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 THE EFFECT OF INFLAMMATION ON COAGuLATION AND VICE VERSA 

Purpose of review 

In infection, inflammation is frequently accompanied by a disturbance of the normal hemo-

static balance provided by procoagulant and anticoagulant mechanisms. This review sum-

marizes recently acquired knowledge on the bimodal interactions between coagulation and 

inflammation in infection. 

Recent findings 

Infection elicits inflammation-induced coagulation via tissue factor. A net procoagulant state 

is further produced by impaired functioning of anticoagulant mechanisms among which is 

the protein C system. Protease activated receptors (PARs) form the molecular link between 

coagulation and inflammation. PAR1 mediates both detrimental (induced by thrombin) and 

protective (induced by activated protein C) cellular effects. Activated protein C protects 

against mortality in experimental endotoxemia and sepsis by effects that rely on PAR1, not on 

the anticoagulant properties of this protein. 

Summary 

Recent data provide new insights into how inflammation impacts on coagulation and vice 

versa, identifying crucial roles for PARs. This knowledge may assist in designing novel inter-

ventions targeted at the perpetuation of inflammation by mediators traditionally implicated 

in coagulation. 

Introduction 

Infection is associated with activation of inflammatory and procoagulant mechanisms. In re-

cent years it has become apparent that tight and reciprocal interactions exist between coagