtype mice. 

ApoptosisApoptosis at tissue level 

Inn order to examine endotoxin-induced apoptosis, relative protein levels of 
activatedd caspase-3 were determined using Western blotting. As shown in figure 
3,, tissue levels of activated caspase-3 are decreased in blood cell-derived TF 
deficientt mice compared to wildtype controls, both in kidney and in liver. 

AA 10 

S S 
c< < 
OO O c 

aa » 5 

mimi 4) li i L^ L^ 
BB 3 

5" " 
c < < •• - 2 *->*-> — oo o a » » mm 1 
_:: a> I 

-- " o Jn n a a 
TF F fibrin n TF F fibrin n activated d 

caspase-3 3 
activated d 
caspase-3 3 

Figuree 3: Protein levels of fibri n and activated caspase-3 are decreased in tissue homogenates of blood cell-
derivedd TF deficient mice compared to wildtype controls. Relative protein levels of TF, fibrin, and activated 
caspase-33 in liver (A) and kidney (B) homogenates 3 hours after endotoxin administration. Blood cell-derived TF 
deficientt mice are shown as white bars and wildtype controls as black bars. Depicted are mean +/- SEM of eight 
micee per group. * : P < 0.05. 

Discussion n 

Inn order to clarify whether blood cell-derived TF influences the outcome of 
endotoxemia,, we set-up experiments in which we generated blood cell-derived TF 
deficientt mice, which we subsequently enrolled in an endotoxemia model. Blood 
cell-derivedd TF deficient mice were less susceptible to endotoxin administration 
thann control mice. This was reflected in disease score, in levels of inflammatory 
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andd apoptotic mediators, and in the extent of coagulation activation in the 
circulationn and at the tissue level. 
Itt was not easy to obtain TFA embryos. Firstly, only 55% of the plugged females 
indeedd were pregnant at 12.5 dpc, possibly due to frequent spontaneous abortion 
inn matings between TF heterozygous mice. Secondly, TFA embryos were only 
rarelyy encountered % of the litter), which confirms the observation of Toomey 
etet al. that TFA embryos do not easily make it past mid-gestation.19 Several times 
wee observed severely deformed embryos in a state of decay that are putatively 
TF"AA embryos that died in the uterus just prior to their isolation. This had as a 
consequencee that we could only generate eight blood cell-derived TF knockout 
mice. . 
Analysiss of DNA isolated from blood showed that approximately 9.5% of the 
DNAA of blood cells was of the wildtype genotype. This raises the obvious 
questionn whether our transplantation procedure resulted in (almost) complete 
absencee of TF wildtype hematopoietic stem cells. This seems to be indeed the 
casee because bone marrow-derived DNA only showed a mutant PCR fragment, 
indicatingg that all bone marrow cells are of the mutant genotype. Consequently, 
thee wildtype DNA in whole blood preparations is to be expected from the post-
transplantt survival of the spleen cells that were co-administered to ensure a better 
outcomee of the transplantation procedure. However, hematopoietic cells present 
inn spleen mainly consist of lymphocytes and erythrocytes. These cells do not 
contributee to TF expression7, ' and thus co-administration of wildtype spleen 
cellss does not interfere with the outcome of the endotoxin experiment. 
Alternatively,, the detected wildtype DNA might be derived from long-living 
lymphocytess that have not died yet, but again, these cells do not express TF and 
wouldd therefore not interfere with our study. 

Withh respect to the role of blood cell-derived TF in endotoxemia, the results are 
ratherr straightforward. Endotoxin administration induces inflammation, 
coagulationn and apoptosis in both wildtype and blood cell-derived TF deficient 
mice.. The extent of induction of these processes is however, reduced about two-
foldd in the blood cell-derived TF deficient mice. In wildtype mice binding of 
endotoxinn to CD 14 results in the production of cytokines like TNF-cc and 
IL-6,47'488 and leads to upregulation of TF on leukocytes and (possibly) endothelial 
cells.499 Endotoxin-induced upregulation of TF enhances coagulation and cytokine 
production,, thereby aggravating inflammation and apoptosis. This aggravated 
responsee to endotoxin is impaired in blood cell-derived TF deficient mice three 
hourss after endotoxin administration. Future experiments are warranted to 
determinee whether blood cell-derived TF is essential for endotoxin-induced 
lethalityy or whether it just accelerates endotoxin-induced coagulation and 
inflammation. . 
Normall  mice have TAT levels of about 1 ng/mL (data not shown). The blood cell-
derivedd TF deficient mice show levels about ten-fold higher at three hours after 
endotoxinn administration, which means that also in these mice there is significant 
coagulationn activation. In fact, this level is only 61% of the level observed in 
endotoxin-treatedd wildtypes. Obviously, blood cell-derived TF cannot be 
responsiblee for this activation. Endotoxin has been reported to cause stripping of 
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thee endothelial layer, thereby predisposing subendothelial TF to plasma FVIIa 
resultingg coagulation activation, which leads to the production of TAT complexes 
andd fibrin.50"3 Alternatively, as mentioned before, endotoxin might upregulate 
endotheliall  TF resulting in coagulation activation, although, the in vivo expression 
off  TF by endothelial cells remains controversial. 
Lesss well understood are the histological data we obtained. Based on the disease 
scoress and the cytokine and chemokine data we had expected a less pronounced 
influxx of inflammatory cells, in particular of granulocytes, into the tissues of 
bloodd cell-derived TF deficient mice. To our surprise, the opposite was the case. 
However,, the tissue levels of activated caspase-3 were about two-fold reduced in 
tissuess of endotoxin challenged blood cell-derived TF deficient mice as compared 
too wildtypes, suggesting diminished apoptosis to be responsible for enhanced 
granulocytee numbers in tissues of blood cell-derived TF deficient mice. 
Alternatively,, our data might be explained by recent results from Randolph et al? 
thatt show that mononuclear phagocytes in vitro need TF for reverse migration 
acrosss vascular or lymphatic endothelium. This might indicate that the increased 
numberss of granulocytes are not the result of increased influx and enhanced 
inflammationn but rather come from decreased reverse migration as resulting of the 
endotoxin-inducedd inflammation. It would be interesting in the future to establish 
thee exact time course of these histological findings in order to understand the 
paradoxx of increased leukocyte numbers and lower circulating cytokine levels. 
Alternatively,, TF appears to be important for the generation of cell complexes 
betweenn monocytes, platelets and granulocytes.54 When incorporated in such a 
complex,, granulocytes are less likely to penetrate into the extravascular tissue. 
Therefore,, our results might indicate that TF also in vivo plays an important role 
inn cell aggregation. 

Itt has recently been proposed that both microparticles and platelets express TF.55" 
577 However, neither microparticles nor platelets are capable of de novo tissue 
factorr synthesis and therefore shedding (microparticles) or internalization 
(platelets)) of TF from TF expressing cells is supposed to be responsible for such 
intravascularr expression. The fact that monocytes are the only blood cells capable 
off  de novo TF synthesis14 strongly suggests that leukocyte derived TF is the 
sourcee of TF on both platelets and microparticles. Some reports describe the 
presencee of endothelial derived TF positive microparticles58"60 but the controversy 
aboutt endothelial TF expression in vivo argues against endothelial cells as 
potentiall  TF source of intravascular microparticles. Hence, it is conceivable that 
thee transplantation of TF deficient hematopoietic stem cells results in mice 
lackingg TF on leukocytes, platelets and microparticles, but future experiments 
shouldd address this important issue. 
Inn conclusion, we have shown that it is possible to generate mice with TF 
deficientt bone marrow. These mice appear normal, but react less to 3 hours of 
endotoxemia,, which strongly suggests a central role for blood cell-derived TF in 
inflammationn and sepsis. 
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Abstract t 

Background:Background: Intervention studies blocking tissue factor (TF) driven coagulation 
showw beneficial effects on survival in endotoxemia models by reducing cytokine 
production.. It is unknown, however, if moderately reduced TF levels influence 
endotoxemia. . 
Methods:Methods: We analyzed the intrinsic capacity of heterozygous TF deficient (TF*-'") 
leukocytess to produce cytokines. In addition, we determined the consequences of 
TFF haploinsufficiency on endotoxin-induced inflammation during murine 
endotoxemia. . 
Results:Results: Endotoxin induced the production of TNF-a, IL-6 and KC in both whole 
bloodd and macrophages. Heterozygous TF deficiency reduced endotoxin induced 
IL-66 and KC levels about two-fold, while TNF-a levels were indistinguishable 
betweenn TF "̂ and wildtype cells. In vivo, endotoxin induced a dual coagulant 
responsee and significant increases in cytokine levels. Surprisingly, both the 
inflammatoryy and the coagulant responses were indistinguishable between 
wildtypee and TF*'" mice. At baseline, tissues of TF+/ mice showed a 50% 
reductionn in TF activity compared to wildtype. Upon endotoxin administration, 
TFF activity increased and the difference between TF47" and wildtype mice 
disappearedd after 4 hours, but after 12 hours the baseline difference in TF activity 
wass re-established. 
Conclusion:Conclusion: TF deficiency reduces cytokine production in vitro, but an attuned 
inductionn of TF during endotoxemia eliminates this effect in vivo. 

Introductio n n 

Tissuee factor (TF), a 47-kD transmembrane glycoprotein, initiates blood 
coagulationn via formation of an enzymatic complex with factor Vil a (FVIIa), 
eventuallyy leading to the activation of thrombin and formation of fibrin.1,2 Its 
constitutivee expression by mesenchymal cells residing in the adventitial lining of 
bloodd vessels normally precludes its interaction with FVIIa in plasma but allows 
rapidd activation of coagulation when blood vessel barriers are disrupted.3'4 In the 
classicall  view, intravascular cells do not express TF constitutively, but TF 
expressionn in monocytes can be induced. Opposed to the classical view, it has 
recentlyy been suggested that intravascular cells do express TF. In this view, 
circulatingg microparticles and platelets both express TF but do not synthesize TF 
andd therefore they are thought to "purchase" TF from leukocytes via shedding or 
internalization,, respectively.5"7 

Evidencee for TF's role in sepsis-induced coagulation and inflammation is derived 
fromm in vivo models in which animals are challenged with live bacteria or 
lipopolysaccharidee (LPS or endotoxin). Administration of anti-TF antibodies to 
baboons88 or mice9 results in the attenuation of coagulopathy and protects against 
deathdeath after injection of a lethal amount of Escherichia coli {E.coli) or endotoxin, 
respectively.. Moreover, administering tissue factor pathway inhibitor (TFPI) to 
baboonss already infused with a lethal amount of E.coli turns out to be highly 
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protective.'0,111 TFPI decreases serum levels of markers of hypoxia, acidosis and 
celll  injury and protects against inflammation, thrombosis and necrosis of liver, 
lungg and kidney. Administration of TFPI also impairs the IL-6 response to 
endotoxin,, whereas TNF-a levels are not influenced by TFPI treatment.10,1' 
Interventionss with active-site inhibited FVIIa (DEGR-FVIIa) diminish both the 
IL-66 and IL-8 responses in baboons injected with LDioo E.coli, whereas the 
TNF-aa response is insensitive to DEGR-FVIIa.12 Like TFPI, DEGR-FVIIa 
administrationn reverses the lethal consequences of E.coli in a baboon model. 
Additionall  evidence for the role of TF in endotoxin-induced inflammation comes 
fromm experimental endotoxemia, in which a low dose of endotoxin is 
administeredd intravenously to human volunteers and/or chimpanzees, resulting in 
TF-dependentt coagulation.13,14 Endotoxin-induced activation of the TF system 
andd subsequent activation of coagulation appears to be at least partly mediated by 
pro-inflammatoryy cytokines like TNF-a, IL-1 and IL-6.15'16 TNF-a administration 
too healthy volunteers elicits rapid activation of coagulation which is similar to that 
evokedd by endotoxin. Whereas interventions with TNF-a specific monoclonal 
antibodiess were unsuccessful in preventing endotoxin-induced coagulation 
activation,166 monoclonal IL-6 antibodies do completely block this activation.15 In 
addition,, IL-1 receptor antagonists also attenuate activation of coagulation either 
byy a direct mechanism or by inhibiting IL-1 induced cytokines.17 

Ass evident from the above, TF plays a prominent role in both coagulation and 
inflammationn during sepsis and endotoxemia. Intervention studies blocking TF 
drivenn coagulation show beneficial effects on survival in experimental animal 
modelss by reducing cytokine production. However, whether constitutively 
reducedd TF levels influence host defense during endotoxemia remains elusive. 
Therefore,, we analyzed the intrinsic capacity of heterozygous TF deficient 
leukocytess or macrophages to produce cytokines. In addition, we determined the 
consequencess of TF haploinsufficiency on endotoxin-induced inflammation 
duringg murine endotoxemia. 

Methods s 

Mice Mice 

Heterozygouss TF knockout (TF17) mice,18 on a C57B1/6 background, were 
obtainedd from Dr. G. Broze Jr. and were bred and maintained at the animal care 
facilityy at the Academic Medical Center. All mice were housed according to 
institutionall  guidelines, with free access to food and water. Animal procedures 
weree carried out in compliance with the Institutional Standards for Humane Care 
andd Use of Laboratory Animals. 

ExEx vivo stimulation of whole blood 

Wholee blood of TF*7" mice and wildtype littermates was collected via a heart 
puncturee using heparin as anticoagulant. The blood was aliquoted into pyrogen-
freefree 24-wells polystyrene cell culture plates (Corning Inc, Corning, NY, USA) 
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andd diluted with an equivolume of Hanks' balanced salt solution (HBSS, 
BioWhittaker,, Heidelberg, Germany) containing 10 ng endotoxin (LPS from 
E.coliE.coli 055:B5, Fluka Chemie GmbH, Buchs, Switzerland). The mixture was 
incubatedd at 37QC/5% C02 for 0, or 24 hours, after which the samples were 
centrifugedd at 1000 g for 10 minutes at 4QC. The supernatant obtained was used 
forr cytokine measurements. 

InIn vitro stimulation of bone marrow-derived macrophages 

Bonee marrow was isolated from mice according to the methods described by 
Leenenn et al.19 Briefly, tibia and femurs were flushed with PBS using a 27G 
needle,, the obtained cell suspension was centrifuged at 1000 g for 10 minutes, 
aspiratedd and resuspended in RPMI-1640 (BioWhittaker, Heidelberg, Germany) 
containingg 15 % supernatant of L929 cell culture,19 10 % fetal calf serum (FCS, 
BioWhittaker),, 100 U/mL penicillin, and 100 ug/mL streptomycin. Cells were 
seededd in bacterial dishes and cultured at 379C/5% C02 for at least 9 days. Next, 
cellss were harvested using 0.4 % lidocain (Sigma, Chemical Co., St. Louis, MO, 
USA)) in PBS, and seeded in pyrogen-free 12-wells suspension plates at a 
concentrationn of 1*106 cell/mL (2 mL per well). After allowing the macrophages 
too attach o/n, endotoxin was added in a final concentration of 10 ng/10 cells. 
Afterr 0 and 24 hours medium and macrophages were collected. Medium was 
centrifugedd at 1000 g for 10 minutes at 4eC and the supernatant was stored at 
-209C.. Macrophages were detached using 0.4% lidocain, centrifuged at 1000 g for 
100 minutes, resuspended in PBS and immediately used for measurement of their 
procoagulantt activity (PCA, see below). 
Inn a separate experiment, macrophages were cultured and harvested in the same 
way,, but stimulated with 10 ng endotoxin in the presence of a sheep polyclonal 
antibodyy against murine TNF-oc20"22 or sheep pre-immune serum (Sigma). After 0 
andd 6 hours medium and macrophages were collected. 

Endotoxemia Endotoxemia 

10-12-weekss old TF*A mice and their wildtype littermates were injected intra-
peritoneallyy (i.p.) with 200 ul sterile phosphate buffered saline containing 50 ug 
off  endotoxin. After 0, 0.5, 1.5, 4, 8, 12 or 24 hours, the mice (n=8 per time point 
perr genotype) were bled from the vena cava inferior after being anesthetized by 
i.p.. injection of FFM ((1:1:2 hypnorm (Janssen Pharmaceutica, Beerse, Belgium), 
dormicumm (Roche, Mijdrecht, The Netherlands), H20 (sterile water for injection, 
Braunn Melsungen AG, Melsungen, Gennany);0.1 mL per 10 grams body weight). 
Too prevent post-mortem coagulation, the mice were injected intravenously with 
400UU of heparin immediately before they were sacrificed. Blood and organs 
(brain,, kidney, liver and lung) were processed for further analysis, as described 
below. . 
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HistologyHistology and immunohistochemistry 

Brain,, kidney, liver and lungs were fixed in 4% formaldehyde, dehydrated, and 
embeddedd in paraffin. 5-um-thick sections were stained with haematoxylin and 
eosin.. Immunohistochemical staining was performed for the presence of 
granulocytess or fibrin. All stainings were performed on paraffin slides after 
deparaffinizationn and rehydration using standard immunohistochemical 
procedures.. Primary antibodies used were a FITC-labeled goat anti-mouse Ly6-G 
antibodyy (Pharmingen, San Diego, CA, USA) for granulocyte staining, rabbit 
anti-mousee antibody for TF 23 and a biotinylated goat anti-mouse fibrinogen 
antibodyy (Accurate Chemical & Scientific Corporation, Westbury, NY, USA) for 
fibrinfibrin  staining. As secondary antibody, biotinylated rabbit anti-FITC antibody 
(DAKO,, Glostrup, Denmark) and biotinylated swine anti-rabbit antibody was 
usedd for the granulocyte staining and the TF staining, respectively. Endogenous 
peroxidasee activity was quenched using 1.5% H202 in PBS, and ABC solution 
(DAKO)) was used as staining enzyme. 0.03% H202 and 3,3'-diaminobenzidine 
tetrahydrochloridee (DAB, Sigma) in 0.05 M Tris pH 7.6 was used as substrate. 
Forr the granulocyte staining, slides were digested using a solution of 0.25% 
pepsinn (Sigma) in 0.01 M HC1, before incubation with the first antibody. 
Examinationn of immunohistochemical stained slides was performed on coded 
samples.. For granulocytes, the number of positively stained cells in 25 fields at a 
magnificationn of 40x was counted. For fibrin, the number of positively stained 
vesselss in 25 fields at a magnification of 40x was counted. For TF, the number of 
positivelyy stained cells in 25 fields at a magnification of 40x was scored 
accordingg the following ratings: 0: no staining, 1: < 10 % positive cells, 2: 10-25 
%% positive cells, 3: 25-50 % positive cells, 4: 50-75% postive cells, 5:> 75% 
positivee cells 

MeasurementMeasurement of cytokines and chemokines 

Bloodd was drawn into tubes containing heparin, centrifuged twice at 1,000 g for 
100 min and plasma was stored at -20Q C. Cytokines and chemokines were 
measuredd in plasma by ELISA according to the recommendations of the 
manufacturerr [with detection limits in pg/mL], i.e. interleukin (IL)-6 [62.5], IL-10 
[31.3],, KC (mouse GRO-a) [24.7], and tumor necrosis factor-a (TNF-a) [31.3]. 
Al ll  kits were purchased from R&D Systems, Minneapolis, MN, USA. 

MeasurementMeasurement of thrombin-anti-thrombin complexes 

Thrombin-antithrombinn (TAT) complexes were determined in plasma as a 
measurementt of activation of the coagulation cascade using a mouse-specific, 
ELISA-basedd method.23 Briefly, rabbits were immunized with mouse thrombin or 
ratt antithrombin. Anti-thrombin antibodies were used as capture antibody, 
digoxigenin-conjugatedd anti-antithrombin antibodies were used as detection 
antibodies,, horseradish peroxidase labeled sheep anti-DIG F(ab)-fragments 
(Boehringerr Mannheim GmbH, Germany) were used as staining enzyme, and o-
phenylene-diaminee dihydrochloride (OPD, Sigma) was used as substrate. 
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Dilutionss of mouse serum (Sigma) were used for the standard curve, yielding a 
lowerr detection limit of 1 ng/mL. 

MeasurementMeasurement ofTF activity 

TFF activity was measured using a standard procoagulant activity assay (also 
knownn as one-stage clotting assay or recalcification assay).24 Snap-frozen brain 
wass homogenized in 5 volumes (w/v) PBS. Macrophages were resuspended in 
PBSS at a concentration of 1*107 cells/mL. Next, 100 ul of the homogenate or cell 
suspensionn was added to 100 u.1 mouse plasma (Sigma) and incubated at 37QC for 
22 min. Finally, 100 jil 25 mM calcium chloride was added and the clotting time 
wass measured using a KC-10 coagulometer (Amelung GmbH, Lemgo, Germany). 
Too demonstrate that this procoagulant activity assay is indeed TF dependent, 
brainn homogenates were incubated with 100 nM active-site inhibited FVIIa 
(DEGR-FVIIa,, Novo Nordisk A/S, Bagsvaerd, Denmark) or 300 U of corn 
trypsinn inhibitor (CTI, Fluka Chemie). 

Statistics Statistics 

Resultss are presented as mean +/- SEM. Statistical significance of differences 
betweenn the several periods after endotoxin administration was determined by 
one-wayy ANOVA for nonparametric data (Kruskal Wallis test). Statistical 
significancee of differences between the two genotypes at one time point was 
determinedd by use of the Mann Whitney U test in case of non-parametric 
histologyy data and by use of the Student's t-test in case of parametric data. In both 
cases,, a probability (P) of < 0.05 was considered statistically significant. 

Results s 

IntrinsicIntrinsic capacity of leukocytes to produce cytokines 

Too determine whether the intrinsic capacity of leukocytes to produce cytokines is 
alteredd in mice that are heterozygous TF deficient, whole blood of TF*'" and 
wildtypee mice was ex vivo stimulated with 10 ng endotoxin. Before the addition 
off  endotoxin no cytokine production by either wildtype or TF*A leukocytes was 
observed.. As is shown in figure 1A, upon endotoxin stimulation, TNF-a levels 
increasedd independent of the TF genotype. In contrast, endotoxin induced IL-6 
andd KC expression was significantly lower in TFf/" blood cells than in wildtype 
cells.. IL-10 levels were below the detection limit during the whole experiment. 
Inn whole blood, monocytes are the only cells capable of de novo TF synthesis but 
duee to cell-cell contacts also platelets and / or neutrophils could express TF.5"7 To 
excludee cell-cell interactions as responsible for TF-dependent endotoxin-induced 
cytokinee production in whole blood stimulations, we assayed bone marrow 
derivedd macrophages of TF*'" and wildtype mice for their cytokine producing 
capacity.. As shown in figure IB, prolonged exposure to 10 ng of endotoxin 
inducedd significantly higher levels of IL-6 and KC in wildtype macrophages than 
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inn TF+/" macrophages. We also measured the procoagulant activity of these 
macrophages.. As shown in figure 2, we did not observe any procoagulant activity 
att basal level. However, upon stimulation with endotoxin, the clotting time clearly 
shortened,, indicating that endotoxin induces TF activity. Upon endotoxin 
stimulation,, TF activity of TF*'" macrophages was 50% of that of wildtype cells. 
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Figuree 1: TF haploinsufficiency alters cytokine production upon stimulation with endotoxin. (A) whole 
bloodd stimulation with 10 ng endotoxin/mL, (B) stimulation of bone marrow-derived macrophages with 10 ng 
endotoxin/mLL in the presence of anti-TNF-a antibodies or control serum. Results with cells from TF*'" mice are 
shownn as white bars and those with cells from wildtype mice as black bars. Depicted are mean +/- SEM of four 
sampless per genotype per time point. * P <0.05 

Sincee TNF-a is considered to be (partly) responsible for endotoxin-induced IL-6 
production,255 we hypothesized that TNF-a might be involved in TF-dependent 
inductionn of LL-6 and KC upon endotoxin-stimulation. However, this does not 
appearr to be the case. As shown in figure IB, inhibition of TNF-a during 
endotoxin-stimulationn of bone marrow derived macrophages lowered IL-6 and 
KCC levels. Nevertheless, the difference in IL-6 and KC levels between wildtype 
andd TF+/ macrophages remained. 
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Figuree 2: TF activity of cultured bone marrow-
derivedd macrophages upon stimulation with 
endotoxin.. TF activity of 1*106 wildtype ) and TF*7" 

)) macrophages 0 and 24 hours after stimulation with 
100 ng endotoxin/106 cells. Please note that a decreased 
clottingg time indicates the presence of more active TF. 
Thee last column shows the TF activity of 2*106 TF' 
macrophagess upon endotoxin stimulation, indicating 
thatt the TF activity of TF*'" macrophages is exactly 
50%% of wildtype macrophages upon endotoxin 

"stimulation.. Depicted are mean +/- SEM of four 
sampless per genotype per time point. * P <0.05 

Inn view of the importance of the TF genotype for the capacity to produce 
cytokiness in vitro, we assessed the consequence of heterozygous TF deficiency in 
aa murine endotoxemia model. 
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ClinicalClinical symptoms 

Endotoxinn induced a transient illness characterized by rapidly appearing 
symptomss like pilo-erection, hunched appearance, shivering (a sign of fever), 
diarrhea,, and solitary behavior. These symptoms gradually disappeared and after 
244 hours all mice appeared healthy again. The TF genotype did not influence the 
severityy or time course of clinical symptoms during the observation period. 

InflammatoryInflammatory response 

Basall  plasma IL-6, IL-10 and TNF-a levels are below the detection limit. Upon 
exposuree to endotoxin, all cytokines except IL-10 were transiently induced. 
Surprisinglyy in view of the in vitro findings, the expression pattern in plasma of 
wildtypee mice was indistinguishable from that in TF*7 mice (table I). 
Inn addition, as shown in figure 4A, endotoxin induced a transient influx of 
granulocytess in both liver and lung peaking at 1.5 hours after endotoxin 
administration.. Once again, no difference between the two genotypes was 
observed. . 

Tablee 1: Cytokine production in blood during endotoxemia does not differ  between 
wildtypee and TF+/"  mice. Data are shown as mean  SEM. At none of the time points 
theree was a significant difference between the two genotypes. 

Hourss after 
endotoxin n 

0 0 
0.5 5 
1.5 5 
4 4 
8 8 
12 2 
24 4 

IL-6(r r 
Wt t 

<0.06 6 
0.444 2 
3.77  0.22 
4.00  0.45 
0.155 3 
0.155 6 

<0.06 6 

ig/mL) ) 
TF+/--

<0.06 6 
0.366 9 
3.88 1 
3.99  0.63 
0.244  0.07 
0.088 4 

<0.06 6 

TNF-aa ( 
wt t 

<31.2 2 
722 0 
2500  35 
2888  34 
1200 9 
<31.2 2 
<31.2 2 

pg/mL) ) 
TF^ ^ 

<31.2 2 
566 0 
3377  33 
2299 1 

1 1 
<31.2 2 
<31.2 2 

Coagulation Coagulation 

Ass a marker of coagulation activation in the systemic compartment, we measured 
TATT complexes. As shown in figure 3, TAT levels showed a bi-phasic pattern, 
withh peak levels of 3.5 and 5 ng/mL, respectively, 0.5 and 4 hours after endotoxin 
administration.. No differences between the TF+/ and wildtype mice were 
observed.. At the tissue level, endotoxin induced coagulant activity was evident 
fromm increased fibrin deposition. However, in all organs analyzed (lung, liver, 
brainn and kidney) fibrin deposition turned out to be independent of the TF 
genotypee (figure 4B). 
Inn addition, we performed an immunohistochemical staining for TF in lung and 
liverr (figure 4C) and measured TF activity in brain homogenates (figure 5A). As 
expected,, TF protein levels were approximately 2 times lower in untreated TF47" 
micee than in wildtype mice. Upon administration of endotoxin, TF levels 
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increasedd and, four hours after stimulation, the difference between TF* mice and 
wildtypee mice had completely disappeared in brain homogenates and was clearly 
diminishedd in lung and liver slides. Twenty-four hours after endotoxin 
administration,, TF levels renormalized and the difference between TF7*7 mice and 
wildtypess reappeared. 

Figuree 3: Circulatin g TAT levels upon in vivo 
stimulationn with endotoxin do not differ  between 
TF+""  and wildtype mice. TAT levels in plasma after 
i.p.. injection with 50 ug endotoxin. Plasma from TF*' 
micee is shown as white squares and plasma from 
wildtypee mice as black squares. Depicted are mean +/-
SEMM of eight samples per genotype per time point. * P 
<0.05 5 

Timee after LPS injection (hours) 

Inn order to confirm that the procoagulant activity as measured with the one-stage 
clottingg assay is indeed TF dependent and not dependent on contact activation, we 
incubatedd brain homogenates with a direct TF inhibitor or with an inhibitor of 
contactt activation. As expected, DEGR-FVIIa completely abolished clot-
formation,, whereas incubation with corn trypsin inhibitor (CTI, an inhibitor of 
FXIIa)) did not influence the clotting time (figure 5B). 
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Figuree 4: Histological changes do not differ  between TF+'"  mice and wildtype mice. Number of cells 
positivelyy stained for Ly6G (A), number of vessels positively stained for fibrin (B), and number of cells 
positivelyy stained for TF (C) after i.p. injection with 50 ug endotoxin. Lung is shown as squares and liver as 
circles.. White symbols indicate TF*'" mice; black symbols wildtype mice. Depicted are mean +/- SEM of eight 
micee per genotype per time point. * P <0.05 

Discussion n 

Thiss study establishes that heterozygous TF deficiency alters the cytokine 
producingg capacity of leukocytes. In vitro data clearly show diminished cytokine 
productionn in TF+/" cells upon endotoxin stimulation as compared to wildtype 
cells.. Surprisingly, however, in vivo experiments with TF+/" and wildtype mice 
failedd to show any difference between the two genotypes upon administration of 
endotoxin. . 
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Figuree 5: TF activity in tissues of TF*' "  and wildtyp e mice does not differ  upon in vivo stimulation with 
endotoxin.. A. TF activity of brain homogenates after i.p. injection with 50 ug endotoxin. B. TF activity 4 hours 
afterr i.p. injection with 50 ug endotoxin in presence of DEGR-FVIIa, CTI or vehicle. TF*"A mice are shown as 
whitee bars and wildtype mice as black bars. Depicted are mean +/- SEM of eight mice per genotype per time 
point.. * P <0.05 

Endotoxinn activates the innate immune system via interaction with LPS binding 
proteinn (LBP)26 with the subsequent transfer of endotoxin to the cell surface 
receptorr CD 14 present on different cell types, including monocytes, macrophages 
andd granulocytes.27 Recognition of endotoxin by CD 14 triggers signal 
transductionn through Toll-like receptor 4 (TLR4) ,29 eventually leading to 
activationn of nuclear factor (NF)-KB

 3 and production of a series of pro- and anti-
inflammatoryy mediators, like TNF-a, IL-6, IL-8, IL-1 receptor antagonist (IL-
1RA),, and macrophage inflammatory proteins (MlP)-la and -lp. " ' In the 
presentt study we show that TF is an important mediator in this process of 
endotoxinn induced gene expression, as heterozygous TF deficient leukocytes are 
lesss responsive to endotoxin. An attractive explanation would be that TF 
cooperatess with TNF-a in the response to endotoxin (for instance, via the 
formationn of a receptor complex), since it is generally accepted that TNF-a 
modulatess IL-6 expression. 5 However, co-administration of anti-TNF-a 
antibodiess and endotoxin to wildtype and TF+/" macrophages clearly showed that 
thee TF driven IL-6 response is not dependent on TNF-a. 
Alternatively,, TF might directly interact with TLR4 (or CD 14) thereby 
augmentingg TLR4 driven signal transduction and gene expression. However, such 
aa direct interaction is not very likely considering the fact that TLR4 driven gene 
expressionn is critically dependent on the NF-KB pathway, whereas NF-KB 
activationn in rats treated with endotoxin is independent of FVTIa. 
Recentt reports show that TF forms a high affinity cellular binding site for 
plasminogenn thereby promoting its activation to plasmin through a site distinct 
fromm the binding site for factor Vila.35'36 Plasmin in turn triggers chemotaxis and 
NF-KBB mediated proinflammatory gene expression in human peripheral 
monocytes.377 Remarkably, plasmin-induced gene expression requires plasmin 
bindingg to cells38 thereby providing a rationale for TFs involvement in endotoxin 
inducedd cytokine production.39 

AA more detailed look at our in vitro data shows that the endotoxin induced TNF-a 
responsee is TF independent in whole blood, while the expression of other 
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cytokiness is TF-dependent. This is in perfect agreement with the experiments of 
Creasy,100 in which in a lethal sepsis model, TF was inhibited using TFPI, resulting 
inn diminished IL-6 production and unaltered TNF-a levels as compared to 
untreatedd animals. 
Monocytess are the only cells present in blood that are capable of de novo TF 
synthesis.. However, despite the fact that cells like neutrophils, platelets and 
granulocytess do not synthesize TF, under certain circumstances these cells might 
expresss TF. Most likely, TF expression on these cells is dependent on the 
"purchase""  of TF from monocytes via shedding or internalization.5"7 Our in vitro 
dataa show, however, that the pattern of endotoxin-induced cytokine production is 
thee same in whole blood as in cultured macrophages, indicating that the presence 
off  platelets, granulocytes, lymphocytes and erythrocytes in whole blood does not 
contributee to the TF-dependent response to endotoxin. 
Takenn together, our in vitro data clearly show that the TF phenotype of monocytes 
andd macrophages determines endotoxin-induced IL-6 and KC production. 
Interactionn of monocytes or macrophages with other blood cells appears not to be 
off  importance for this process. 
Basedd on our in vitro experiments, which showed the involvement of TF in 
endotoxin-inducedd gene expression, we hypothesized that mice with a TF 
haploinsufficiencyy are (partly) protected against endotoxemia. To test this 
hypothesiss we exposed TF*7" and wildtype mice to a sub-lethal amount of 
endotoxin.. Quite surprisingly, no differences in clinical symptoms, coagulation 
activationn or inflammation between TF*7" and wildtype mice were observed, 
therebyy refuting our hypothesis. The lack of an effect of TF haploinsuffiency in 
vivoo might be explained by the differential induction of TF activity in these mice. 
Att baseline, TF activity in homogenates of organs like brain and kidney of TF*7" 
micee is about 50% of that of wildtype mice. However, upon exposure to 
endotoxinn this difference diminished and (almost) completely disappeared 4 hours 
afterr endotoxin administration. 
Alternatively,, one could argue that the discrepancy between in vitro and in vivo 
dataa is just a matter of different cell types involved.40 Indeed, among others, 
endotheliall  cells,27 Kupffer cells,41 vascular smooth muscle cells and tissue 
macrophages411 are capable of producing cytokines and could substantially 
contributee to endotoxin-induced plasma levels of these cytokines. However, 
leukocytess are major players in endotoxin induced cytokine production as we 
previouslyy showed that leukocyte TF deficient mice show diminished cytokine 
plasmaa levels during endotoxemia.42 Therefore, the differential induction of TF 
afterr endotoxin administration is a more likely explanation than the involvement 
off  different cell types. Former experiments5,43^7 and our in vitro data already 
showedd that TF could be induced upon endotoxin stimulation. However, the 
differentiall  regulation of TF*7" and wildtype tissue is a novelty. The fact that 
endotoxinn stimulation of either whole blood or macrophages did not reveal this 
novell  regulatory mechanism of TF activity, suggests that the differential increase 
off  TF involves extravascular cells. More experiments are warranted to elucidate 
thee exact molecular mechanism. 
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Inn summary, we clearly show that TF modifies endotoxin induced gene 
expression,, however, the differential induction of TF in TF haploinsuffient mice 
duringg endotoxemia abolishes this beneficial effect in vivo. 
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Abstract t 

Background.. Anticoagulants have gained increasing attention in the treatment of 
sepsis.. Inhibition of the tissue factor (TF)/Factor (F)VIIa pathway has been shown 
too attenuate the activation of coagulation and to prevent death in a gram-negative 
bacteremiaa primate model of sepsis. Aim and Methods. To determine the role of 
thee TF/FVHa complex in the host response to peritonitis, mice received an 
intraperitoneall  injection of live E. coli with or without concurrent treatment with 
recombinantt Nematode Anticoagulant Protein c2 (rNAPc2), a selective inhibitor 
off  the TF/FVIIa pathway. Results. Peritonitis was associated with an increase in 
TFF expression at tissue level, activation of coagulation, as reflected by elevated 
levelss of thrombin-antithrombin complexes, and by increased fibrin(ogen) 
depositionn in liver and lungs. rNAPc2 strongly attenuated this procoagulant 
response,, but did not influence the inflammatory response (histopathology, 
leukocytee recruitment to the peritoneal cavity, cytokine and chemokine levels). 
Moreover,, rNAPc2 did not alter bacterial outgrowth locally or dissemination of 
thee infection, and survival was not different in rNAPc2 treated and control mice. 
Conclusions.. These data suggest that TF-FVIIa activity contributes to the 
coagulationn activation during E. coli peritonitis, but does not play a role in the 
inflammatoryy response or antibacterial host defense. 

Introductio n n 

Severee peritonitis and the accompanying systemic inflammatory response 
syndromee are important causes of death in adult intensive care units. The 
mortalityy of patients with abdominal sepsis can be as high as 60%, which 
contrastss with 25-30% overall mortality rate of sepsis in general.2 Although 
differentt bacteria have been identified as causative organisms in abdominal 
sepsis,, Escherichia coli remains one of the most common pathogens in 
intraperitoneall  infections.2"4 

Sepsiss is frequently associated with a profound activation of the coagulation 
system,, which can give rise to the clinical syndrome of disseminated intravascular 
coagulationn (DIC), characterized by extensive fibrin depositions in multiple 
organss and microvascular thrombosis.5'6 A pivotal mechanism in the pathogenesis 
off  DIC is the activation of the tissue factor (TF)/factor (F)VIIa dependent 
pathwayy of coagulation.5,6 Under physiological conditions, TF cannot be detected 
onn the luminal surface of the vascular endothelium,7 and only in very low 
quantitiess on circulating blood cells.7"9 However, during infection and after 
stimulationn with endotoxin or proinflammatory cytokines, TF can be rapidly 
inducedd on blood mononuclear cells9"11 and on endothelial cells.12"14 Different 
strategiess that inhibited the TF-FVIIa pathway prevented the activation of the 
coagulationn system in experimental endotoxemia and bacteremia in humans and 
nonhumann primates, including antibodies directed against TF or FVWVIIa, active 
sitee inhibited FVIIa (Dansyl-Glu-Gly-Arg chloromethylketone or DEGR-FVIIa) 
andd TF pathway inhibitor (TFPI). Importantly, in lethal sepsis in baboons 

70 0 



Inhibitio nn of tissue factor  in peritoniti s 

inducedd by direct intravenous administration of high doses of E. coli, inhibition of 
thee TF/FVIIa complex not only prevented DIC, but also resulted in an increased 
survival.16'18"200 These findings contrast with interventions that block the 
coagulationn system more downstream, i.e. administration of catalytically inactive 
FXaa (DEGR-FXa) failed to influence lethality of bacteremic baboons, while 
completelyy inhibiting the development of DIC. 2 This has led to the hypothesis 
thatt inhibition of the TF-FVIIa pathway protects against death not merely by a 
reductionn in the TF-mediated coagulation response, but also through the 
attenuationn of a TF-mediated inflammatory response that appears distinct from 
TF-mediatedd coagulation initiation in this experimental setting. Recent studies 
havee further suggested that during sepsis, activation of the coagulation system and 
inductionn of inflammatory responses may be linked in a bimodal manner. Indeed, 
whilee cytokines are involved in the changes in the coagulation system following 
infectionn or endotoxemia,5'6 a significant body of evidence supports the concept 
thatt in turn, activated coagulation factors can provoke a proinflammatory 
response.' ' 

Knowledgee of the role of the TF/FVIIa complex in host defense against peritonitis 
iss limited to one earlier investigation.27 In that study rabbits were given an 
intraperitoneall  inoculation of a suspension containing hemoglobin, porcine 
mucinee and viable E. coli. Treatment with recombinant TFPI had beneficial 
effectss on a number of different physiological parameters, including arterial blood 
pressuree and arterial oxygenation, and enhanced survival. The effect of TF 
inhibitionn on antibacterial defense mechanisms was not reported.27 In the present 
study,, we sought to determine the role of the TF-FVIIa complex in the 
procoagulant,, inflammatory and antibacterial host response to E. coli peritonitis 
usingg an established mouse model,28 by treating mice with recombinant Nematode 
Anticoagulantt Protein c2 (rNAPc2), a potent and selective small protein inhibitor 
off  the TF-FVIIa pathway.29'30 

Material ss And Methods 

Animals Animals 

Malee C57BL/6 wild-type mice were purchased from Harlan CPB (Zeist, The 
Netherlands).Netherlands). All mice were housed (five per cage) in the same temperature-
controlledd room with alternating 12h light/dark cycles, and were allowed to 
equilibratee for at least 5 days before the study. Animals were provided regular 
micee chow (SRM-A; Hope Farms, Woerden, The Netherlands) and water ad 
libitum.libitum. Mice were used at 8-10 weeks of age. The experiments were approved by 
thee Institutional Animal Care and Use Committee of the Academic Medical 
Center,, Amsterdam, The Netherlands. 
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rNAPcl rNAPcl 

rNAPc22 (Corvas International, Inc, San Diego, California, USA) was produced as 
describedd previously.30 In brief, rNAPc2 was manufactured as a secreted protein 
inn the yeast Pichia pastoris. It was purified to >98% purity using a series of 
chromatographicc steps prior to being formulated in a modified phosphate-buffered 
salinee (PBS) solution at pH 7. Endotoxin levels were determined to be <1 EU/mg 
andd well within the range considered safe for administration to humans. ' In a 
firstt experiment, in which the effect of rNAPc2 on the activated prothrombin time 
(PT)) and partial thromboplastin time (aPTT) was determined, rNAPc2 was given 
ass a single subcutaneous dose (10 mg/kg) diluted in 100 u.1 sterile phosphate 
bufferedd saline (PBS). In subsequent peritonitis studies, rNAPc2 was given 
subcutaneouslyy every 6 h starting 1 h prior to infection for a total of maximal 3 
injectionss (until 17 h after infection) at a dose of 10 mg/kg per injection (in 100 ul 
PBS).. Controls received PBS (100 ul) subcutaneous every 6 h in these studies. 
Wee chose to administer rNAPc2 subcutaneously since this route of administration 
hass been used in animals and humans previously.31*32 

InductionInduction of peritonitis 

Peritonitiss was induced as described previously.28 In brief, Escherichia coli 
(E.coli)(E.coli) 018:K1 was cultured in Luria Bertani medium (LB; Difco, Detroit, MI) 
att 37 -C, harvested at mid-log phase, and washed twice with sterile saline before 
injectionn to clear the bacteria of medium. Mice were injected intraperitoneally 
(i.p)) with 104 E.coli colony-forming units (CFU) in 200 |xl sterile isotonic saline 
inn all experiments except for an additional survival study in which 6 x 103 CFU 
wass given. The inoculum was plated immediately after inoculation on blood agar 
platess to determine viable counts. 

CollectionCollection of samples 

Forr comparison of bacterial outgrowth and host responses in rNAPc2 treated and 
controll  mice, animals were sacrificed at an early time point (6h) and at a time 
pointt directly before mortality occurred (20h). At the time of sacrifice, mice were 
firstt anaesthetized by inhalation of isoflurane (Abbott Laboratories Ltd., Kent, 
UK)) / 02 (2% / 21). A peritoneal lavage was then performed with 5 mL sterile 
isotonicc saline using an 18-gauge needle, and peritoneal lavage fluid was 
collectedd in sterile tubes (Plastipack; Becton-Dickinson, Mountain View, CA). 
Thee recovery of peritoneal fluid was > 90% in each experiment and did not differ 
betweenn groups. After collection of peritoneal fluid, deeper anesthesia was 
inducedd by i.p. injection of 0.07 mL/g FFM mixture (Fentanyl (0.315 
mg/mL)-Fluanisonee (10 mg/mL) (Janssen, Beersen, Belgium), Midazolam (5 
mg/mL)) (Roche, Mijdrecht, The Netherlands)). Next, blood was drawn out of the 
venaa cava inferior with a sterile syringe, and transferred to tubes containing 
heparinn or citrate. 
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Assays Assays 

Thee PT and aPTT were measured in plasma anticoagulated with 3.2% sodium 
citratee (1/10 vol) by one-stage clotting assays using plasma three times diluted in 
saline.. In short, diluted plasma was incubated with thromboplastin PT-fibrinogen 
orr actin FS (Dade Behring, Buckinghamshire, UK) during 5 minutes at 37 °C for 
measurementt of PT and aPTT respectively. Next, PT and aPTT measurements 
weree started by addition of 20 mM calcium chloride, and time to agglutination 
wass measured using a ACL 7000 analyzer (Instrumentation Laboratory, 
Lexington,, MA). Thrombin-antithrombin complexes (TATc) were determined in 
citratedd plasma as a measurement of thrombin generation. TATc were measured 
withh a mouse-specific, ELISA-based method.33 Cytokines and chemokines were 
measuredd by cytometric bead array (CBA, Pharmingen, San Diego, CA) (tumor 
necrosiss factor-a (TNF), interleukin (IL)-6, IL-10) or by ELISA (R& D Systems, 
Abingdon,, UK; macrophage inflammatory protein (MIP)-2 and cytokine-induced 
neutrophill  chemoattractant (KC)) following the instructions of the manufactures. 

HistologicalHistological examination 

Directlyy after sacrificing the mice, samples from the liver and the lung were 
removed,, fixed in 4% formaline, and embedded in paraffin for routine histology. 
Sectionss of 4 um thickness were stained with haematoxylin and eosin. All slides 
weree coded and scored by a pathologist without knowledge of the type of mice 
andd treatment. TF and fibrin stainings were performed on paraffin slides after 
deparaffinizationn and rehydration using standard immunohistochemical 
procedures.. For both stainings endogenous peroxidase activity was quenched 
usingg 1.5% H202 in PBS and non-specific binding blocked with 10% normal goat 
serum.. Primary antibodies used were rabbit anti-mouse TF polyclonal Ab 
(producedd in our laboratory) for the detection of TF, and biotinylated goat anti-
mousee fibrinogen Ab (Accurate Chemical & Scientific Corporation, Westbury, 
NY,, USA) for the fibrin staining. The generation and characterization of the anti-
TFF antibody wil l be described in detail elsewhere (De Waard V. et al, manuscript 
inn preparation). In brief, rabbits were immunized with five immunogenic murine 
TFF peptides corresponding to different amino acid sequences within the 
extracellularr domain of murine TF. For immunohistochemical staining of TF, the 
immunoglobulinn fraction purified from the polyclonal antiserum against peptide 
5,, corresponding with amino acids 225-240, was used since this bound native TF 
inn a specific manner. TF staining of brain and trachea of mice exposed to 
endotoxinn colocalized with TF mRNA as determined by in situ hybridization and 
wass abolished in the presence of peptide 5 (data not shown). As secondary 
antibodiess biotinylated swine anti-rabbit Ab (DAKO) were used for the TF 
staining.. For both stainings endogenous peroxidase activity was quenched using 
1.5%% H202 in PBS, and ABC solution (DAKO) was used as staining enzyme. 
0.03%% H202 and 3,3'-diaminobenzidine tetrahydrochloride (DAB, Sigma) in 0.05 
MM Tris pH 7.6 was used as substrate. Examination of immunohistochemical 
stainedd slides was performed on coded samples. For TF and fibrin, the presence or 

73 3 



Chapterr 5 

absencee of positive TF cells or fibrin staining in 25 fields at a magnification of 
40xx was determined. 

EnumerationEnumeration of bacteria 

Thee number of E. coli CFU was determined in peritoneal fluid, blood and liver 
homogenates.. For this, livers were harvested and homogenized at 4 °C in five 
volumess of sterile isotonic saline with a tissue homogenizer (Biospect Products, 
Bartlesville,, OK), which was carefully cleaned and disinfected with 70% ethanol 
afterr each homogenization. Serial 10-fold dilutions in sterile isotonic saline were 
madee from these homogenates, peritoneal lavage fluid and blood, and 50-ul 
volumess were plated onto sheep-blood agar plates and incubated at 37 °C and 5% 
C02.. CFU were counted after 16h. 

CellCell counts and differentials 

Leukocytee counts were determined using a coulter counter (Beekman coulter, 
Fullerton,, CA). Subsequently, peritoneal fluid was centrifuged at 1400 x g for 10 
min;; the supernatant was collected in sterile tubes and stored at -20 °C until 
determinationn of cytokines. The pellet was diluted with PBS until a final 
concentrationn of 10 cells/mL and differential cell counts were done on cytospin 
preparationss stained with a modified Giemsa stain (Diff-Quick; Dade Behring 
AG,, Diidingen, Switzerland) according to the manufacturer's instructions. 

StatisticalStatistical analysis 

Dataa were analyzed using the SPSS statistical package. Data are expressed as 
meanss  SEM, unless indicated otherwise. Changes in PT and aPTT after a single 
dosee of rNAPc2 were analyzed by one-way analysis of variance followed by 
Dunnett'ss (posthoc) test. Comparisons between groups were conducted using the 
Mann-WhitneyMann-Whitney U test. Survival curves were compared by log-rank test. A value 
off  p< 0.05 was considered to represent a statistically significant difference. 

Results s 

TFTF expression is upregulated during E.coli peritonitis 

Too determine whether TF expression is upregulated during peritonitis, mice 
receivedd an i.p. injection with 200 (ll normal saline containing 104 CFU E.coli or 
2000 (il sterile saline as a control. As shown in Figure 1, inflammatory cells that 
infiltratedd the lungs in the course of peritonitis expressed TF (Fig IB). Basal 
expressionn of TF was not observed in the lungs of control mice (Fig 1A). As 
shownn in Fig 1C, TF expression was not altered by rNAPc2 treatment (see 
further). . 
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Figuree 1: Increased expression of tissue factor  (TF) in lung after  induction of peritonitis. TF 
immunostainingg of lung 20h after i.p. injection with sterile saline (A), or after i.p. injection of 104 CFU E. coli 
withh PBS subcutaneously every 6 hours (B), or after i.p. injection of 104 CFU E. coli with rNAPc2 (10 mg/kg) 
subcutaneouslyy every 6 hours (C). Subcutaneous injections were started lh prior to infection and continued until 
17hh postinfection. Slides show a similar expression of TF by inflammatory cells in PBS and rNAPc2 treated 
micee with peritonitis. Original magnification x 40. Representative slides are shown from a total of 5 mice per 

PeritonitisPeritonitis induces activation of the coagulation system 

Nextt we determined whether our model of peritonitis was associated with 
activationn of coagulation. To obtain insight into the presence and extent of 
coagulationn activation at the site of the infection, we measured the concentrations 
off  TATc in peritoneal lavage fluid obtained before and at 6 or 20h after infection 
(Figuree 2). Induction of peritonitis resulted in local thrombin generation as 
reflectedd by an increase in TATc levels in peritoneal lavage fluid (P < 0.05 for 
bothh 6 and 20h versus t=0). In addition, peritonitis was accompanied by 
fibrin(ogen)) depositions in liver and lungs (see further). 

Figuree 2: Peritoniti s induces a local increase in thrombin -
antithrombi nn complexes (TATc). Mean (  SEM) 
concentrationss of TATc in peritoneal lavage fluid obtained 6h 
andd 20h after i.p. administration of 104 CFU E. coli. n = 8 per 
timee point. * P < 0.05 vs. t=0h; # P < 0.05 vs. t=6h). 

00 6 20 
Timee (hours) 

KineticsKinetics of the anticoagulant effect ofrNAPd 

Too establish the anticoagulant properties of rNAPc2 in mice, rNAPc2 was given 
ass a single subcutaneous dose (10 mg/kg), and the PT and aPTT were measured as 
aa marker for the anticoagulant effect of rNAPc2, before, and at different time 
pointss thereafter (Figure 3). rNAPc2 prolonged the PT from 30.3  0.5 sec to 
62.55  0.8 sec and the aPTT from 48.6  2.2 sec at baseline to 197.9  3.6 sec 
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0.5hh after the injection. The anticoagulant effect of rNAPc2 lasted 4-6h. Based on 
thesee experiments, in further studies rNAPc2 was given subcutaneously every 6 h 
afterr infection (10 mg/kg in 100 ul PBS), starting lh prior to infection; controls 
receivedd PBS (100 ul) subcutaneously every 6h. 

AA 75 BB 200-

1 22 3 4 5 6 8 

Hours s 

00 1 2 3 4 5 6 8 

Hours s 

Figuree 3: rNAPc2 prolongs the PT and aPTT. rNAPc2 (10 mg/kg) was given as a single subcutaneous dose, 
andd the PT and aPTT were measured at the time points indicated. Data are means  SEM of 8 mice per time 
point.. * P < 0.05 vs. t=0 

rNAPc2rNAPc2 inhibits coagulation activation during peritonitis 

Too establish the role of the TF/FVIIa complex in the procoagulant response to 
peritonitis,, we measured TATc levels in plasma and peritoneal lavage fluid 
obtainedd 20h after infection from mice treated with rNAPc2 or PBS (Figure 4). 

Figuree 4: rNAPc2 inhibit s coagulation activation 
durin gg peritonitis. Mean  SEM of TAT-c values in 
peritoneall  lavage fluid and plasma. Mice (n=8 per group) 
weree i.p. infected with 104 CFU E. coli at t=0h. rNAPc2 
(openn bars) was given subcutaneously every 6h after 
inductionn of peritonitis at a dose of 10 mg/kg of body 
weightt starting lh prior to infection until 17h postinfection; 
controlss (filled bars) received PBS subcutaneously every 
6h.. Mice were sacrificed 20h after infection. *P < 0.05 vs. 
controll  mice. 

Plasma a Peritoneall fluid 

Micee treated with rNAPc2 displayed significantly reduced TATc concentrations 
inn both plasma and peritoneal lavage fluid (P < 0.05 versus PBS). In addition, 
rNAPc22 abolished the formation of thrombi in liver and lungs which are 
commonlyy observed in the course of peritonitis (insert, Figure 5C). Moreover, 
fibrin(ogen)) deposition in vessels and along the pleura (Figure 5E) was also 
preventedd by rNAPc2 treatment (Figure 5F). As expected, rNAPc2 did not alter 
TFF expression in lungs as assessed by immunostaining (Figure 1C). Together 
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thesee data indicated that rNAPc2 exerted a potent anticoagulant effect during 
peritonitis. . 

rNAPdrNAPd does not influence the inflammatory response to peritonitis 

Thee TF/FVIIa complex has been implicated to play a role in the regulation of 
inflammatoryy responses to severe infection by a mechanism that is not strictly 
linkedd to its procoagulant properties. To determine the influence of the TF/FVIIa 
complexx on the inflammatory response to E. coli peritonitis several parameters 
weree evaluated. Upon histopathological examination, PBS treated mice displayed 
focii  of liver necrosis associated with thrombi formation (Figure 5A). The extent 
off  liver necrosis was less severe in rNAPc2 treated mice (Figure 5B). In the lungs 
off  both rNAPc2 and PBS treated mice a similar dense inflammatory infiltrate was 
observedd in inter-alveolar septa (Fig 5C and D, respectively). In addition, rNAPc2 
didd not influence other inflammatory responses, such as the influx of neutrophils 
(Tablee I) or the release of proinflammatory cytokines and chemokines into the 
peritoneall  lavage fluid or the circulation (Table II) . 

Tablee I. Leukocyte counts in peritoneal lavage fluid 

cellss (lOVmL ) 

totall  cells 

neutrophils s 

macrophages s 

others s 

T6h h 

control l 

2.177 2 

1.155 5 

0.722 3 

0.300 0 

rNAPc2 2 

2.311 2 

1.177 9 

1.033 5 

0.111 7 

T20h h 

Control l 

1.377 1 

0.966 2 

0.311 2 

0.100 5 

rNAPd d 
1.466 1 

1.333 5 

3 3 

0.011 9 

Dataa are mean  SEM (n = 8 mice per group for each time point) at 6 or 20h after i.p.administration of E. coli 
(1044 CFU). rNAPc2 was given subcutaneously every 6h after induction of peritonitis at a dose of 10 mg/kg of 
bodyy weight starting Ih prior to infection until 17h postinfection; controls received PBS subcutaneously every 
6h.. Differences between treatment groups were not significant. 

BacterialBacterial outgrowth is not influenced by rNAPd 

Too obtain insight into the role of TF/FVIIa activation in early antibacterial 
defensee against peritonitis, we compared the number of E.coli CFU at 6 and 20h 
afterr infection in peritoneal lavage fluid (the site of the infection), blood (to 
evaluatee to which extent the infection became systemic), and in liver of rNAPc2 
andd PBS treated mice (Figure 6). Both groups had similar bacterial loads at all 
threee body sites at each time point. Blood agar plates only displayed the E. coli 
strainn that was administered, excluding dissemination of intestinal organisms. 
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Figuree 5: Histopathology. Representative H&E staining of liver (A,B) and lung (C,D) and fibrin(ogen) 
immunostainingg of lung (E,F) 20 hours after i.p. infection with 104 CFU E. coli in control mice (A,C,E) and 
rNAPc22 treated mice (B,D,F). rNAPc2 was given subcutaneously every 6h after induction of peritonitis at a dose 
off  10 mg/kg of body weight starting lh prior to infection until 17h postinfection; controls received PBS 
subcutaneouslyy every 6h. rNAPc2 treated mice displayed less extensive liver necrosis than PBS treated mice. Both 
groupss presented similar interstitial inflammatory infiltrate in the lungs. In PBS-treated mice thrombi were easily 
foundd in liver and lung (insert C). Accordingly fibrin(ogen) deposition was also prominent, in contrast to rNAPc2-
treatedd mice in which thrombi could not be found and fibrin(ogen) deposition was minimal. Representative slides 
off  5 mice per group are shown. 
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Tablee II . Chemokine and cytokine concentrations 

cytokine e 
(pg/mL) ) 
MIP-2 2 

KC C 

IL-6 6 

TNF-a a 

IL-10 0 

T6h h 

control l 

ND D 

ND D 

7700  40 

1111 8 

9099 195 

rNAPc2 2 

ND D 

ND D 

5811 0 

1022 8 

8299 6 

T20h h 

Control l 

2888  87 

3877 3 

8511 6 

5500 7 

6844 7 

rNAPc2 2 

2233 1 

2866  35 

7911 8 

5388 6 

7366 3 
Dataa are mean  SEM (n = 8 mice per group) at 20h after i.p.administration of E. coli (104 CFU). rNAPc2 was 
givenn subcutaneously every 6h after induction of peritonitis at a dose of 10 mg/kg of body weight starting lh 
priorprior to infection until 17h postinfection; controls received PBS subcutaneously every 6h. Differences between 
treatmentt groups were not significant. ND: not determined 
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Figuree 6: rNAPc2 does not influence bacterial clearance during peritonitis. Bacterial outgrowth (expressed 
ass medians with interquartile ranges of CFU/mL) in peritoneal fluid (left panel), blood (middle panel) and liver 
(rightt panel) at 6 and 20h after infection. Mice were i.p. infected with 104 CFU E. coli at t=0h. rNAPc2 was 
givenn subcutaneously lh prior to infection and every 6h thereafter until 17h postinfection; controls received PBS 
subcutaneouslyy every 6h (n=8 per treatment group at each time point). Differences between treatment groups 
weree not significant. 

rNAPc2rNAPc2 does not influence survival 

Too investigate the role of TF-FVIIa in the outcome of abdominal sepsis, we 
performedd two independent survival studies, one using the inoculum that was also 
givenn in the experiments presented above (104 CFU) and one with a lower 
inoculumm (6 x 103 CFU). After infection with the higher bacterial dose all mice 
diedd within 2 days irrespective of rNAPc2 treatment (Figure 7A). After infection 
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withh the lower dose, 4/10 control and 7/10 rNAPc2 treated mice died (P = 0.2 for 
thee difference between groups; Figure 7B). 
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Figuree 7: rNAPc2 does not influence survival. Survival after i.p. infection with 104 CFU (A; n = 15 per group) 
orr 6 x 103 CFU (B; n = 10 per group) E. coli in control treated (closed squares) and rNAPc2 treated mice (open 
squares).. rNAPc2 was given subcutaneously every 6 h after induction of peritonitis at a dose of 10 mg/kg of 
bodyy weight starting lh prior to infection until 17h postinfection; controls received PBS subcutaneously every 
6h.. Differences between treatment groups were not significant. 

Discussion n 

Thee role of TF/FVIIa pathway in activation of the coagulation system during 
sepsiss has been firmly established in experimental models using intravenous 
challengess of live bacteria or bacterial products such as endotoxin. " In addition, 
inn otherwise lethal bacteremia in baboons induced by intravenous infusion of high 
dosess of live E. coli, inhibition of the TF/FVIIa pathway not only prevented DIC 
butt also lethality 16,18-20 0 Thesee investigations suggested that blocking the TF/FVIIa 
pathwaypathway might have anti-inflammatory effects that at least in part are unrelated to 
inhibitionn of the TF-mediated procoagulant response.5'6 In the present study we 
soughtt to determine the functional role of the TF/FVIIa complex in the host 
coagulant,, inflammatory and antibacterial response to intra-abdominal sepsis 
inducedd by i.p. injection of live E. coli. We here demonstrate that in our murine 
modell  of septic peritonitis, TF expression is increased in lungs and liver of 
infectedd mice, which is associated with activation of coagulation as reflected by 
risess in TATc levels in peritoneal lavage fluid and plasma, and fibrin depositions 
inn lungs and liver. Inhibition of the TF-FVIIa complex with rNAPc2 reduced 
coagulationn activation, but did not influence the inflammatory response or 
antibacteriall  defense mechanisms. These findings suggest that rNAPc2 functions 
primarilyy as an anticoagulant during murine E. coli peritonitis and that TF is 
likelyy not involved in the host inflammatory response in this setting. 
Inn the current investigation rNAPc2 was used to inhibit the TF-FVIIa pathway. 
Thiss small protein was originally isolated from the hematophagous nematode 
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hookwormm Ancylostoma caninum, and subsequently produced in recombinant 
formm using the yeast Pichia pastoris.** rNAPc2 inhibits TF-FVIIa mediated 
coagulationn by a mechanism of action that differs from that of the physiological 
inhibitorr of TF, TFPI. Indeed, whereas rNAPc2 binds to zymogen factor X (FX) 
orr factor Xa (FXa) prior to the formation of an inhibitory complex with TF-
FVIIa,299 TFPI binds only to FXa at its catalytic center, followed by the formation 
off  the quaternary TFPI/FXa - TF/FVIIa complex. The utilization of zymogen FX 
ass an inhibitory scaffold by rNAPc2 obviates the need for forming FXa prior to 
thee inhibition of the TF-FVIIa complex. rNAPc2 also has been demonstrated to 
inhibitt FIX activation by the TF/FVIIa complex.29 Several previous studies have 
establishedd the efficacy of rNAPc2 in attenuating coagulation in vivo, i.e. rNAPc2 
completelyy prevented endotoxin-induced coagulation activation in chimpanzees,34 

andd strongly reduced the incidence of acute deep vein thrombosis in patients 
undergoingg unilateral knee arthroplasty compared to the best current prophylactic 
regimens. . 
Thee TF/FVIIa complex has been implicated to play a crucial role in the 
pathogenesiss of sepsis, which goes beyond its role in activation of the coagulation 
system.. Indeed, whereas downstream intervention in the coagulation cascade by 
treatmentt with DEGR-FXa (an competitive inhibitor of prothrombinase-mediated 
thrombinn generation) strongly reduced the coagulopathy related to experimental 
sepsiss in baboons, this strategy did not increase survival.22 However, in the same 
modell  of systemic E. coli infection, inhibition of the TF-FVIIa complex by either 
ann anti-TF antibody, TFPI or catalytically inactive FVIIa was associated with 
bothh anti-coagulant and anti-inflammatory effects, and an increased survival. 
i6,i8-2oo Qm er stucjies have further documented anti-inflammatory effects of TF 
inhibition,, i.e. 1) blocking TF-mediated coagulation in experimental sepsis or 
acutee lung injury models attenuated the inflammatory response in the lung, 
includingg neutrophil infiltration, and edema formation;35"37 2) recombinant human 
TFF injected intra-articularly induced morphological signs of arthritis and influx of 
inflammatoryy cells in synovia;38,39 3) an anti-TF antibody attenuated leukocyte 
infiltrationn in a rabbit acute myocardial injury model;40 4) treatment with anti-TF 
antibodyy or TFPI diminished glomerular inflammation and glomerular fibrin 
depositionn in experimental models of glomerulonephritis;41' and 5) TFPI 
protectedd against experimentally induced spinal cord ischemia.43 The potential 
rolee of TF in inflammatory responses has also been suggested by a number of in 
vitrovitro studies, which have pointed to TF as a mediator of intracellular signaling, 
functioningg as an intermediate for FVIIa-induced activation of MAP kinases, 
smalll  GTPases and calcium signaling.44 

Inn the present study we demonstrated the important role of TF/VIIa in activation 
off  coagulation during E. coli induced peritonitis. In accordance, TFPI was 
previouslyy found to diminish fibrinogen consumption during peritonitis in rabbits, 
inducedd by i.p. administration of a suspension containing hemoglobin, porcine 
mucinn and live E. coli.27 In this latter study, TFPI treatment also reduced lethality, 
andd had beneficial effects on a number of different physiologic parameters, 
includingg arterial blood pressure, arterial oxygenation, and lactate levels. In 
contrast,, in our study rNAPc2 did not influence survival. Moreover, rNAPc2 did 
nott impact on inflammatory responses including recruitment of leukocytes to the 
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sitee of infection, local cytokine and chemokine production, plasma cytokine 
concentrationss and lung injury, responses that were not investigated in the 
TFPI/peritonitiss study. Although a firm explanation for these seemingly 
discrepantt results is lacking, differences in the experimental models to induce 
peritonitiss and differences in species may have played a role. Alternatively, the 
differentt mechanism of TF-FVIIa inhibition for TFPI and rNAPc2, described 
above,, may have played a role. In this respect it should be noted in vitro studies 
havee suggested that rNAPc2 may facilitate activation of protease-activated 
receptorss 1 and 2 by FXa by stabilizing the ternary TF-FVHa-FXa complex.45 

Indeed,, rNAPc2 inhibits FVIIa but not FXa in this complex, which contrasts with 
TFPI. . 
Severall  issues should be kept in mind when interpreting our data. First, rNAPc2 
wass administered every 6 hours in our study, whereas a single injection of this 
proteinn prolonged the PT for only 4 hours in a statistically significant way. Thus, 
itt is likely that the TF-FVIIa pathway was not completely blocked during the 
wholee observation period. However, from a clinical point of view strong and 
prolongedd elimination of the TF-FVIIa pathway is not desired in patients with 
severee sepsis. Indeed, recombinant TFPI caused bleeding complications in such 
patientss when given at higher doses46 and the pivotal phase III trial with 
recombinantt TFPI was done using lower doses.47 Second, we used a virulent 
invasivee E. coli strain that after intraperitoneal injection rapidly enters the 
circulation.. Thus, our model results in early systemic infection, mimicking the 
conditionn of severe abdominal sepsis. As a consequence, we cannot generally 
concludee that rNAPc2 does not influence the outcome of peritonitis. For this, the 
effectt of rNAPc2 should also be investigated in other models of abdominal 
infectionn such as induced by cecal ligation and puncture or by local instillation of 
ann infected clot. Third, rNAPc2 was given in the absence of concurrent antibiotic 
therapy,, and therefore, our data do not provide insight into the effects of rNAPc2 
inn animals treated with antibiotics. Finally, one should realize that our data were 
obtainedd in C57BL/6 mice. Hence, we cannot exclude that the use of other mouse 
strainss would have yielded different results. 
Inhibitionn of TF activity has been considered as a potential treatment for patients 
withh sepsis.46'48 The initial optimism regarding this approach, fueled by the strong 
protectivee effects of different anti-TF strategies in lethal bacteremia models, has 
recentlyy been tempered by the negative phase i n trial with recombinant TFPI in 
patientss with severe sepsis.47 Our present data, using a murine model of E. coli 
peritonitis,, suggest that TF-FVIIa indeed is important for activation of 
coagulationn and the occurrence of fibrin depositions in organs, but that the role of 
TF-FVIIaa complex in the inflammatory and antibacterial response may be limited. 
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Abstract t 

Thee role of the coagulation system during sepsis has been established in 
experimentall  models using intravenous challenges with live bacteria or bacterial 
products,, which show favorable effects of coagulation inhibition on both clinical 
parameterss and on survival. To determine the effect on host-defense against 
peritonitiss of an inherited predisposition to bleeding or thrombosis, FVm 
deficientt mice, FVLeiden mice, and their respective wildtype littermates received 
ann intraperitoneal injection of live Escherichia coli. Peritonitis was associated 
withh activation of coagulation, as reflected by elevated levels of thrombin-
antithrombinn (TAT) complexes in peritoneal fluid, and by increased fibrin 
depositionn in liver and lungs. FVIII deficiency slightly reduced TAT levels, 
bacteriall  outgrowth and disseminated inflammation, but did not affect survival. 
Uponn induction of peritonitis, FVLeiden mice showed increased TAT levels and 
ann impaired host-defense as evident from increased bacterial outgrowth. 
However,, like FVIII deficiency, FVLeiden did not influence sepsis-induced 
mortality.. These data demonstrate that inherited tendencies to bleeding or 
thrombosiss modify host-defense during septic peritonitis, but are of no importance 
forr the final outcome of sepsis. 

Introductio n n 

InIn vitro and in vivo data have provided abundant evidence for a cross-talk 
betweenn coagulation and inflammation.1 Inflammatory mediators influence the 
coagulationn cascade through upregulation of coagulation factors like tissue factor 
(TF),, thrombin and fibrin, and via inhibition of the fibrinolytic system. 
Endotoxemiaa studies in human volunteers and/or chimpanzees have demonstrated 
thatt endotoxin-induced activation of the extrinsic coagulation system2appears to 
bee mediated by pro-inflammatory cytokines like tumor necrosis factor-a (TNF-
a),, interleukin-1 (IL-1) and IL-6.3'4 TNF-oc administration to healthy volunteers 
elicitedd rapid activation of coagulation which was similar to that evoked by 
endotoxin.. Moreover, intervention with monoclonal IL-6 antibodies3 or IL-1 
receptorr antagonists 6 attenuated endotoxin-induced coagulation. 
Evidencee for the role of coagulation factors in inflammation is also derived from 
sepsiss and/or endotoxemia models. For instance, inhibition of the TF/FVIIa 
complexx with anti-TF antibodies,2 tissue factor pathway inhibitor (TFPI),' or 
active-sitee inhibited FVIIa (DEGR-FVIIa)9 prevented disseminated intravascular 
coagulationn (DIC) and increased survival in baboons intravenously injected with 
EscherichiaEscherichia (E.) coli. In addition, it was recently shown in a phase III study that 
adjuvantt treatment with activated protein C (APC) decreased mortality in patients 
withh severe sepsis.10'11 However, it is not yet clear whether the beneficial effects 
off  APC administration stem from its anticoagulant function or from other 
propertiess of APC. For instance, APC has been suggested to have anti-
inflammatoryy 1213 as well as anti-apoptotic effects on endothelial cells. 

88 8 



Alteredd coagulant phenotypes in murine peritonitis 

Nott only APC is considered to have functions outside of the coagulation cascade. 
Thrombin,, for instance, has pro-inflammatory capacities, since it functioned as a 
chemotacticc factor for neutrophils and was associated with an increase in 
adhesionn molecule expression.1 In addition, TF may have important biological 
functionss independent from its well-established role in blood coagulation. TF may 
bee important for processes like embryogenesis,1617 tumor progression and 
neovascularization,11 and chemotaxis.19 However, with regard to sepsis, TF's 
proposedd role in cell adhesion might be more relevant. During inflammation, 
mononuclearr phagocytes cross the lymphatic endothelium in the basal-to-apical 
directionn (i.e. reverse migration), a process dependent on the expression of TF on 
thee surfaces of these cells.20 Taken together, these studies suggest that coagulation 
factorss play an important role in sepsis. 
Inn this study, we examined the consequences of an inherited predisposition to 
eitherr bleeding or thrombosis on host-defense. We hypothesized that the 
prothromboticc phenotype of FVLeiden (FVL) mice would be disadvantageous in 
septicc peritonitis, whereas hemophilic mice would be relatively protected against 
peritonitis. . 

Material ss And Methods 

Animals Animals 

Thee generation of FVIII deficient mice (exon 16 disrupted) was described in 
detaill  by Dr Bi and co-workers.21,22 The FVIII deficient mice (FVIII def) we used 
aree direct descendents from a F1-cross, and thus genetically 50% C57B1/6 and 
50%% 129Sv. FVL mice carrying a R504Q single amino acid mutation were 
describedd previously by Dr Cui and co-workers and are on a mixed genetic 
backgroundd of C57B1/6 and 129Sv.23 To stay clear of an influence of differences 
inn genetic background on the interpretation of the results, wildtype littermates 
weree used as controls. All mice were bred and maintained at the animal care 
facilityy at the Academic Medical Center according to institutional guidelines, with 
freee access to food and water. Animal procedures were carried out in compliance 
withh the Institutional Standards for Humane Care and Use of Laboratory Animals. 
Al ll  mice were housed in the same temperature-controlled room with alternating 
12hh light/dark cycles. Male mice at an age of 8-10 weeks were used in the 
peritonitiss model as described below. 

InductionInduction of peritonitis 

Peritonitiss was induced as described previously.24 In brief, E.coli 018:K1 was 
culturedd in Luria Bertani medium (LB; Difco, Detroit, MI) at 379C, harvested at 
mid-logg phase, and washed twice with sterile saline before injection to clear the 
bacteriaa of medium. Mice were injected intraperitoneally (i.p) with 104 E.coli 
colony-formingg units (CFU) in 200 JJ.1 sterile isotonic saline. The inoculum was 
platedd on blood agar plates immediately after inoculation to determine viable 
counts.. Experiments with FVIII and FV mice were performed independently on 
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separatee days. Mice were either sacrificed 20 hours after induction of peritonitis 
orr studied for survival time. 

CollectionCollection of samples 

Forr measurements of bacterial outgrowth and host responses, animals were 
sacrificedd at a time point shortly before mice started dying (20h). At the time of 
sacrifice,, mice were anaesthetized by inhalation of isoflurane (Abbott 
Laboratoriess Ltd., Kent, UK) / 02 (2% / 21%). A peritoneal lavage was then 
performedd with 5 mL sterile isotonic saline using an 18-gauge needle, and 
peritoneall  lavage fluid was collected in sterile tubes (Plastipack; Becton-
Dickinson,, Mountain View, CA). The recovery of peritoneal lavage fluid was 
>90%% in each experiment and did not differ between groups. After collection of 
peritoneall  fluid, deeper anesthesia was induced by i.p. injection of 0.07 mL/ 10 g 
FFMM mixture (Fentanyl (0.315 mg/mL)-Fluanisone (10 mg/mL) (Janssen, 
Beersen,, Belgium), Midazolam (5 mg/mL) (Roche, Mijdrecht, The Netherlands)). 
Next,, blood was drawn out of the vena cava inferior with a sterile syringe, and 
transferredd to tubes containing heparin (Becton-Dickinson). 

Assays Assays 

Thrombin-antithrombinn complexes (TAT) were determined in plasma and 
peritoneall  lavage fluid as a measurement of thrombin generation. TAT levels 
weree measured with a mouse-specific, ELISA-based method as described 
previously. . 
Cytokiness were measured by ELISAs according to the recommendations of the 
manufacturer,, i.e. interleukin (IL)-6, IL-10, and tumor necrosis factor (TNF)-a (all 
R&DD Systems, Abingdon, U.K). 

HistologicalHistological examination 

Directlyy after sacrificing the mice, samples from the liver and the lung were 
removed,, fixed in 4% formalin, and embedded in paraffin for routine histology. 
Sectionss of 4 urn thickness were stained with hematoxylin and eosin. Slides were 
codedd and scored without knowledge of the type of mice. Inflammation was 
characterizedd by the influx of leukocytes and by the presence of endothelialitis 
(i.e.. sticking of leukocytes to the vessel wall). The degree of endothelialitis was 
ratedd 0 if absent, 1 if seen once or twice, 2 if seen in all vessels, or 3 if seen 
massivelyy in most vessels. The degree of influx of leukocytes was rated 0 if 
absent,, 1 if seen occasionally, 2 if seen regularly, 3 if omnipresent, or 4 if 
omnipresentt and resulting in dense infiltrates in the intra-alveolar septa. 
Coagulationn activation was assessed using an immunohistochemical staining for 
fibrin.. Fibrin staining was performed on paraffin slides after deparaffinization and 
rehydrationn using standard immunohistochemical procedures. Formaldehyde 
inducedd cross-linking was disrupted by boiling the slides in 0.1 M citrate buffer 
(pHH 6.0). Next, endogenous peroxidase activity was quenched using 0.3% H202 in 
methanoll  and non-specific binding was blocked with TENG-T (10 mM Tris, 5 
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mMM EDTA, 0.15 M NaCl, 0.25% gelatin, 0.05% (v/v) Tween 20, pH 8.0). As 
primaryy antibody biotinylated goat anti-mouse fibrinogen Ab (Accurate Chemical 
&&  Scientific Corporation, Westbury, NY, USA) was used. ABC solution (DAKO) 
wass used as staining enzyme. 0.03% H202 and 3,3'-diaminobenzidine 
tetrahydrochloridee (DAB, Sigma) in 0.05 M Tris pH 7.6 was used as substrate. To 
comparee the degree of fibrin deposition between the individual mice, the number 
off  positively stained vessels in 10 fields at a magnification of 25 x was counted. 

EnumerationEnumeration of bacteria 

Thee number of E. coli CFU was determined in peritoneal fluid, blood and liver 
homogenates.. For this, livers were harvested and homogenized at 4°C in five 
volumess of sterile isotonic saline. Serial 10-fold dilutions inn sterile isotonic saline 
weree made from these homogenates, peritoneal lavage fluid and blood, and 50-ul 
volumess were plated onto sheep-blood agar plates and incubated at 37°C and 5% 
C02.. CFU were counted after o/n culture. 

CellCell counts 

Leukocytee counts in peritoneal lavage fluid were determined using a Coulter 
counterr (Beekman Coulter, Fullerton, CA). 

StatisticalStatistical analysis 

Dataa were analyzed using the SPSS statistical package. Data are expressed as 
meanss  SEM, unless indicated otherwise. Comparisons between groups were 
conductedd using the Mann-Whitney U test in case of histology data and using the 
Student'ss t-test in case of the other data. Survival curves were compared by log-
rankk test. A value of p < 0.05 was considered to represent a statistically significant 
difference. . 

Results s 

CoagulantCoagulant phenotype of hemophilia A mice andFVL mice is altered 

FVinn def mice have previously been described as mice with a bleeding 
tendency.21,22,266 To demonstrate that the FVIII def mice in our breeding colony are 
indeedd hemophilic, we measured FVIII activity in citrated plasma. 
Ass is shown in figure 1A, no FVIII activity could be detected in plasma of 
hemophilicc mice, as compared to 100% FVIII activity in wildtype littermates. 
FVLL mice are known to have a strong prothrombotic phenotype characterized by 
spontaneouss fibrin deposition in several tissues.23 To demonstrate that the FVL 
micee in our breeding colony indeed show a prothrombotic phenotype, we 
measuredd plasma TAT levels. As is shown in figure IB, TAT levels in plasma of 
untreatedd FVL mice are significantly increased as compared to wildtype 
littermatess (8.3  1.2 ng/mL vs. 1.1  0.1 ng/mL). 
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Figuree 1: Hemophilic mice and FVL mice show an altered coagulant phenotype. 
A.. Factor VII I deficient mice show no factor VII I activity. Mean  SEM of factor VII I activity in citrated 
plasmaa of 8 wildtype and 8 hemophilic mice. B. TAT levels in plasma of FVL mice are elevated as compared to 
wildtypee mice. *P < 0.05 vs. wildtype mice. 

BacterialBacterial outgrowth is influenced by an altered coagulant phenotype 
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Figuree 2: Bacterial outgrowth is 
influencedd by an altered 
coagulantt  phenotype. Bacterial 
outgrowthh (expressed as mean
SEMM of CFU/mL) in peritoneal 
lavagee fluid (left panel), blood 
(middlee panel) and liver (right 
panel)) 20h after infection. FVIIl 
wildtypee (black bars), factor VII I 
deficientt (open bars), FV wt 
(spottedd bars), and FVL mice 
(dashedd bars) were i.p. infected with 
10""  CFU E. coli at t=0h. *P < 0.05 
vs.. wildtype controls 

Too obtain insight into the role of coagulation in antibacterial defense during 
peritonitis,, we compared the number of E. coli CFU 20h after infection in 
peritoneall  lavage fluid (the site of the infection), blood (to evaluate to what extent 
thee infection became systemic), and in liver (to evaluate to which extent the 
infectionn was disseminated) of respectively FVL mice and their wildtype 
littermatess and of FVII l def mice and their wildtype littermates (Figure 2). FVIIl 
deff  mice showed lower bacterial outgrowth at all three body sites (in PF 3.2*  1010 

 5.1*109 CFU/mL for wt mice vs. 4.8*109  1.6*109 CFU/mL for FVII l def 
mice,, in blood 1.3*1010  6.2*109 CFU/mL vs. 3.9*108  1.3*108 CFU/mL, and in 
liverr 2.1*1010  8.8*109 CFU/mL vs. 1.9*1010  6.9*109 CFU/mL), while FVL 
micee showed an increased bacterial outgrowth as compared to wildtype 
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littermatess (in PF 8.2*107  3.6*107 CFU/mL for wt mice vs. 2.3*109  2.0*109 

CFU/mLL for FVL mice, in blood 2.5*  106  1.5*105 CFU/mL vs. 4.6*  106

2.8*1055 CFU/mL, and in liver 4.8*105  2.3*105 CFU/mL vs. 4.1 * 106  1.7*106 

CFU/mL). . 

CoagulationCoagulation activation during peritonitis in mice with an altered coagulant 
phenotype phenotype 

Too establish the role of hemophilia A and FVL in the coagulant response to 
peritonitis,, we measured TAT levels in plasma and peritoneal lavage fluid 
obtainedobtained 20h after infection (Figure 3). TAT levels of wildtype mice are strongly 
elevatedd upon peritonitis as compared to the TAT level of 1 ng/mL in untreated 
wildtypes.. FVIII def mice showed significantly lower TAT levels in plasma and 
peritoneall  lavage fluid than wildtype littermates, but to our surprise, these levels 
weree about 4 times higher than in untreated wildtypes. Peritonitis induced TAT 
levelss of FVL mice did not differ from the levels of their wildtype littermates. 
Strikingly,, TAT levels of FVIII wt and FV wt mice are rather different (4.610.4 
ng/mLL vs. 8 ng/mL for peritoneal fluid and 0 ng/mL vs. 8 
ng/mLL for blood, respectively). 

Figuree 3: Coagulation activation during 
peritoniti ss is altered in hemophilic and FVL 
micee as compared to wildtype littermates. 
Meann  SEM of TAT values in peritoneal 
lavagee fluid of FVTII wildtype (black bars), 
factorr VII I deficient (open bars), FV wt 
(spottedd bars), and FVL mice (dashed bars) 20 
hourss after i.p. infection with I04 CFU E. coli. 
*PP < 0.05 vs. wildtype mice 

PFF Blood 

Wee also analyzed tissue sections for histological signs of coagulation activation 
uponn induction of peritonitis. As is shown in figure 4K, the number of vessels 
positivelyy stained for fibrin did not differ between wildtype and FVIII def mice or 
betweenn FVL and wildtype mice 20 hours after induction of peritonitis. 

AnAn altered coagulant phenotype influences the inflammatory response to 
peritonitis peritonitis 

Coagulationn and inflammation are supposed to be strongly linked.' To determine 
whetherr the capacity to generate thrombin influences the inflammatory response 
too E. coli peritonitis several parameters were evaluated. As is shown in table I, the 
releasee of IL-6, TNF-a and IL-10 into the peritoneal lavage fluid 20 hours after 
inductionn of peritonitis was tended to be lower in FVIII def mice than in wildtype 
littermates.. The cytokine levels in peritoneal lavage fluid of the prothrombotic 
FVLL mice were tended to be lower than in wildtype littermates. 
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Tablee I. Chemokine and cytokine levels in peritoneal lavage fluid 

Cytokine/chemokine e 

IL-66 (ng/mL) 

IL-100 (pg/mL) 

TNF-aa (pg/mL) 

FVII II  wt 

7.44 7 

2000 1 

944 8 

FVII II  def. 

6.66 5 

1500 8 

< 6 2* * 

FVwt t 

2.22 3 

999 9 

1266 2 

FVL L 

1.00 9 

<62 2 

< 6 2* * 

Dataa are mean  SEM (n = 8 mice per group) at 20h after i.p. administration off . coli (104 CFU). * P<0.05 vs. 
matchingg wildtypes. 

Uponn histopathological examination, all mice displayed foci of liver necrosis 
associatedd with thrombus formation (Fig 4A-D). The extent of liver necrosis did 
nott differ between the genotypes (data not shown). Inflammation, as characterized 
byy adhesion of leukocytes to the vessel wall (i.e. endothelialitis) and by influx of 
leukocytes,, was evidently induced by peritonitis in all mice. The degree of 
inflammationn in liver and lung did not differ between the different genotypes and 
theirr wildtype littermates (Fig 4A-J). 

AnAn altered coagulant phenotype does not influence survival 

Too investigate the role of either a prothrombotic or a hemophilic phenotype in the 
outcomee of peritonitis, we performed survival studies. No difference was seen in 
mortalityy between FVL mice and their wildtype littermates or between the FVII I 
deff  mice and their wildtype littermates (Figure 5). Please note, however, that 
survivall  between FVIII wt en FV wt mice was very different. 

Figuree 5: Survival is not influenced by an altered 
coagulantt  phenotype. Survival after i.p. infection with 

L .. 10" CFU E. coli in FVm wt (closed squares), FVIII def. 
11 ^n (open squares), FV wt (closed circles), and FVL mice 
II  <y (open circles). Differences between FVIII def and FVIII 

TT 1 wt and between FV wt and FVL were not significant. 
*11 i ° '—  Please note that experiments with FVIII and FV mice were 
*" j || performed as two separate experiments 

Jbb , 
'' 0 10 20 30 40 50 60 70 80 

Timee (hrs) 
Discussion n 

Thee role of the coagulation system during sepsis has been firmly established in 
experimentall  models using intravenous challenges of live bacteria or bacterial 
productss such as endotoxin, showing beneficial effects of coagulation inhibition 
onn both clinical parameters, such as bacterial outgrowth and inflammatory state, 
andd on survival. '27'28 For instance, inhibition of the TF/FVIIa pathways using 
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active-sitee inhibited FVIIa, TFPI, or antibodies against TF not only prevented 
disseminatedd intravascular coagulation (DIC) but also lethality in baboons infused 
withh high doses of E. coli. 

Figuree 4: Histology of liver  and lung is not influenced by an altered coagulant phenotype. Representative 
H&EE staining of liver (A-D) and lung (E-H), graphical representation of the degree of inflammation in liver (I) 
andd lung (J), and graphical representation of fibrin deposition in liver and lung (K) 20 hours after i.p. infection 
withh 10" CFU E. coli in FVITI wildtype (A, E, black bars), factor VHI deficient (B, F, open bars), FV wt (C, G 
spottedd bars), and FVL mice (D, H, dashed bars) Fibrin deposition is shown as the number of positively stained 
vesselss observed in 10 microscopy fields at a magnification of 20x. The degree of inflammation is shown 
accordingg to the scoring system described above. 

Inn the present study we explored the consequences of genetically altered 
coagulationn profiles in the host coagulant, inflammatory and anti-bacterial 
responsess to intra-abdominal sepsis induced by i.p. injection of E. coli, by 
comparingg FVIII deficient and FVL mice with their wildtype littermates. We 
demonstratee that in a murine model of septic peritonitis, an altered coagulant 
phenotypee influences host-defense, as was shown by reduced bacterial outgrowth 
inn FVIII deficient mice and by increased bacterial outgrowth in FVL mice when 
comparedd to wildtype littermates. In addition, inflammation and coagulation 
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activationn in the peritoneal cavity of FVIII deficient mice was decreased. 
Althoughh coagulation activation in the peritoneal cavity of FVL mice did not 
differr from wildtype littermates upon septic peritonitis, cytokine levels in the 
peritoneall  lavage fluid tended to be decreased. Nevertheless, inflammation and 
fibrinn deposition in liver and lung and the outcome of septic peritonitis (i.e. 
survival)) was not influenced by a genetically altered coagulant phenotype. These 
findingss suggest that genetic modifications causing either hemophilia or 
thrombophiliaa modify host-defense during septic peritonitis in some extent, but 
aree of no importance for the final outcome of sepsis. 
AA more detailed look at our data reveals several remarkable observations. First, 
thee degree of coagulation activation we observed in FVIII deficient mice was 
unexpectedlyy strong. In the current view of the blood coagulation system, FVIII is 
off  major importance during the propagation phase of coagulation, which 
predictss decreased TAT levels and fibrin deposition in FVIII deficiency. The 
presencee of significant TAT levels in blood and peritoneal lavage fluid of FVIII 
deficientt mice challenged with E. coli questions the importance of FVIII in the 
propagationn phase. However, one might argue that the observed TAT levels are 
thee consequence of continuing initiation of coagulation via the TF/VIIa complex. 
Thiss hypothesis is supported by the fact that under normal circumstances tissue 
factorr pathways inhibitor (TFPI) immediately inhibits the TF/VHa complex, but 
duringg sepsis the balance between TFPI and TF is disturbed, which might result in 
aa hypercoagulable state primarily driven by TF/VIIa, with relatively littl e support 
fromm FVIII a dependent processes.30'31 

AA second remarkable observation is that upon induction of septic peritonitis TAT 
levelss of FVL mice are comparable to the levels observed in wildtype mice and 
evenn lower than in unchallenged FVL mice. Whether increased consumption of 
coagulationn factors resulting in a rapid decline in TAT levels in FVL mice 
explainss this observation remains untested. However, the fact that during sepsis 
disseminatedd intravascular coagulation (DIC) frequently occurs, which results in 
consumptionn of coagulation factors leading to a bleeding tendency, supports this 
hypothesis.32 2 

Contraryy to our prior hypothesis that FVL mice would react more to septic 
peritonitiss than wildtype littermates, FVL tended to show lower cytokine levels in 
thee peritoneal lavage fluid than their wildtype littermates. As patients with sepsis 
benefitt from administration of APC,10 probably due to its direct anti-inflammatory 
properties,122 it might well be that increased APC levels in FVL mice (upon 
inductionn of peritonitis) are responsible for the diminished cytokine production. 
Indeed,, recently Kerlin et al. reported elevated levels of APC in FVL mice upon 
endotoxinn administration.33 

Comparisonn of FVIII wildtypes and FV wildtypes reveals several discrepancies. 
Uponn induction of peritonitis FVIII wt mice have 2.6 times higher TAT levels in 
bloodd than FV wt mice, while TAT levels in peritoneal lavage fluid are 3.7 times 
lower.. Bacterial outgrowth in PF, blood and liver of FVIII wildtypes is 400-40000 
timess higher than in FV wt mice, while survival of FVIII wt mice is remarkably 
diminishedd as compared to FV wt mice. These discrepancies between different 
wildtypee mice once more stress that the genetic background is a substantial factor 
inn animal models of sepsis. This point gets even more relevance when realizing 
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thatt FVffl mice are on a 50% C57B1/6 / 50% Svl29 background, while FVL mice 
aree not viable on this background.23 

Inn summary, we investigated whether an altered coagulant genotype influences 
thee outcome of septic peritonitis in mice. Our results clearly show that genetic 
predispositionss to either a severe hemophilic or a profound prothrombotic 
phenotypee modify host-defense to some extent, but are of minor importance for 
thee final outcome of sepsis. 
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Abstract t 

Hypoxiaa is a major determinant of the outcome of various pathological 
conditions.. The effects of oxygen deprivation are complex and may involve 
defensee mechanisms, like coagulation and inflammation. However, the in vivo 
effectss of systemic hypoxia on these mechanisms remain poorly documented. 
Therefore,, we studied the time course of coagulation activation and cytokine 
productionn during and after cessation of hypoxia. 
Att 8% 02 mice did survive but became severely hypothermic, and were unable to 
eat,, drink or move about normally. Within minutes after re-exposure to normoxia, 
bodyy temperature and mouse behavior normalized. Thrombin-anti-thrombin 
complexess were determined as a marker of coagulation activation. Plasma 
thrombin-anti-thrombinn complexes were detectable within 4 hours of hypoxia and 
weree cleared within 24-hours of recovery at ambient oxygen levels. Thrombin-
anti-thrombinn complexes in tissue homogenates could not be detected. Hypoxia 
inducedd large alterations in cytokine and chemokine profiles in tissue like brain, 
heart,, lung and kidney, while no plasma cytokines or chemokines could be 
detected.. The locally altered cytokine profile remained for at least 10 days after 
cessationn of hypoxia. 
Inn conclusion, the in vivo effects of hypoxia involve a transient systemic induction 
off  coagulation, together with a local, massive and persisting cytokine and 
chemokinee response. 

Introductio n n 

Althoughh multiple physiological factors contribute to the outcome of pathological 
conditionss like cardiovascular and pulmonary disease, oxygen deprivation is a 
commonn denominator. The consequences of oxygen deprivation on cellular 
functionss are quite complex, and involve a series of metabolic and biosynthetic 
eventss associated with adaptations to a hypoxic environment. With respect to 
coagulation,, hypoxia enhances the expression of tissue factor (TF) '2 and 
plasminogenn activator inhibitor-1 (PAI-1),3 whereas it diminishes 
thrombomodulinn activity 4 and plasminogen activator expression.3 Consequently, 
hypoxiaa engenders a prothrombotic phenotype.5 Hypobaric hypoxia, as it occurs 
att high altitude, has often been suggested to be a risk factor for the development 
off  venous thrombosis.6'7 

Inn addition to its role in coagulation, hypoxia influences cytokine production. This 
assertionn is mainly based on a large body of in vitro data. For instance, interleukin 
(IL)-66 and IL-8 expression levels are increased in hypoxic human pulmonary 
vascularr smooth muscle cells.8 Human endothelial cells (HUVECs) respond to 
loww oxygen levels by increasing the production of IL-1,9 IL-6,1 and IL-8, 
whereass human intestinal epithelial cells express increased levels of tumor 
necrosiss factor-a (TNF-a) and interferon-y (INF-y).12 

Thee in vivo inflammatory effects of hypoxia are less well examined. Exposing 
malee C3H/HeN mice to 5% 02 for one hour results in increased activity of TNF-a 
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andd IL-6 in plasma, whereas cytokine activities in pro-estrus females remain 
unaltered.11 The increase in plasma cytokines is caused by enhanced synthesis and 
releasee of these cytokines from both peritoneal macrophages and Kupffer cells.14 

Exposingg mice to 8-10% of oxygen increases IL-l a levels in both plasma and 
lungg homogenates with a maximal increase after 8 hours of hypoxia,9 whereas IL-
66 levels are upregulated in the pulmonary vasculature.10 The influx of 
mononuclearr phagocytes and neutrophils in lung tissue of mice exposed to 6% 
02 '' further illustrates the role of hypoxia in inflammation. 
Itt is well established that inflammatory mediators influence the coagulant 
responsee and vice versa.15,16 Insights in the cross-talk between inflammatory 
mediatorss and coagulation activation stem mainly from endotoxemia models. In 
thesee models, endotoxin is administered to humans, baboons or mice resulting in 
thee induction of inflammatory mediators and the activation of the clotting 
cascade.177 Inhibition of TNF-a by anti-TNF-a antibodies in these models not only 
diminishess the inflammatory response but also inhibits coagulation activation. 
Increasingg the level of pro-inflammatory cytokines in endotoxemia models 
inducess activation of the coagulation cascade.19 Furthermore, in a rat model of 
inferiorr vena caval thrombosis, administration of the anti-inflammatory cytokine 
IL-100 decreases both inflammation and thrombus weight.20 

Enhancedd coagulation is also often accompanied by inflammation. Ex vivo 
coagulationn of human whole blood results in enhanced IL-1B,21 IL-8 and IL-6 
production.222 Thrombin is believed to be one of the key-players in the link 
betweenn coagulation and inflammation. Coagulation-induced cytokine production 
is,, indeed, attenuated by inhibitors of thrombin generation (e.g. Tissue Factor 
Pathwayy Inhibitor) or activity (e.g. hirudin).22 The protein C anticoagulant 
pathwayy may also provide a link between coagulation and inflammation.23 LPS-
studiess in rats have demonstrated that activated protein C (APC) modulates the 
effectss of cytokines such as TNF-a and blocks neutrophil activation.24 The role of 
APCC in inflammation is further supported by the finding that the upregulation of 
IL-66 and IL-8 in human endothelial cells is enhanced by protein S.25 

Althoughh it is evident that hypoxia influences the expression level of several 
coagulationn factors and numerous inflammatory mediators, the in vivo 
consequencess of systemic hypoxia remains poorly understood. Therefore, to 
increasee our understanding concerning the interplay between hypoxia, 
inflammationn and coagulation, we studied the time course of coagulation 
activationn and cytokine production during and after cessation of hypoxia. 

Methods s 

Animals Animals 

C57BL/66 wild-type mice were purchased from Charles River (Zeist, The 
Netherlands).. Al l mice were housed in the same temperature-controlled room with 
alternatingg 12h light/dark cycles, and were allowed to equilibrate for at least 5 
dayss before the study. Animals were provided regular mice chow (SRM-A; Hope 
Farms,, Woerden, The Netherlands) and water ad libitum. Mice were used at 8-10 
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weekss of age. The experiments were approved by the Institutional Animal Care 
andd Use Committee of the Academic Medical Center, Amsterdam, The 
Netherlands. . 

ExposureExposure of mice to hypoxia 

Micee were exposed to normobaric hypoxia using a custom-made hypoxia-
chamberr containing an oxygen sensor (Marin Assist, Hazerswoude, The 
Netherlands).. The lowest non-lethal oxygen level was estimated by placing the 
micee in the hypoxia-chamber and gradually lowering the oxygen concentration by 
introducingg nitrogen gas until the first mice died. 
Next,, 64 mice were placed in the hypoxia chamber. The oxygen level was 
loweredd to 8% within one hour. After 1, 4, 16 or 24 hours of 8% 02 the mice were 
sacrificedd or subjected to a 24-hour-recovery period at normoxia (n=4 females 
andd 4 males per time point). In addition, animals exposed to 8% 02 for 24 hours 
weree sacrificed after a 24-, 72- or 240-hour recovery period. Animals (n=8) 
maintainedd under normal oxygen conditions were used as normoxic controls. 
Animalss were sacrificed by bleeding from the vena cava inferior after being 
anesthetizedd by intraperitoneal injection of FFM ((1:1:2 hypnorm (Janssen 
Pharmaceutica,, Beerse, Belgium), dormicum (Roche, Mijdrecht, The 
Netherlands),, H20 (sterile water for injection, Braun Melsungen AG, Melsungen, 
Germany);; 0.1 mL per 10 grams body weight). 
Immediatelyy before the mice were sacrificed, body temperature (intrarectal) and 
weightt were measured, and they were injected with 400U of heparin (i.v.) to 
preventt post mortem coagulation. Blood and organs (brain, heart, kidney, liver, 
lungg and spleen) were processed for cytokine measurements and histological 
analysis. . 
Inn addition, p02, pC02, HC03", hemoglobin and hematocrit levels of mice 
exposedd to 8% 02 during 16 hours were analyzed. Blood was sampled by heart 
puncturee via a lateral approach and analyzed using an ABL 505 blood gas 
analyzerr and an OSM3 oxymeter (Radiometer, Copenhagen, Denmark). 

CytokineCytokine measurements 

Too obtain tissue homogenates, organs were placed in 9 volumes (w/v) of 
Greenburgerr lysis buffer (pH 7.4, 150 mmol/L NaCl, 15 mmol/L TrisHCl, 1 
mmol/LL CaCl2, 1 mmol/L MgCl2, 1% Triton (v/v), 10 pmol/L pepstatin A, 10 
pmol/LL leupeptin and 10 pmol/L aprotinin), homogenized and centrifuged twice 
(1780gg and 20,800g, respectively). ELISAs were performed on the supernatant of 
thesee organ homogenates and on plasma by using commercially available kits (IL-
1(3,, IL-12p40, INF-y, macrophage inflammatory protein (MIP-2) and TNF-a: 
R&DD Diagnostics, Minneapolis, USA; IL-6, IL-10: PharMingen, Heidelberg, 
Germany).. Detection limits were 31 pg/mL. 
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TNF-aTNF-a bioactivity assay 

Too investigate whether TNF-a detected in tissue homogenates is biologically 
active,, TNF-a levels were measured using the WEHI 164 clone 13 fibroblast 
cytotoxicityy assay.26"28 Briefly, cells were resuspended at 5*105 cells/mL in 
Dulbecco'ss modified essential medium (DMEM, Gibco) supplemented with 5% 
fetall  calf serum (FCS,), 1% penicillin (10.000 U/mL) / streptomycin (10.000 
ug/mL),, 1% L-glutamine, dispensed in 96-well cell culture plates, and incubated 
overnightt in a humidified environment at 37QC/ 5% C02. Samples and 0.25 
ug/mLL actinomycin D were added to the cells. With each assay a titration of 
mousee rTNF-a (Pharmingen) was included as a standard. Samples were then 
incubatedd for 24 h, after which 0.25 \ig/mL 3-(4,5-dimethylthiaxol-2-yl)-2,5-
diphenyltetrazoliumm bromide (MTT, Sigma) was added to the wells and the 
sampless were then incubated for an additional 24 h at 37°C. After adding 3 % 
SDSS in 0.01 M HC1, the plates were read in a micro-ELISA reader at 550 nm. 

Histology Histology 

Shortlyy after sacrificing the mice, brain, heart, kidney, liver, lung, and spleen were 
removed,, fixed in 4% formaldehyde, dehydrated, and embedded in paraffin. 5-
um-thickk sections were stained with hematoxylin and eosin according to standard 
protocols.. All slides were coded and scored for the presence or absence of blood 
clots,, and for the degree of inflammation. Inflammation was characterized by the 
influxx of granulocytes and by the presence of endothelialitis (i.e. sticking of 
leukocytess to the vessel wall). 

ActivationActivation of coagulation cascade 

Thrombin-anti-thrombinn (TAT) complexes were measured in plasma and in tissue 
homogenatess with a mouse-specific (rabbit anti-mouse antibodies), ELISA-based 
method.. In short, rabbits were immunized with mouse thrombin or rat 
antithrombin.. Antithrombin antibodies were used as capture antibody, 
digoxigenin-conjugatee anti-antithrombin antibodies were used as detection 
antibodiess and dilutions of mouse serum were used for the standard curve, 
yieldingg a lower detection limit of 0.25 ng/mL. 

Statistics Statistics 

Resultss are presented as mean  SEM. Statistical significance of differences 
betweenn two groups (hypoxic vs. normoxic or recovered vs. not recovered) was 
determinedd by use of the unpaired Student's t-test. A probability (P) of < 0.05 was 
consideredd statistically significant. 
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Results s 

ExposureExposure of mice to hypoxia 

Inn order to establish the lowest non-lethal oxygen dose, mice were subjected to 
decreasingg concentrations of oxygen. In contrast to previous observations,1'1 '4 

thee threshold of non-lethal hypoxia was 8% 02 in our hands. The previously 
reportedd level of 5 or 6% 02, which was claimed not to interfere with normal 
mousee behavior, caused immediate death in our animals. At the observed 
thresholdd of 8% 02, the mice became severely hypothermic within one hour 
(figuree 1). Furthermore, the hypoxic mice showed signs of dyspnea and did not 
eat,, drink (resulting in reversible weight loss of 14.43% 7 (mean  SEM) 
afterr 24 hours of hypoxia) or move about normally. Within minutes after re-
exposuree to ambient oxygen levels, body temperature (figure 1) and behavior 
normalized. . 
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Figuree 1. Body temperature of mice 
before,, during and after  hypoxia (n=8). 
**  P < 0.05 versus normoxic control group 
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Evidencee that lowering ambient oxygen levels reduces systemic oxygen levels 
wass obtained from blood gas measurements. As shown in table 1, arterial p02 

decreasedd 2.6-fold from 90 mm Hg to 35 mm Hg, as a consequence of lowering 
ambientt 02 levels from 21 to 8% (2.6-fold). Venous oxygen levels were 12 mm 
Hgg during hypoxia. In addition, pC02 and HC03" were severely reduced, 
suggestingg a metabolic acidosis. 

Tablee 1: Blood gas values of hypoxic and normoxic arterial blood , n=8 
perr group) 

pH H pC02 2 

(mmm Hg) 
p02 2 

(mmm Hg) 
HC03 3 

(umol/1) ) 
Hemoglo--
binn (g/dl) 

Hemato--
critt (%) 

6 6 
411 5 

Normoxic c 

Hypoxic c 

3 3 

1 1 

2 2 
5 5 

5 5 

35+1.1 1 

4 4 

1 1 

2 2 
13+0.2 2 
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CytokineCytokine measurements 

Too study hypoxia-induced inflammation, wildtype mice were exposed to a 
normobaricc oxygen level of 8% during 16 hours after which plasma and organs 
weree collected for cytokine measurements. To assess the pro-inflammatory effects 
off  hypoxia, we measured EL-1(3, IL-6 and TNF-a. IL-10 was evaluated as a 
measurementt of the anti-inflammatory potential. To address latent leukocyte 
influxx MIP-2 was measured. Finally, IL-12 and INF-y were measured to gain 
insightss in the T-helper cell response. 
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Figuree 2. Cytokine levels in lung 
homogenatess of mice exposed to 
hypoxiaa for  16 hours (closed bars) or  of 
micee not exposed to hypoxia (open 
bars).. * P < 0.05 versus normoxic control 
group p 

IL-1pp IL-6 IL-10 TNF-a MIP-2 INF-y IL-12p40 

Plasmaa cytokine levels were below the detection limit of 31 pg/mL in either 
hypoxicc or normoxic mice. Tissue cytokine levels were detectable in all organs 
testedd and were significantly different between both groups of mice. Hypoxia 
resultedd in elevated levels of IL-6, IL-10 and TNF-a, whereas IL-ip , MIP-2 and 
IL-122 levels were reduced. INF-y levels remained unaltered. Figure 2 displays the 
dataa for lung homogenates; measurements in brain, heart, kidney liver and spleen 
gavee comparable results (not shown). 
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Figuree 3. TNF-a levels in lung (open 
bars)) and kidney (closed bars) 
homogenatess after  different time 
spanss of hypoxia measured using 
ELISA .. * P < 0.05 versus normoxic 
controll  group 
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Inn order to further delineate the relationship between hypoxia and cytokine 
production,, we performed a time course study in which we measured TNF-a 
levelss in brain, lung and kidney homogenates after 1, 4, 16 or 24 hours of 
hypoxia.. As shown in figure 3, TNF-a levels rose within one hour and remained 
elevatedd during prolonged hypoxia. When mice were allowed to recover for 24 
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hourss at normoxic conditions, TNF-oc levels remained elevated despite the fact 
thatt the mice behaved normally and showed no obvious signs of disease. It is well 
conceivablee that the mice will recover after long-term exposure to normoxia and 
thereforee mice were allowed to recover for 3- or 10-days. Moreover, it is possible 
thatt the TNF-a detected in the homogenates is not biologically active. However, 
evenn after a 10-day recovery, TNF-a levels were still as high as immediately after 
hypoxiaa and appeared to be cytotoxic when analyzed using the WEHI 164 clone 
133 cytotoxicity assay (figure 4). This suggests that systemic hypoxia rapidly 
inducess a long-lasting local inflammatory state, without signs of a systemic 
inflammatoryy response. 

Figuree 4. TNF-a levels in lung 
homogenatess after  different time spans 
off  recovery at normoxia, measured 
usingg a bioactivity assay. Values 
depictedd at 0 days of recovery are 
measuredd immediately after 24 hours of 
8%% 02 

Recoveryy period at normoxia (days) 

ActivationActivation of blood coagulation 
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Figuree 5. TAT-levels in plasma. Mice 
weree either  sacrificed immediately after 
hypoxiaa (open bars) or  after  a 24-hour-
recoveryy period at ambient oxygen levels 
(closedd bars). The dashed line shows the 
detectionn limit of the ELISA. * P < 0.05 
versuss recovery group. 

00 1 4 16 24 
Timee span of hypoxia (hours) 

Too investigate whether hypoxia activates blood coagulation, thrombin-anti-
thrombinn (TAT) complexes were determined in plasma and in tissue 
homogenates.. As shown in figure 5, plasma TAT complexes were first detected 
afterr a hypoxic period of four hours. Formation of TAT complexes was an on-
goingg process during prolonged exposure to hypoxia. After re-exposure to 
normoxia,, TAT complexes were cleared from the circulation within 24 hours. 
Remarkably,, during a 24-hour recovery period subsequent to one or four hours of 
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hypoxia,, TAT complexes were still formed. In tissue homogenates, TAT 
complexess could not be detected at any of the time points studied. 

Histology Histology 

Too confirm that systemic hypoxia induces coagulation and inflammation, tissue 
slidess were screened for the presence of blood clots and for inflammatory 
mediators.. As shown in figure 6, no signs of hypoxia-induced coagulation or 
leukocytee influx could be detected in these, H&E stained, tissues. 

Figuree 6. Representative histology (H& E staining) of lung (A, B, C) and brain (D, E, F) slides of mice 
exposedd to hypoxia. (A, D) control mouse, (B, E) mouse exposed to 24 hours of 8% 02, (C, F) mouse exposed 
too 24 hours of 8% 02followed by a 10-day recovery period. Original magnification for each photograph: 40x 

Discussion n 

Inn the present study we analyzed the interplay between hypoxia, coagulation and 
inflammationn by studying the time course of coagulation activation and cytokine 
productionn during and after cessation of hypoxia. Exposing mice to a hypoxic 
environmentt increased the level of TAT-complexes in plasma but not in tissues, 
suggestingg that hypoxia provokes systemic activation of the coagulation cascade. 
Thiss increased coagulation normalized after cessation of hypoxia, and paralleled 
generall  physiological and behavioral parameters like body temperature and food 
intake.. The cytokine response was very different. Hypoxia increased cytokine 
levelss only in tissues and this local inflammatory response remained elevated after 
aa 10-day-recovery period. Taken together these data suggest that coagulation and 
cytokinee production take place in separate compartments of the body: hypoxia-
inducedd activation of the coagulation cascade is restricted to the circulation, 
whereass cytokine production takes place locally in tissues only. 
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Ourr study in C57B1/6 mice reveals several intriguing novel insights. The 
combinationn of transient, systemic activation of the coagulation cascade with 
enduringg localized production of cytokines suggests the absence of a direct cross-
talkk between hypoxia-induced coagulation and inflammation. To the best of our 
knowledge,, hypoxia is the first example of a physiological trigger inducing 
coagulationn and inflammation at the same time, but not in the same compartment. 
Previouss studies on interactions between inflammation and coagulation responses 
too experimental endotoxemia in human volunteers and baboons consistently 
showedd intricate associations of these mechanisms within the same blood 
compartment.300 In these studies the liberation of pro-inflammatory cytokines 
includingg IL-6 and TNF-a after endotoxin stimulation led to a procoagulant 
responsee in blood. In the present study the increment in the same cytokines in 
tissuess did not result in the formation of visible local fibrin. Furthermore, 
increasedd systemic IL-10 production is known to inhibit endotoxin-induced tissue 
factorr production.20'31 In our model, however, tissue IL-10 apparently does not 
influencee systemic coagulation as plasma TAT-complexes were continuously 
formedd when IL-10 levels were at their maximum. Future studies aiming at 
specificc inhibition of distinct cytokines or coagulation factors during hypoxia 
shouldd answer the question if coagulation and inflammation are indeed uncoupled 
processess during hypoxia. 
Anotherr interesting observation is that environmental hypoxia results in a local 
inflammatoryy response without overt signs of systemic inflammation. A possible 
explanationn might be that environmental hypoxia leads to local hypoxia, resulting 
inn local activation of transcription factors like HIF-132 and NF-IL-6,33 which 
mightt lead to local production of cytokines. Alternatively, one might suggest that 
leukocytess activated by environmental hypoxia migrate from the vasculature into 
thee surrounding tissue. Consequently, activated leukocytes would be removed 
fromm the blood compartment explaining the absence of a measurable systemic 
response.. However, analysis of H&E stained tissue slides did not reveal leukocyte 
migrationn into the tissues, thereby eliminating this potential explanation. 
Noteworthyy in this respect is Knöferl's13 report stating that in male but not in 
femalee C3H/HeN mice, TNF-a and IL-6 are systemically increased after a short 
periodd of hypoxia. Whether this systemic alteration in cytokine profiles, which 
wass not observed in our study employing C57B1/6 mice, reflects strain differences 
remainss speculative. It is however important to realize that the systemic cytokine 
levelss reported by Knöferl are rather low and fall below the detection limit of our 
ELISAs(31pg/mL). . 
Thee discrepancy between the presence of cytokines in tissue homogenates and the 
absencee of inflammatory signs in histological sections is quite confusing. 
However,, the animals seem to be recovered from the lack of oxygen within 
minutess after re-exposure to normoxia. Consequently, we expect that severe 
systemicc hypoxia does not result in permanent tissue damage despite grossly 
alteredd cytokine levels. One might argue that anti-inflammatory effectors, e.g. IL-
10,, counteracted the effects of pro-inflammatory cytokines, like IL-6 and TNF-a. 
Onn the other hand, it might be that the cytokines detected by ELISA are not 
biologicallyy active and therefore do not induce tissue inflammation. This 
possibilityy is negated by our observation that TNF-a detected in lung 
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homogenatess proved to be cytotoxic and thus biologically active. Alternatively, in 
wholee tissue homogenates, intracellular, extracellular and membrane-bound 
fractionss of the cytokines were measured, whereas for obvious reasons the 
intracellularr pool does not contribute to tissue inflammation. The extracellular 
partt of the membrane-bound fraction probably only contributes to inflammation 
viaa direct cell-cell interactions34 thereby reducing its activity compared to secreted 
cytokines.. Overall, protein levels detected in tissue homogenates by ELISA might 
bee an over-estimation of bioactive cytokine levels thereby explaining the absence 
off  histological signs of inflammation. 
Carefull  inspection of the alterations of specific cytokines showed an increase in 
tissuee IL-6 and TNF-oc whereas the level of the pro-inflammatory cytokine IL-l p 
wass decreased. IL-6, TNF-a and IL-l p are all secreted by activated monocytes, 
endotheliall  cells and granulocytes.34 IL-l p is synthesized as precursor (pro-IL-
lp)) protein, which is proteolytically activated by proteases like caspase-1.35 

Hypoxia-inducedd diminished activity of caspase-1 is therefore an attractive 
explanationn for the different expression profiles of IL-i p and IL-6/TNF-a. 
MIP-22 is a key protein involved in chemotaxis34 and high MIP-2 levels are 
associatedd with leukocyte recruitment. In agreement with the absence of 
leukocytee infiltrates in hypoxic tissues, MIP-2 levels were not increased and even 
decreasedd in these tissue homogenates. The physiological relevance of decreased 
MIP-22 levels is subject of ongoing experiments. 
Thee active isoform of IL-12 (IL-12p40) was down regulated by hypoxia whereas 
INF-77 levels remained unaltered. This suggests that the involvement of T-cells in 
thee adaptation to hypoxia is unlikely.34 

Itt should be stressed that some of the in vivo alterations in cytokine profiles as a 
consequencee of ambient hypoxia do not resemble in vitro data. For example, IL-
lp,, which was down regulated in vivo, is reported to be upregulated in HUVEC 
cells.. This discrepancy stresses that experiments focusing on triggers influencing 
multiplee physiological parameters, like hypoxia, should ideally be performed in 
animall  models. 
Short-termm ambient hypoxia (1 hour) resulted in severe hypothermia. Intriguingly, 
withinn minutes after re-exposure to normoxia the body temperature normalized. A 
contributingg factor to the observed hypothermia is certainly the solitarily behavior 
off  the hypoxic animals resulting in diminished body heat from keeping each other 
warm.. However, the drop in temperature is so impressive that other regulators 
shouldd also play a role. Both IL-i p and IL-1 converting enzyme have been 
reportedd to be involved in temperature regulation and more profoundly in the 
inductionn of fever.35'36 Lowered IL-l p levels might therefore be involved in 
hypoxia-inducedd hypothermia. The rapid normalization of body temperature 
seemss to exclude altered protein levels causing this phenomenon. Therefore, it is 
temptingg to assume that adaptation to lack of oxygen parallels the poorly 
understoodd mechanism(s) behind hibernation or torpor. 
AA final intriguing observation is the difference in oxygen levels used by different 
researchh groups for hypoxia-studies in mice. Levels reported in various mouse 
strainss vary from 5% up to 12% o2.

10'13'14'39 In C57B1/6 mice, 6% O2,40 8% 02,
41 

andd 10% 02
42 have been reported not to interfere with normal mouse behavior. 

However,, exposure to 6% 02 caused immediate death in our animals (unpublished 
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results).. 8% 02 was the lowest level our mice could endure, but still resulted in 
severee hypothermia and altered behavior. Explanations for these differences in 
lethall  oxygen levels are hard to offer but may be related to the specific sub-strains 
off  mice used or the method of applying hypoxia and/or measuring ambient 
oxygenn levels. If either of these explanations holds true can only be determined 
withh comparative studies employing similar mouse strains. 
Inn summary, the current study adds important in vivo data concerning the 
interplayy between hypoxia, coagulation and inflammation. Environmental 
hypoxiaa transiently induced coagulant activity in the circulation, which was not 
accompaniedd by inflammation. In contrast, on the tissue level hypoxia caused 
enduredd enhanced cytokine production in the absence of activation of the 
coagulationn cascade. 
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Abstract t 

Cytokiness play an important role in the pathogenesis of Pseudomonas aeruginosa 
pneumonia.. Indeed, tumor necrosis factor (TNF)-a, a pro-inflammatory cytokine, 
andd interleukin (IL)-IO, an anti-inflammatory cytokine, improve host defense 
duringg pneumonia with P. aeruginosa. Previously, we reported that exposure of 
micee to hypoxia leads to an altered cytokine expression pattern in different body 
tissues.. Levels of TNF-a were elevated in lung tissue, and remained elevated for 
att least 10 days after re-exposure to normal oxygen levels. During and after 
hypoxia,, no cytokines could be detected in the circulation. Therefore, we 
hypothesizedd that a period of hypoxia preceding pneumonia would enhance host 
defensee against P. aeruginosa. To test this hypothesis, mice were exposed to 8% 
022 for 24 hours; five days later, these mice were inoculated with P. aeruginosa. 
Normoxicc mice inoculated with P. aeruginosa and hypoxic mice inoculated with 
salinee served as controls. Inoculation with P. aeruginosa resulted in pneumonia, 
withh elevated wet lung weights, histological signs of inflammation, and local 
bacteriall  growth. Elevated levels of TNF-a and IL-10 were present in lungs. 
Althoughh wet lung weights and histological signs of inflammation did not differ 
betweenn the two pneumonia groups, bacterial outgrowth from lung tissues was 
lowerr in hypoxic mice than mice that were held in normal oxygen tensions before 
instillationn of bacteria. 
Inn summary, a preceding hypoxic episode boosts host defense during P. 
aeruginosaaeruginosa pneumonia, most likely via local induction of cytokine levels in the 
lung. . 

Introductio n n 

Inn pneumonia, the initiation, maintenance, and resolution of inflammation are 
dependentt upon a complex network of pro-inflammatory and anti-inflammatory 
cytokines.. Much of our knowledge about the role of cytokines in the pathogenesis 
off  pneumonia is derived from animal studies of experimental pneumonia. In 
contrastt to systemic infection where excessive production of pro-inflammatory 
cytokiness is detrimental by leading to organ failure and death,1' local production 
off  pro-inflammatory cytokines is required for adequate pulmonary host defense 
againstt respiratory pathogens, such as Streptococcus pneumoniae3'4 and Klebsiella 
pneumoniae.pneumoniae.55 During P. aeruginosa pneumonia, both administration of low doses 
off  TNF-a, and augmentation of local expression of TNF-a in the lungs through 
genee therapy, significantly diminished mortality and enhanced bacterial clearance 
fromm the pulmonary compartment.6'8 In contradiction with a beneficial role of 
TNF,, administration of P. aeruginosa to mice lacking the type 1 TNF receptor 
showw enhanced bacterial clearance from their lungs, indicating a negative 
contributionn of TNF receptor type 1 in host defense against P. aeruginosa.9 

Surprisingly,, administration of the anti-inflammatory cytokine IL-10 also 
improvess host defense in a murine model of pneumonia with P. aeruginosa, as 
shownn by decreased lung injury and mortality.1 
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Wee recently demonstrated that exposure of mice to low levels of oxygen 
(hypoxia)) results in rapid and prolonged elevation of TNF-a and IL-10 levels in 
differentt body tissues, including lungs.11 Levels of TNF-a remained elevated for 
moree than 10 days after re-exposure to ambient oxygen levels. This change in 
expressionn of cytokines was restricted to organ tissues, since hypoxia did not 
inducee systemic cytokine production. Ex vivo cytotoxicity studies showed that 
TNF-aa produced during hypoxia induces cell death of WEHI cells, implying that 
hypoxia-inducedd cytokines are biologically active. 
Basedd on the persistently high cytokine levels, we hypothesized that a preceding 
hypoxicc period would influence pulmonary host defense during P. aeruginosa 
pneumoniaa Therefore, in the present study, we exposed mice to 8% 02 for 24 
hourss and five days later inoculated them with P. aeruginosa. Pulmonary cytokine 
levels,, histological signs of inflammation, and local bacterial growth were 
determinedd to visualize the influence of a preceding hypoxic period on pulmonary 
hostt defense. 

Methods s 

Animals Animals 

Femalee C57BL/6 wild-type mice were purchased from Charles River (Zeist, The 
Netherlands).. All mice were housed in the same temperature-controlled room with 
alternatingg 12h light/dark cycles, and were allowed to equilibrate for at least 5 
dayss before the study. Animals were provided regular mice chow (SRM-A; Hope 
Farms,, Woerden, The Netherlands) and water ad libitum. Mice were used at 8-10 
weekss of age. The experiments were approved by the Institutional Animal Care 
andd Use Committee of the Academic Medical Center, Amsterdam, The 
Netherlands. Netherlands. 

ExposureExposure of mice to hypoxia 

Micee were exposed to normobaric hypoxia for 24 hours using the method 
describedd previously.11 In brief, mice were placed in a custom-made hypoxia-
chamberr containing an oxygen sensor (Marin Assist, Hazerswoude, The 
Netherlands)) and the oxygen level was lowered to 8% within one hour. After 24 
hourss at 8% 02 the mice were re-exposed to ambient oxygen levels for 5 days. 
Micee exposed to ambient oxygen levels alone were used as controls. 

InductionInduction of pneumonia 

P.P. aeruginosa (strain PA103) pneumonia was induced as described.12,13 Briefly, 
bacteriaa were grown to mid-logarithmic phase in Luria Broth for 6 hours at 37QC, 
harvestedd by centrifugation at 1,500 g f or 15 min, washed twice in pyrogen-free 
0.9%% NaCl and resuspended in 10 ml of 0.9% NaCl. The number of bacteria was 
determinedd by serial dilution in sterile 0.9% NaCl and subsequent culturing on 
bloodd agar plates for 16 hours. Before the intranasal administration of bacteria (50 
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ull  inoculum containing 5*105 CFU/ml), mice were anesthetized by inhalation of 
isofluranee (Forene, Abort, Queensborough, Kent, UK). Mice exposed to hypoxia 
butt inoculated with 50 ul of sterile 0.9% NaCl alone were used as hypoxic 
controls.. All mice were sacrificed after 24 hours, because former experiments 
usingg this model of acute pneumonia did not show any significant changes at 
earlierr time points, and because mice would die rapidly at later time points. ' 

PreparationPreparation of blood samples and lung homogenates 

Twenty-fourr hours after inoculation, mice were bled from the vena cava inferior 
afterr being anesthetized by i.p. injection of FFM (1:1:2 hypnorm (Janssen 
Pharmaceutical,, Beerse, Belgium), dormicum (Roche, Mijdrecht, The 
Netherlands),, H20 (sterile water for injection, Braun Melsungen AG, Melsungen, 
Germany);; 0.1 mL per 10 grams body weight). Whole lungs were harvested and 
weighed.. One lung was used for histology and the other one was homogenized in 
55 volumes sterile 0.9% NaCl. Serial 10-fold dilutions were made in sterile 0.9% 
NaCl,, plated onto sheep blood agar plates and incubated at 37QC. Colony-forming 
unitss were counted after a 16-hour-incubation period. 
Forr cytokine measurements, lung homogenates were diluted in equivolumes of 
lysiss buffer (pH 7.4, yielding final concentrations of 150 mmol/L NaCl, 15 
mmol/LL Tris-HCl, 1 mmol/L CaCl2, 1 mmol/L MgCl2, 1% Triton (v/v), 10 
pmol/LL pepstatin A, 10 pmol/L leupeptin and 10 pmol/L aprotinin), and 
centrifugedd twice (l,780g and 20,800g, respectively). Supernatants were stored at 
-20QCC until cytokine measurement. 

CytokineCytokine measurements 

IL-100 and TNF-a levels were measured using commercially available ELISA kits 
(R&DD Diagnostics, Minneapolis, USA). Detection limits were 31 pg/mL. 

Histology Histology 

Shortlyy after sacrificing the mice, lungs were removed, fixed in 4% formaldehyde, 
dehydrated,, and embedded in paraffin. 5-um-thick sections were stained with 
hematoxylinn and eosin according to standard protocols. All slides were coded and 
scoredd by a pathologist for the presence of pneumonia, interstitial inflammation, 
endothelialitis,, bronchitis, edema, thrombosis and pleuritis. All characteristics 
weree rated on a 0-4 scale. 

Statistics Statistics 

Dataa are expressed as means  SEM, unless indicated otherwise. Comparisons 
betweenn groups were conducted using the Mann-Whitney U test in case of 
histologyy data and using the Student's t-test in case of the other data. A value of p 
<< 0.05 was considered to represent a statistically significant difference. 
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Results s 

ExposureExposure of mice to hypoxia 

Too study the effect of preceding hypoxia on pulmonary host defense during P. 
aeruginosaaeruginosa pneumonia, mice were exposed to 8% 02 for 24 hours. In accordance 
withh previous results," hypoxic mice showed signs of dyspnea and did not eat, 
drinkk or move about normally resulting in loss of body weight and hypothermia. 
Withinn minutes after re-exposure to ambient oxygen levels, body temperature and 
behaviorr normalized and the previous hypoxic mice were indistinguishable from 
normoxicc controls. 

InductionInduction of pneumonia 

Fivee days after a 24-hour-exposure to hypoxia, mice were inoculated with P. 
aeruginosaaeruginosa (for clarity, these mice will be indicated as pneu-hypoxic) or saline 
(hypoxicc controls). Normoxic mice inoculated with P. aeruginosa served as 
additionall  controls (pneu-normoxic). Inoculation with P. aeruginosa induced 
signss of pneumonia in all mice. Twenty-four hours after inoculation with P. 
aeruginosa,aeruginosa, lungs appeared swollen and reddish, with multiple hemorrhages on 
thee surface. As is shown in figure 1, wet lung weights of pneu-hypoxic mice were 
twoo times higher than that of hypoxic controls without pneumonia (342  29 mg 
vss 186  5 mg). Wet lung weights of pneu-hypoxic and pneu-normoxic mice 
inoculatedd with P. aeruginosa did not differ (342  29 mg vs. 368 1 mg, 
respectively). . 

Figuree 1. Wet lung weights 24 hours after 
inoculationn with P. aeruginosa are not 
influencedd by a previous hypoxic period. Pneu-
hypoxicc mice are shown as black bars, pneu-
normoxicc mice as dashed bars, and hypoxic mice 
inoculatedd with 0.9% NaCl as white bars (n=10 
perr group). Indicated is mean +/- SEM. * P < 0.05 
betweenn indicated groups 

Twenty-fourr hours after inoculation, lungs of all mice displayed interstitial 
inflammation,, endothelialitis and pleuritis (figure 2). Bronchitis, edema and 
thrombii  were found to a lesser extent. No difference between pneu-hypoxic and 
pneu-normoxicc mice was observed. Hypoxic controls showed only minor signs of 
interstitiall  inflammation, endothelialitis, pleuritis and thrombus formation and no 
signss of bronchitis or edema. 

norr mo xi a hypoxia a hypoxia a 

pneumonia a 
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Figuree 2. A previous hypoxic 
periodd does not lead to 
histologicall  changes 24 hours 
afterr  administration of P. 
aeruginosaaeruginosa as compared to 
normoxicc controls. Pneu-
hypoxicc mice are shown as 
blackk bars, pneu-normoxic mice 
ass dashed bars, and hypoxic 
micee inoculated with 0.9% NaCl 
ass white bars (n=10 per group). 
Indicatedd is mean +/- SEM. 
**  P < 0.05 between indicated 
groups. . 

BacterialBacterial clearance 

Too study the consequences of a preceding hypoxic episode on antibacterial 
defensee to P. aeruginosa, we compared bacterial outgrowth in lung and blood 24 
hourss after infection (figure 3). Bacterial loads in lung of pneu-hypoxic mice were 
fivee times lower than in lung of pneu-normoxic mice. Bacterial loads in blood did 
nott differ between the two groups but bacterial counts in blood were very low and 
nott all mice were bacteremic (50% of the hypoxic mice and 60% of the normoxic 
micee showed bacterial outgrowth from blood). 

normoxia a normoxiaa hypoxia hypoxia a 
Figuree 3. Bacterial clearance 24 hours after  inoculation with P. aeruginosa is influenced by a previous 
hypoxicc period. Bacterial outgrowth (CFU) in lung homogenates (A) or blood (B) 24 hours after inoculation 
withh P. aeruginosa. Pneu-hypoxic mice are shown as black bars and pneu-normoxic mice as dashed bars. 
Indicatedd is mean +/- SEM. * P < 0.05 versus normoxic group (white bars). 

CytokineCytokine levels 

Locall  production of TNF-a and 
influencess antibacterial host defense during pneumonia, 
hypoxiaa elevates local levels of these cytokines for 

IL-100 within the pulmonary compartment 
9'100 whereas exposure to 

aa prolonged period." 
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Therefore,, we measured the concentrations of IL-10 and TNF-a in lung 
homogenatess after inoculation with P. aeruginosa. As is shown in figure 4, IL-10 
andd TNF-a levels were increased in pneu-hypoxic mice compared to pneu-
normoxicc mice (208  15 pg/ml vs. 130  16 pg/ml and 1.3  0.13 ng/ml vs. 0.80 

 0.14 ng/ml, respectively). IL-10 and TNF-a levels in lung homogenates of 
hypoxicc control mice were, respectively, 1.78 and 1.38 times higher than in pneu-
hypoxicc mice. 
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Figuree 4. Cytokine levels 24 hours after  P. aeruginosa administration are influenced by a previous hypoxic 
period.. IL-10 (A) and TNF-a (B) levels in lung homogenates 24 hours after inoculation with P. aeruginosa or 
saline.. Pneu-hypoxic mice are shown as black bars, pneu-normoxic mice as dashed bars, and hypoxic mice 
inoculatedd with 0.9% NaCI as white bars (n=10 per group). Indicated is mean +/- SEM. * P < 0.05 between 
indicatedd groups. 

Discussion n 

Inn the present study we investigated whether a preceding hypoxic episode 
influencess host defense during P. aeruginosa pneumonia. To address this 
question,, we exposed mice 24 hours to 8% 02. Five days later, the mice were 
inoculatedd with P. aeruginosa or saline. Normoxic mice inoculated with P. 
aeruginosaaeruginosa served as additional controls. Inoculation with P. aeruginosa resulted 
inn elevated wet lung weights, interstitial inflammation, endothelialitis, pleuritis, 
locall  bacterial growth and elevated levels of TNF-a and IL-10 in the lungs. Wet 
lungg weights, and histological signs of inflammation did not differ between the 
twoo pneumonia groups; however, bacterial outgrowth was lower in lungs of pneu-
hypoxicc mice than of pneu-normoxic mice, while TNF-a and IL-10 levels were 
higherr in lungs of pneu-hypoxic mice. Overall these data indicate that hypoxia-
inducedd cytokine levels are biologically active and improve host defense during 
P.P. aeruginosa pneumonia. 
Exogenouss IL-10 and TNF-a have previously been shown to improve lung injury 
andd survival during P. aeruginosa pneumonia.7'10'16 Our results show that not only 
exogenouss TNF-a and IL-10 influence host defense against P. aeruginosa, but 
whenn present before onset of the infection, endogenous TNF-a and IL-10 also 
enhancee host defense. The potential beneficial effect of TNF-a during P. 
aeruginosaaeruginosa pneumonia is rather puzzling. Previous work of our group showed 
thatt other pro-inflammatory cytokines have negative effects on host-defense 
duringg P. aeruginosa pneumonia. IL-1 receptor (IL-1R) knockout mice show 
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increasedd resistance against P. aeruginosa pneumonia, as reflected by an 
enhancedd clearance of bacteria from the lungs, reduced cytokine production in the 
lungss and diminished neutrophil recruitment.12 Wildtype mice treated with IL-1 
receptorr antagonist (IL-lra) show comparable results. Since IL-i p levels 
producedd during hypoxia are diminished as compared to normoxic mice,11 it is 
possiblee that differences between hypoxic and normoxic mice in host defense 
againstt P. aeruginosa are (partly) caused by hypoxia-induced alterations in IL-1. 
Ass for DL-1, DL-18 knockout mice and wildtype mice treated with an IL-18 
bindingg protein that neutralizes IL-18, show increased resistance against P. 
aeruginosa,aeruginosa, as reflected by less bacteria in lungs, diminished cell influx in the 
pulmonaryy compartment and suppressed local cytokine production.13 Experiments 
usingg interferon-y receptor a-subunit (IFN-yR) deficient mice demonstrate 
enhancedd clearance from the lungs as well,15 again indicating that other pro-
inflammatoryy cytokines than TNF-a impair host defense against P. aeruginosa. 
However,, a prominent role for IFN-y in hypoxia-induced protection against P. 
aeruginosaaeruginosa is not likely, since we previously demonstrated that hypoxia does not 
inducee changes in IFN-y levels in lungs.11 Future experiments using IL-10, TNF-a 
andd IL-i p inhibitors or knockout mice should prove whether IL-10, TNF-a, 
and/orr IL-l p are responsible for hypoxia-induced protection against P. 
aeruginosa. aeruginosa. 

Itt has previously been shown that both hypoxia11 and P. aeruginosa pneu-
monia14"155 result in elevated levels of TNF-a and IL-10 in pulmonary tissue. 
Surprisingly,, our experiments show that the combination of hypoxia and 
pneumoniaa results in lower cytokine levels than hypoxia alone. The observed 
reductionn of cytokine levels during pneumonia indicates that the pre-existing, 
hypoxia-inducedd cytokines disappear faster from the pulmonary compartment 
thann pneumonia-induced production takes place. Since a previous hypoxic period 
enhancess host defense against P. aeruginosa, it seems that TNF-a (and /or IL-10) 
levelss produced during pneumonia are not sufficient or too late for accurate host 
defensee against P. aeruginosa, thereby explaining the beneficial effect of TNF-a 
inductionn either by administration of exogenous TNF-a16 or by endogenous 
hypoxia-inducedd production before administration of/*, aeruginosa. 
Ann intriguing observation is the lack of differences in histological signs of 
inflammationn between hypoxic and normoxic mice after administration of P. 
aeruginosa.aeruginosa. Buret et al. showed that the working mechanism of exogenous 
TNF-aa during P. aeruginosa pneumonia does not involve the influx of 
neutrophils,, but only the increased activity of infiltrated neutrophils. This 
suggestss that in our mice the number of leukocytes infiltrated into lung tissue (and 
thereforee the degree of interstitial inflammation, endothelialitis and pleuritis) is 
thee same in both groups of mice, while the lower bacterial loads in the pneu-
hypoxicc mice can be explained by an increase in anti-bacterial capacity of the 
infiltratedd leukocytes. 
Inn the present work, we studied the influence of hypoxia on host defense. The 
modell  we chose is P. aeruginosa pneumonia. P. aeruginosa pneumonia is a 
nosocomiall  pneumonia, often associated with intubation and mechanical 
ventilation,177 Since the role of TNF-a and IL-10 in community acquired 
pneumoniaa and nosocomial pneumonia might be different, our results about the 
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influencee of a hypoxic episode on host defense against P. aeruginosa should not 
bee extrapolated to community acquired pneumonia. For instance, administration 
off  exogenous IL-10 or neutralization of endogenous IL-10 during pulmonary 
infectionn with Klebsiella pneumoniae or Streptococcus pneumonia enhances 
bacteriall  clearance and improves survival.19,20 The opposite holds true in P. 
aeruginosaaeruginosa pneumonia, since administration of exogenous IL-10 boosts host 
defensee and promotes survival.10 

Inn summary, a preceding hypoxic episode boosts host defense during P. 
aeruginosaaeruginosa pneumonia, without affecting wet lung weights, interstitial 
inflammation,, endothelialitis and pleuritis, most likely via upregulation of 
cytokiness in the lung. 
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Abstract t 

Thee liver is the main site of factor VII I (FVm) production in mammals but 
previouss studies have shown that multiple other tissues like kidney, spleen, and 
lymphh nodes also express FVIII . In the present study we determined whether 
hematopoieticc cells are capable of FVIII production as well. 
FVII II  deficient mice underwent a bone marrow transplantation receiving bone 
marroww from wildtype littermates. Six weeks later blood and tissues were 
collectedd for analysis of FVIII activity in plasma and the presence of FVIH 
mRNAA in blood cells and/or organs. 
Afterr bone marrow transplantation, 9 out of 11 of the FVIII deficient mice 
showedd detectable plasma FVIII levels (mean+/-SEM: 4.2%+/-1.0% of normal). 
Furthermore,, FVIII mRNA was detected in both bone marrow and peripheral 
bloodd cells whereas the liver showed no evidence for FVIII mRNA. Surprisingly, 
FVII II  mRNA was also detected in the heart, spleen and lung of transplanted FVIII 
deficientt mice suggesting transdifferentiation and/or fusion of hematopoietic stem 
cells. . 
Inn summary, transplantation of wildtype bone marrow into hemophilia A mice 
partlyy restores FVIII plasma levels. The source of plasma FVIII remains difficult 
too define, however, as after transplantation the presence of FVIII mRNA was not 
limitedd to hematopoietic cells, most likely due to stem cell plasticity. 

Introductio n n 

Factorr VII I (FVIII ) is a plasma protein that plays an essential role in the 
hemostaticc system. It acts as the cofactor of FIX in the activation of FX, thereby 
promotingg fibrin formation.1 The clinical relevance of FVIII is evident from the 
factt that a deficiency of FVIII results in the bleeding disorder hemophilia A. 
Too date there still is controversy regarding which tissues are capable of factor 
VII II  production. Without doubt, the liver is the principal site of FVIII synthesis.2 

Thiss is based on the presence of FVIII antigen, FVIII activity, FVIII mRNA in 
Kupferr cells, sinus endothelial cell and hepatocytes2 and, most impressive, by the 
correctionn of FVIII levels in hemophilic dogs and humans upon liver 
transplantation.33 In addition, extra-hepatic tissues, i.e. the spleen, the kidneys, and 
thee lymph nodes, have been shown to be capable of FVIII mRNA synthesis." 
Thee presence of FVIII mRNA has also been demonstrated in blood cells,9"11 even 
att remarkably high levels. Although this blood cell RNA is regularly used to 
screenn for genetic abnormalities in hemophilia A patients,12"1 it is doubtful 
whetherr blood cells are capable of producing FVIII . As already suggested in the 
earlyy nineties, FVIII mRNA found in the circulation might be an example of 
ectopicc or "illegitimate" RNA.1315 In the sixties and seventies it was demonstrated 
thatt (sub-cellular fractions of) granulocytes contain FVIII protein.9 u However, 
convincingg evidence that functional FVIII is synthesized by hematopoietic cells 
andd secreted into the circulation is lacking. 
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Inn the present work we address the question whether hematopoietic cells are 
capablee of FVIII production by performing bone marrow transplantations into 
hemophilicc mice. Indeed, bone marrow transplantation increased circulating FVIII 
levelss in hemophilic mice, but the cellular source remains difficult to define. 

Methods s 

MouseMouse strains 

Thee generation of FVIII deficient mice (exon 16 disrupted) has been described in 
detaill  by Bi and co-workers.16'17 The FVIII deficient mice we used are direct 
descendentss from an Fl-cross, and thus genetically 50% C57B1/6 and 50% 129Sv. 
Recipientt mice were hemizygous offspring of heterozygous FVIII knockout mice. 
Donorr mice were wildtype siblings of the recipients. Genotyping was performed 
ass described before.16 The mice were bred and maintained at the animal care 
facilityy at the Academic Medical Center. All mice were housed according to 
institutionall  guidelines, with free access to food and water. Animal procedures 
weree carried out in compliance with the Institutional Standards for Humane Care 
andd Use of Laboratory Animals. 

BoneBone marrow cell preparation 

Bonee marrow cells were harvested from 10-12 weeks old wildtype males. Cells 
weree isolated by flushing tibia and femurs with phosphate buffered saline (PBS, 
NPBI,, Emmercompascuum, The Netherlands) containing 10% fetal calf serum 
(FCS,, BioWitthaker, Heidelberg, Germany), 100 U/mL penicillin (BioWitthaker), 
andd 100 ug/mL streptomycin (BioWitthaker), and single cells were prepared by 
pullingg the tissue clumps three times through a 25-gauge needle. Next, the cells 
weree centrifuged at 250 x g for 10 minutes, aspirated, washed, and resuspended in 
PBS. . 

BoneBone marrow transplantation 

Eightt to twelve week-old, male FVHI-deficient mice received a total body 
irradiationn of two times 4.0 Gy with three hours between the two doses (sublethal 
dose),, using an X-ray source at a dose rate of 0.88 Gy/min, followed by i.v. 
injectionn of 107 bone marrow cells. To protect the irradiated recipients from 
infections,, the mice were supplied with autoclaved, acidified (pH 2.5) drinking 
waterr containing 2% neomycin (Sigma Chemical Co, St.Louis, MO, USA) from 
onee week before until six weeks after transplantation, and they were housed in 
sterilee filter top cages in a laminar flow chamber. 

SampleSample preparation 

Sixx weeks after transplantation, the mice were sacrificed, blood was drawn via a 
heartt puncture and collected into tubes containing 0.32% sodium citrate, and 
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variouss tissues were surgically removed and immediately frozen in liquid 
nitrogen.. Blood was centrifuged twice at 1,000 x g for 10 min. The plasma layer 
wass carefully aliquoted, and stored at -80 CC until subsequent analysis. The 
remainingg pellet was resuspended in 200 ul PBS. DNA was isolated from these 
cellss using the QIAamp DNA blood mini kit (Qiagen, Hilden, Germany). 
Totall  RNA was isolated from snap frozen tissue using guanidine isothiocyanate 
(Trizol®,, Gibco)/ chloroform extraction followed by precipitation with 2-
propanol.. After washing with 80% ethanol, the isolated RNA was dissolved in 
RNasee free water and stored at -80 QC until usage. cDNA was made by reverse 
transcriptionn from total RNA using random hexamer primers (Life Technologies) 
andd Superscript II RNAse H reversee transcriptase (Life Technologies). 

MeasurementMeasurement ofFVIII activity 

FVII II  activity was measured in citrated blood using a chromogenic FVIII assay 
(Dadee Behring) on a Behring Coagulation System analyzer (BCS, Dade Behring). 
Murinee wildtype plasma diluted in murine FVIII deficient plasma was used as a 
calibrationn curve. 

AnalysisAnalysis ofFVIII mRNA synthesis 

FVII II  mRNA levels were measured using a quantitative real-time RT-PCR using 
LightCyclerr technology (Roche Molecular Biochemicals) with SYBR Green II 
detection.. Primers for FVIII were chosen based on the murine FVIII mRNA 
sequencee (Genbank accession number NM-007977) and the mouse genome 
database,, and amplification products were analyzed on a 2% agarose gel. The 
primerr pair (forward 5'-GCTTATTTCTCTGATGTTGATCTTG-3'and reverse 
5'-CATCAAAGATAGTGAAAAGCAGAGC-3')) produced a single band of 110 
bp,, which was absent in liver of FVIII deficient mice. Relative amounts of mRNA 
weree semi-quantified by comparing the sample curve with the positive control 
curvee (wildtype liver). The cycle number in which the signal becomes above the 
predefinedd threshold is denoted CN. By using the following equation: 
%% mRNA = 2(CNposidve control"  CNsamPle)*  100, the percentage of tissue specific FVIII 
mRNAA as compared to the positive control was calculated. The obtained 
percentagess were then converted into relative amounts as compared to the bone 
marroww mRNA level by defining the average bone marrow signal as 100%. We 
optedd to represent mRNA levels relative to bone marrow mRNA levels because 
thatt shows the difference in transplantation efficiency between the different mice. 

Results s 

Inn two separate experiments, we transplanted 11 FVIII deficient mice with 
wildtypee bone marrow and all transplanted mice survived the six week-recovery 
period.. As is shown in figure 1, nine of the transplanted FVIII deficient mice 
showedd detectable FVIII activity levels (ranging from 1.7 to 10.4%; mean+/-
SEM:: 4.2 %  1.0 %), whereas two of the 11 transplanted FVIII deficient mice 
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showedd no detectable FVIII activity 6 weeks after transplantation. Therefore, 
bonee marrow transplantation increased FVIII levels in 82% of the transplanted 
mice. . 
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Too determine whether hemotopoietic cells produce the observed plasma FVIII 
activityy levels, we analyzed blood cells, bone marrow and liver of five 
transplantedd FVIII deficient mice for the presence or absence of FVIII mRNA. As 
iss shown in figure 2A, the PCR method we used was specific for FVIII mRNA, 
sincee mRNA from FVIII deficient liver did not give any signal, while mRNA 
fromm wildtype liver gave the predicted PCR product. As is shown in figure 2B, 
FVII II  mRNA was detected in bone marrow and blood cells, but not in liver, 
indeedd suggesting that hematopoietic cells are the source of FVIII upon bone 
marroww transplantation. 
Recentt work has suggested that adult bone marrow-derived hematopoietic stem 
cellss might transdifferentiate into other cell types than the anticipated bone 
marroww and blood cells.18"24 To exclude such stem cell plasticity as the source of 
plasmaa FVIII after transplantation, we determined FVIII mRNA in several other 
tissuess than the already tested liver. As is shown in figure 2C, in addition to bone 
marroww and blood, low levels of FVIII mRNA were detected in heart, lung and 
spleenn of all mice. Maximal FVIII mRNA levels were present in bone marrow, 
followedd by spleen, lung and blood cells. In only one mouse FVIII mRNA was 
detectedd in kidney and in another on in muscle. Liver and brain were negative for 
FVII II  mRNA in all five mice. 

Discussion n 

Too date there is still controversy about the tissues capable of producing FVIII . 
Withoutt discussion, the liver is the principal site of FVIII synthesis. But in 
addition,, extra-hepatic tissues, i.e. the spleen, the kidneys, and the lymph nodes, 
mightt synthesize FVIII mRNA.4"8 FVIII mRNA is also present in blood cells,9"11 

however,, FVIII mRNA found in the circulation is often thought to be an example 
off  ectopic or "illegitimate" RNA1315 and therefore it is questionable whether 
bloodd cells are able to synthesize functional FVIII . In addition, it has been 
demonstratedd that (sub-cellular fractions of) granulocytes contain FVIII protein.9" 

Figuree 1: FVII I 
off  male FVII I 
weekss after 
transplantation n 
donorr cells. 

activityy in plasma 
deficientt mice 6 
bonee marrow 
usingg wildtype 
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111 In the present work, we show that bone marrow transplantation of hemophilic 
micee results in low levels of circulating FVIII , as FVIII activity in hemophilic 
micee increased up to % upon wildtype bone marrow transplantation. 

bloodd bone brain heart kidney liver lung musclespleen 
cellss marrow 

Figuree 2: FVII I  mRNA is present in bone marrow and several other  tissues of a FVII I  deficient mouse 6 
weekss after  bone marrow transplantation using wildtyp e donor  cells. A. FVIII deficient mice show no FVIII 
mRNA.. Lane 1, 2 and 5 show PCR products from livers of FVIII def mice, lane 3, 4 and 6 show PCR products 
fromm livers of wildtype mice and lane 7 shows the negative control. B. Representative RT-PCR of blood (striped 
black),, bone marrow (black) and liver (dotted black) of a FVIII deficient mouse that underwent bone marrow 
transplantation.. The positive control (wildtype liver) is depicted as dashed gray and the negative control as gray. 
C.. Graphical representation of average relative amounts of FVIII mRNA present in tissue of FVm def mice 6 
weekss after bone marrow transplantation. Results are depicted relative to the amount of FVHI mRNA present in 
bonee marrow. Shown are mean  SEM of 5 mice. 

Basedd on our observation that bone marrow transplantation results in elevated 
FVII II  activity in hemophilic mice, we tried to identify the cellular source of 
plasmaa FVIII in our transplanted mice. Initial Light Cycler® experiments showed 
FVII II  mRNA in both bone marrow and blood cells but not in liver, suggesting 
thatt hematopoietic cells do produce FVIII . Whether these FVIII producing 
hematopoieticc cells are granulocytes as suggested already in the 1960's " ' wil l be 
subjectt of future experiments. Megakaryocytic and platelets, however, are 
probablyy not the cells producing FVIII after transplantation, since Yarovoi et al.25 

describedd that they could not detect FVIII protein or mRNA in these cells. 
Ourr conclusion from the initial experiment that hematopoietic cells produce FVIII 
resultingg in elevated plasma levels after transplantation is undermined by the 
observationn that low levels of FVIII mRNA were also detected in heart, lung and 
spleen.. At a first glance, the most logical explanation would be that FVIII mRNA 
inn heart, lung and spleen is the result of contamination of these tissues with blood. 
However,, the observations that not all tissues analyzed showed detectable FVIII 
mRNAA levels and that the amount of FVIII mRNA detected in lung and spleen 
wass higher than the amount detected in blood argue against this explanation. 
Alternatively,, transdifferentiation of hematopoietic stem cells into FVIII 
producingg cells could be responsible for FVIII synthesis upon bone marrow 
transplantation.. During the last years there has been a debate about whether adult 
bonee marrow-derived stem cells are capable of differentiation into other cells than 

130 0 



Hematopoieticc stem cell derived FVIH 

bonee marrow and blood cells.'8"24 It has often been described that bone marrow 
transplantationn results in the presence of donor cells in liver, skin and several 
otherr tissues.26"29 This phenomenon has been extensively explored for its potential 
therapeuticc use in renewing damaged tissue as for instance during ischemic heart 
disease.. However, it remains unclear whether the presence of donor cells in 
otherr tissues than bone marrow or blood is the result of transdifferentiation of 
hematopoieticc cells into for instance cardiomyocytes or of fusion of the stem cells 
withh cells of the recipient.18,20 Evidently, if bone marrow-derived stem cells are 
capablee of differentiation into or fusion with for instance cardiomyocytes or 
spleenn cells, our observed results do not indicate that hematopoietic cells produce 
FVIH,, but that bone marrow-derived cells can produce FVIH when differentiated 
intoo or fused with the proper daughter cell. Unfortunately, based on our current 
experimentss it is not possible to distinguish between FVIII production by 
hematopoieticc cells and other stem cell derived cells. Immunohistochemical 
stainingg for FVIII of hemophilic mice transplanted with wildtype bone marrow 
mightt resolve this intriguing issue, but such studies have been unsuccessful to 
date. . 
AA major limitation of the current study is that we do not yet have data about the 
phenotypee of the mice after bone marrow transplantation. In patients FVIII levels 
beloww 1% are characteristic for severe hemophilia, whereas FVIII levels above 
5%5% are characteristic for a mild form of hemophilia with less clinical signs.31 The 
observedd plasma FVIH activity levels of on average about 4% might thus be 
clinicallyy relevant. Whether conventional techniques, such as tail bleeding time, 
turnn out to be sensitive enough to detect phenotypic improvement after 
transplantationn remains questionable. However, Sarkar et al. described the 
partiall  correction of the hemophilia A phenotype in 65% of hemophilic mice 
havingg approximately 7 % FVIH activity after administration of an adeno-
associatedd virus vector containing murine FVIII . If conventional techniques prove 
too be insensitive, macroscopic analysis of transplanted mice might be an attractive 
alternative. . 
Inn conclusion, we demonstrated that transplantation of wildtype bone marrow into 
hemophiliaa A mice partly restores FVIH plasma levels. However, the source of 
plasmaa FVIII remains indefinable, as after transplantation the presence of FVIII 
mRNAA was not limited to hematopoietic cells. 
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Thee interaction between blood coagulation and inflammation as part of the innate 
hostt defense mechanism is becoming more and more apparent. In particular in the 
fieldd of infectious disease there has been increasing interest in this subject, since 
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 best established. Coagulation-induced 
inflammationn has only recently gained extensive attention and inhibition of 
coagulationn during gram-negative sepsis might be an important target for 
therapeuticc interventions. In chapter  1, an overview of the current knowledge 
concerningg coagulation-induced inflammation is given. Recently it has become 
evidentt that beyond the role of coagulation factors in haemostasis, their role in 
intracellularr signaling cascades might be of major importance for coagulation-
inducedd inflammation. Unfortunately, in an experimental setting it is impossible 
too discriminate 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 
wellwell characterized regarding their anti-coagulant properties but whether they 
inhibitt (for instance) intracellular signaling of the targeted proteins remains 
unclearr for most of the inhibitors. As an alternative approach numerous transgenic 
andd knockout mice are now available. Especially knockout mice may yield 
importantt insight into the role of individual coagulation factors in inflammation. 
Thee advantage of knockout mice over inhibitors lies in the fact that these mice 
completelyy lack a single protein and therefore there wil l be no uncertainty about 
whichwhich functions of the protein are inhibited. 
Thee major objective of the studies described in this thesis was to study the 
interactionn between coagulation and inflammation in more detail using (knockout) 
mice.. To this end, 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 
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 
intravascularr coagulation (DIC), as both a contributor to multiple organ failure as 
welll  as a symptom of severe underlying disease associated with systemic vascular 
changes,, is provided, based on both published literature and unpublished data of 
ourr research group. In this chapter it is also hypothesized that hypoxia (lowered 
levelss of oxygen) might be involved in DIC, thereby explaining why exposure of 
micee to hypoxia might be a suitable model system to study coagulation-induced 
inflammationn in the absence of infectious agents. 
Inn chapter  3-5 the effects of alterations in coagulant properties during either 
endotoxemiaa or septic peritonitis in mice have been studied. The role of the 
initiatorr of coagulation, tissue factor (TF), in infectious disease has been 
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investigatedd using several tools like knockout mice and inhibitors. In chapter  3 
thee role of blood-borne TF in endotoxemia is described. Mice that lack TF on 
theirr blood cells have been generated by bone marrow transplantation using TF 
knockoutt embryonic liver cells as donor material. These hematopoietic cell-
specificc TF knockouts react less to endotoxemia as visualized by improved 
clinicall  symptoms, less cytokine production and less coagulation activation upon 
endotoxinn administration when compared to wildtype littermates. The effect of TF 
haploinsufficiencyy during endotoxemia has been studied both in vitro and in vivo 
andd is described in chapter  4. In vitro stimulation of heterozygous TF blood cells 
resultedd in lower IL-6 and KC levels than stimulation of wildtype blood cells, 
therebyy suggesting a role for TF in endotoxin-induced IL-6 and KC production. 
However,, injection of heterozygous TF deficient mice with endotoxin did not 
resultt in differences between heterozygous TF deficient mice and wildtype mice. 
Moree in-depth analysis of coagulation activation in these heterozygous mice 
showedd endotoxin-induced differential upregulation of TF levels to levels found 
inn wildtype mice. In chapter  5 we investigated whether TF's procoagulant 
functionn or its signaling properties are involved in the outcome of septic 
peritonitis.. To this end NAPc2, an inhibitor of TF/FVIIa induced coagulation that 
doess not inhibit TF's signaling properties, has been used. rNAPc2 strongly 
attenuatedd the procoagulant response caused by peritonitis, but did not influence 
thee inflammatory response. Moreover, rNAPc2 did not alter bacterial outgrowth, 
andd survival was not different in rNAPc2 treated and control mice, evidently 
implicatingg that TF induced coagulation is not involved in host-defense against 
E.coli,E.coli, suggesting an important role of TF's intracellular capacity. 
Inn chapter  6 the role of the coagulation system itself during inflammation was 
investigatedd by determining whether hemophilia or thrombophilia determine host 
defensee during septic peritonitis. Hemophilic FVIII deficient mice showed 
slightlyy reduced coagulation activation, bacterial outgrowth and disseminated 
inflammation.. Upon induction of peritonitis, prothrombotic FVLeiden mice 
showedd increased coagulation activation and an impaired host-defense. However, 
likee FVIII deficiency, FVLeiden did not influence sepsis-induced mortality. These 
dataa demonstrate that inherited tendencies to bleeding or thrombosis modify host-
defensee during septic peritonitis, but are of no importance for the final outcome of 
sepsis. . 

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). As expected, exposure of 
micee to 8% oxygen led to coagulation activation and altered cytokine profiles. 
However,, in these experiments coagulation activation took place in the 
circulation,, whereas cytokine production was observed locally in several tissues. 
Ass described in chapter 3-6, coagulation activation and inflammation during 
endotoxemiaa or peritonitis take both place in the circulation as well as in tissues. 
Thee locally altered cytokine profile remained for at least 10 days after cessation of 
hypoxia. . 
Thee results obtained in chapter 7 made us doubt the bioactivity of the cytokines 
producedd during hypoxia. Tissue cytokines play an important role in the 
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pathogenesiss of Pseudomonas aeruginosa pneumonia and therefore we 
investigatedd as described in chapter  8 whether a hypoxic period influences host 
defensee during Pseudomonas aeruginosa pneumonia. Inoculation with P. 
aeruginosaaeruginosa resulted in lower bacterial outgrowth from lung tissues in hypoxic 
micee than in mice that were held in normal oxygen tensions before instillation of 
bacteria,, indicating that a preceding hypoxic episode boosts host defense during 
P.P. aeruginosa pneumonia, most likely via local induction of bioactive cytokine 
levelss in the lung. 
Finally,, in chapter  9 we tried to answer an important question regarding factor 
Vull  synthesis. FVÜI is mainly produced in the liver, however, FVffl mRNA has 
alsoo been found in blood cells. We investigated whether blood cells are also 
capablee of producing factor VIII . Therefore, bone marrow transplantations in 
FVIII-deficientt mice using hematopoietic stem cells from wildtype mice were 
performed.. After bone marrow transplantation, FVIII deficient mice showed low, 
butt detectable plasma FVIII levels. The source of plasma FVIII remains difficult 
too define, however, as after transplantation the presence of FVIII mRNA was not 
limitedd to hematopoietic cells, most likely results due to stem cell plasticity. 
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Dee wisselwerking tussen bloedstolling en ontsteking als deel van het aangeboren 
afweersysteemm wordt steeds duidelijker. Met name op het gebied van de 
infectieziektenn is er veel belangstelling voor deze relatie, omdat belangrijke 
complicatiess van sepsis (b.v. diffuse intravasale stolling (DIS) en "multiple organ 
failure")) sterk beïnvloed lijken te worden door buitensporige verstoringen in de 
balansbalans tussen stollingsfactoren en hun remmers. Stolsels gevormd tijdens deze 
complicatiess worden vaak vergezeld door massale ontsteking. De interactie tussen 
stollingg en ontsteking is een twee-richting proces, waarvan ontsteking-
geïnduceerdee stolling het best beschreven is. Stolling-geïnduceerde ontsteking 
staatt pas relatief kort in de belangstelling en remming van de ontsteking tijdens 
gram-negatievee sepsis zou een belangrijk doelwit kunnen zijn voor potentiële 
therapieën.. In hoofdstuk 1 wordt een overzicht gegeven van de huidige kennis 
vann stolling-geïnduceerde ontsteking. Recentelijk is duidelijk geworden dat 
stollingsfactorenn behalve een rol in hemostase ook een belangrijke rol spelen in 
ontstekingsprocessen,, mogelijk via hun rol in intra-cellulaire signaaltransductie 
cascades.. Helaas is het onmogelijk om de stollingsafhankelijke en -onaf-
hankelijkee eigenschappen van individuele stollingsfactoren te onderscheiden. 
Idealiter,, om stolling-geïnduceerde onsteking te bestuderen, zijn remmers nodig 
diee slechts één individuele stollingsfactor remmen en belangrijker nog is het om te 
wetenn welke invloed een remmer heeft op de stollings-eigenschappen én op de 
inflammatoiree eigenschappen. De momenteel beschikbare remmers zijn goed 
gekarakteriseerdd wat betreft hun stollingsremmende eigenschappen, maar voor de 
meestee remmers is het onduidelijk of zij ook de signaaltransductie-eigenschappen 
remmen.. Als een alternatieve benadering kan gebruik gemaakt worden van 
transgenee en knockout muizen. Met name knockout muizen zouden mogelijk 
belangrijkee informatie over de rol van individuele stollingsfactoren in 
ontstekingsprocessenn kunnen geven. Het voordeel van knockout muizen boven 
remmerss ligt in het feit dat deze muizen één stollingsfactor volledig missen en 
daaromm zal er geen twijfel zijn over welke functies van dat eiwit geremd zijn. 
Hett voornaamste doel van de studies die beschreven staan in dit proefschrift was 
hett met behulp van knockout muizen nader bestuderen van de relatie tussen 
stollingg en ontsteking. Om deze relatie te bestuderen is gebruik gemaakt van 
modelsystemenn voor infectieziekten in de muis zoals peritonitis en 
endotoxinemie.. Als een mogelijk model om de relatie tussen stolling en 
ontstekingg te bestuderen zonder gebruik te maken van infectieuze middelen 
hebbenn wij naar hypoxie gekeken. 
Inn hoofdstuk 2 wordt een kort, zowel op literatuur als op ongepubliceerde 
gegevenss van onze onderzoeksgroep gebaseerd, overzicht gegeven van de 
tweeledigee eigenschappen van diffuse intravasale stolling (DIS) zowel bij 
multiplee orgaanfalen als bij ernstige onderliggende ziekten die geassocieerd zijn 
mett veranderingen in de bloedstolling. In dit hoofdstuk wordt ook beschreven 
waaromm hypoxie (verlaagde zuurstofniveaus) een rol zou kunnen spelen bij DIS, 
enn dus waarom blootstelling van muizen aan hypoxie een geschikt modelsysteem 
zouu kunnen zijn om stolling-geïnduceerde ontsteking te bestuderen zonder 
gebruikk te maken van infectieuze middelen. 
Inn hoofstuk 3-5 hebben wij de effecten van veranderde stollingseigenschappen 
bestudeerdbestudeerd tijdens peritonitis of endotoxinemie bij muizen. De rol van de intiator 
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vann de stolling, tissue factor (TF), tijdens infectieziekten is bestudeerd met behulp 
vann zowel knockout muizen als een remmer. In hoofdstuk 3 is de rol van 
circulerendd TF tijdens endotoxinemie bestudeerd. Muizen die geen TF op hun 
bloedcellenn hebben zijn "gemaakt" met behulp van beenmergtransplantaties met 
TFF knockout embryonale levercellen als donor materiaal. Deze bloed-cel-
specifiekee TF knockout muizen reageren minder op endotoxinemie dan hun 
wildtypee broertjes en zusjes, zoals bleek uit minder klinische symptomen, lagere 
cytokinee niveaus en minder stollingsactivatie. Het effect van TF 
haploinsufficientiee tijdens endotoxinemie hebben wij zowel in vitro als in vivo 
bestudeerdd en staat beschreven in hoofdstuk 4. In vitro stimulatie van 
heterozygotee TF bloedcellen leidt tot lagere IL-6 en KC waarden dan stimulatie 
vann wildtype bloedcellen, hetgeen suggereert dat TF een rol speelt bij de 
endotoxine-geïnduceerdee productie van IL-6 en KC. Injectie van endotoxine in 
heterozygoott TF deficiënte muizen leidde echter niet tot een verschil tussen 
heterozygoott TF deficiënte muizen en wildtype muizen. Nadere analyse van de 
stollingsactivatiee in deze muizen toonde aan dat endotoxine toediening leidde tot 
differentiëlee toename van TF niveaus in heterozygoot TF deficiënte muizen tot 
hett niveau dat in de wildtype muizen werd aangetroffen. In hoofdstuk 5 hebben 
wijj  bekeken of TF via zijn procoagulante activiteit of via zijn signaaltransductie 
eigenschappenn een rol speelt bij peritonitis. Om deze vraag te beantwoorden is 
rNAPc2,, een TF remmer die wel de stolling maar niet de ontsteking remt, 
gebruikt.. rNAPc2 verminderde de peritonitis-geïnduceerd stolling, maar had geen 
invloedd op de ontsteking. Bovendien beïnvloedde rNAPc2 de bacteriële uitgroei 
enn de overleving niet, hetgeen suggereert dat niet de stollingseigenschappen van 
TFF maar de signaaltranductie eigenschappen van belang zijn tijdens peritonitis. 
Inn hoofdstuk 6 is de rol van het stollingsysteem zelf tijdens ontsteking 
onderzochtt door na te gaan of hemofilie of trombofilie de functie van het 
afweersysteemm tijdens peritonitis beïnvloeden. Hemofiele FVIII deficiënte muizen 
toondenn licht verminderde stollingsactivatie, bacteriële uitgroei en diffuse 
ontsteking.. Protrombotische FVLeiden muizen toonden verhoogde stollings-
activatiee en een verzwakt afweersysteem. Overleving was echter zowel in de 
FVHII  als in de FVL muizen onveranderd. Deze gegevens tonen aan dat 
aangeborenn verstoringen van het stollingssysteem het afweersysteem in enige 
matee beïnvloeden, maar niet van belang zijn voor de overleving tijdens peritonitis. 
Omm na te gaan of hypoxie een geschikt modelsysteem is om de relatie tussen 
stollingg en ontsteking te bestuderen zonder gebruik te maken van infectieuze 
middelenn hebben we stollingsactivatie en ontsteking in de tijd gevolgd tijdens 
blootstellingg van muizen aan verlaagde zuurstofniveaus (hoofdstuk 7). Zoals 
verwachtt leidde blootstelling van muizen aan 8% 02 tot stollingsactivatie en 
veranderdee cytokine profielen. Stollingsactivatie vond echter plaats in de bloeds-
omloopp terwijl cytokine productie werd aangetroffen in de weefsels zelf. Zoals 
beschrevenn in hoofdstuk 3-6 vindt tijdens endotoxinemie en peritonitis zowel 
stollingsactivatiee als cytokine productie plaats in de bloedsomloop en in verschil-
lendee organen. Lokaal veranderde cytokine profielen bleven tot tenminste 10 
dagenn na hernieuwde blootstelling aan normale zuurstofniveaus afwijkend. 
Dee resultaten beschreven in hoofdstuk 7 brachten ons aan het twijfelen over de 
bio-activiteitt van de tijdens hypoxie geproduceerde cytokines. Omdat weefsel 
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cytokiness een belangrijke rol in de pathogenese van Pseudomonas aeruginosa 
pneumoniee spelen hebben wij onderzocht of blootstelling aan hypoxie de afweer 
tijdenss P. aeruginosa infectie beïnvloedt (hoofdstuk 8). Besmetting met P. 
aeruginosaaeruginosa resulteerde in lagere bacteriêle uitgroei in longweefsel van muizen die 
warenn blootsgesteld aan hypoxie dan in longweefsel van normoxische muizen. Dit 
betekentt dat voorafgaande blootstelling aan hypoxie de afweer tegen P. 
aeruginosaaeruginosa versterkt, waarschijnlijk als gevolg van lokale productie van 
bioactievee cytokines in de long. 
Inn hoofdstuk 9 tenslotte, hebben we geprobeerd een belangrijke vraag met 
betrekkingg tot factor VII I productie te beantwoorden. FVIII wordt met name 
geproduceerdd in de lever, maar FVIII mRNA is ook aangetroffen in bloedcellen. 
Wijj  hebben onderzocht of bloedcellen FVIII kunnen produceren. Daartoe hebben 
FVII II  deficiënte muizen beenmergtransplantaties ondergaan met hematopoietisch 
stamcellenn van wildtype broertjes als donormateriaal. Getransplanteerde FVIII 
deficiëntee muizen hadden lage, maar meetbare FVIII niveaus in plasma. Helaas 
wass het onmogelijk om aan te geven waar dit FVIII geproduceerd werd, 
aangezienn na transplantatie FVIII mRNA niet alleen in hematopoietische cellen 
werdd aangetroffen, maar ook in hart en nier, mogelijk als gevolg van 
stamcelplasticiteit. . 
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Enn dan is nu het moment aangebroken waar ik erg tegenop heb gezien. Hoe de 
mensenn te bedanken die mij de afgelopen jaar geholpen en gesteund hebben bij 
hett werk dat uiteindelijk tot dit boekje heeft geleid? Hoewel ik meerdere keren 
hebb gesuggereerd dat ik het slechts bij een welgemeend "bedankt iedereen die mij 
geholpenn en gesteund heeft" zou laten, wil ik op deze plaats toch graag een aantal 
mensenn bij naam noemen, zonder anderen daarbij tekort te willen doen, en in de 
hoopp niemand te vergeten, die ik achteraf gezien wel had willen vermelden. 

Allereerstt mijn promoter en co-promoter, Pieter Reitsma en Arnold Spek. Pieter, 
dankk voor de mogelijkheid die je me bood om aan dit proefschrift te werken en 
voorr je hulp bij de verschillende stadia van de totstandkoming ervan, maar vooral 
voorr je zeer snelle, doch kritische correcties van de manuscripten en voor de 
figuurlijkee schop onder mijn kont op zijn tijd. 
Arnold,, dank voor je vele hulp en steun bij het bedenken, uitvoeren, opschrijven 
enn gefrustreerd zijn over afwijzingen van artikelen. Ik heb veel van je geleerd en 
kijkk met plezier terug op de vaak wat oeverloze discussies over ons onderzoek en 
dee wetenschap in bredere zin in o.a de koffiekamer en op de gang. 

All ee leden van de commissie bedankt voor het doorworstelen van mijn 
proefschrift. . 

All ee co-auteurs die bij de afzonderlijke hoofdstukken genoemd worden. Hartelijk 
dankk voor het meewerken aan en julli e kritische opmerkingen op eerdere versies 
vann de betreffende hoofdstukken. 

Dee meiden met wie ik op F4 een "hok" heb gedeeld: Willeke, Dirkje, Hanneke, 
Janneke,, Dalia. Het was vaak warm en krap en zeker niet altijd productief met 
zijnn vieren in een te kleine ruimte, maar ik vond het zeker erg gezellig met jullie. 

Dee rest van de AIO's in de groep van Pieter: Lois, Sjoukje, Hjalmar, Martijn, 
Maarten,, Benien en Jeroen. Dank voor julli e hulp, steun, maar vooral ook 
gezelligheid. . 

Dee analisten, de computermannen, de biotechnici en de beheerders van het 
secretariaat:: Hella, Angelique, Esther, Belia, Monique, Jennie, Inge P., Inge H., 
Anita,, Mieke, Floor, Regina, Dennis, Andre, Aad, Piet, Pascal, Joost, Ingvild, 
Adrie,, Paulien, Patricia R, Patricia G, Heleen, Suzanne. Hoewel julli e me 
allemaall  op zeer uiteenlopende manieren geholpen hebben, zou de tot 
standkomingg van dit proefschrift zonder julli e hulp en zeker ook zonder de 
gezelligee koffiepauzes en lunch-pauzes een heel stuk lastiger zijn geweest. 

Verderr natuurlijk de huidige en voormalige bewoners van het lab op G2:, die op 
eenn of andere manier hebben bijgedragen, het zij met een handig lab-advies, een 
zoektochtt naar alweer iets kwijtgeraakts, een gezellig praatje of als praatpaal voor 
lab-frustraties:: Nico, Judith, Bas, Sylvia K., Cathrien, Koen, Michiel, Marieke, 
Roos,, David, Jaklien, Anita, Petra, Miguel, Ilona, Marjolein, Mark D., Mare, 
Alex,, Tom v.d.P., Maikel, Henri V., Sander, Carina, Jantine, Sylvia B., Inge H., 

144 4 



Dankwoord d 

Tomm 'O T., Francesca, Ludmilla, Jurriaan, Klaartje, Agnieszka, Zuzanna, Carmen, 
Gijs,, Bernt, James, Wouter, Rene, OUe, Olaf, Bibi, Anje, Henri B., Jan, Mark L., 
Arko,, Matthijs, Janine, Rendrik, etc. 

Dee mensen van Vasculaire Geneeskunde op Gl en F4. Bedankt voor de 
kletspraatjess en de nog niet vergeten avonden in de Zotte. Met name Joost, Willy , 
Marjan,, Hanny en Kamran bedankt voor julli e hulp bij en discussie over 
stolbepalingen. . 

Dee (voormalige) medewerkers van het GDIA/ARIA die alle muizen hebben 
verzorgdd en hebben geholpen bij de muizenproeven: Kor, Anton, Bert, Marieke, 
Gertjan,, en vele anderen. 

Hanss dank voor je hulp bij het bestralen. 

Uiteraardd mijn vrienden buiten het lab. Voor julli e moet het er regelmatig op 
hebbenn geleken dat ik geen leven buiten het lab wilde leiden. Beste Bart, 
Annelies,, Edwin, Caroline, Peter-Bram, Caroline, Bas, Kars, Lothar, Sjoerd, 
Johan,, Jan, Monique, Mirjam, Jorgen, Vincent, Barbara, Edith, Raymond, ik hoop 
vanaff  nu weer meer tijd voor julli e te maken en vaker in de Saloon te komen, 
ergenss met julli e te gaan eten of weer eens naar b.v Parijs te gaan. 

Angeliquee en Annelies ik vind het een grote eer en erg leuk dat julli e mijn 
paranimfenn willen zijn! 

Tenslottee wil ik mijn (schoon)familie bedanken voor alle door julli e getoonde 
interesse.. Pa en ma, dit is het moment waarop ik het eindelijk eens kan 
opschrijven:: hartelijk dank voor julli e voortdurende interesse en steun in mijn 
studiee en werk. Erik en Suzan, Agnelet, Erik, en Julian, Koos en Rie: dank voor 
julli ee interesse en het mij er aan helpen denken dat er meer is in het leven dan 
onderzoekk doen. 
Niels,, je staat dan wel op het einde van dit dankwoord, maar eigenlijk sta je met 
stipp bovenaan! Zonder jouw steun, relativeringsvermogen en begrip zou onze 
relatiee geen stand hebben gehouden, maar ook dit boekje er niet op dit moment en 
mogelijkk nooit geweest zijn. 
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Saskiaa Helena Hubertina Ferdinanda Schoenmakers werd geboren op 17 maart 
19744 in Heerlen. Haar jeugd bracht zij grotendeels door in Landgraaf. Het 
gymnasiumdiplomaa behaalde zij in 1992 aan het Bernardinuscollege in Heerlen. 
Inn datzelfde jaar begon zij haar studie scheikunde aan de Faculteit der Exacte 
wetenschappenn van de Vrije Universiteit in Amsterdam. Haar hoofdvakstage liep 
zijj  bij de werkgroep "Computational Medicinal Chemistry" van de vakgroep 
Farmacochemie.. Tijdens deze stage ontwikkelde zij onder supervisie van Dr. 
P.HJ.. Nederkoorn een 3D-antagonist model voor de Cyst LTrreceptor. 
Vervolgenss liep zij onder supervisie van Dr. W. Kuipers een extra-curriculaire 
stagee bij de "Computer Assisted Molecular Design" groep van Solvay Duphar in 
Weesp.. Als bijvakstage deed zij onder supervisie van Dr. H.P. Voss bij de 
vakgroepp Moleculaire Farmacologie onderzoek naar farmacologische modificatie 
vann leukocyte rolling. Daartoe maakte zij gebruik van intravitaal microscopie in 
muizenoren.. Na het behalen van het doctoraalexamen Farmacochemie begon zij 
inn 1999 als assistent in opleiding bij het Laboratorium voor Experimentele 
Inwendigee Geneeskunde van het Academisch Medisch Centrum in Amsterdam 
onderr supervisie van Prof.dr. P.H. Reitsma en Dr. CA. Spek. Het onderzoek dat 
werdd uitgevoerd is beschreven in dit proefschrift en had als doel bloedstolling-
geinduceerdee ontstekingsprocessen nader te bestuderen. Aan het eind van deze 
periodee bracht zij een halfjaar door in het Center for Hemostasis, Thrombosis and 
Vascularr Biology, Beth Israel Deaconess Medical Center and Harvard Medical 
School,, Boston, USA, waar zij onder supervisie van Prof.dr. B.C. Furie en 
Prof.dr.. B. Furie met behulp van intravitaal miscropie in een muismodel 
onderzoekk deed naar in vivo imaging van arteriole trombose. 
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Stellingenn behorende bij  het proefschrift 
"Studiess on coagulation-induced inflammation in mice" 

1.. Signaaltransductie door het tissue factor/factor Vila complex is belangrijker tijdens 
peritonitiss en endotoxinemie dan de procoagulante activiteit van dit complex, (dit 
proefschrift) ) 

2.. LPS signaling is mede afhankelijk van tissue factor, (dit proefschrift) 

3.. In het licht van de dure, risicovolle en beperkte behandelingsmogelijkheden bij 
hemofiliee A, verdient de mogelijkheid van beenmergtransplantatie als potentiële 
therapiee nader onderzoek, (dit proefschrift) 

4.. Blootstelling van muizen aan hypoxie is geen goed modelsysteem voor de 
bestuderingg van de relatie tussen bloedstolling en inflammatie. (dit proefschrift) 

5.. Het streven naar 100% oxygenatie van het bloed is vanuit de afweer bezien wellicht 
niett altijd de optimale behandeling, (dit proefschrift) 

6.. Hoewel de verlaagde zuurstofspanning tijdens vliegen mogelijk de kans op het 
ontstaann van veneuze trombose vergroot, reduceert de verlaagde zuurstofspanning 
wellichtt de kans op en de ernst van bacteriële (luchtweg)-infecties opgelopen tijdens 
eenn vliegreis. (Bendz, Lancet (2000) 356: 1657-1658 en dit proefschrift) 

7.. De onderverdeling in "biologische" en overige voedingsmiddelen doet zowel de 
biologischee als de chemische aspecten van voedingsmiddelen tekort. 

8.. Het zelf in elkaar schroeven van computers is eenn nog betere leermeester in frustratie-
tolerantiee dan het verrichten van promotie-onderzoek. 

9.. De waarde die gehecht wordt aan een post-doc schap in het buitenland verraadt het 
zelfbeeldd van de Nederlandse wetenschapper als docent en miskent de kwaliteit van 
hett Nederlandse onderzoek. 

10.. The populace must think their ruler is a greater man than they, else why should they 
followw him? (Duke Paulus Artreides in B. Herbert and K.J. Anderson, Prelude to 
Dune,, House Atreides) 

Saskiaa Schoenmakers 299 april 2004 
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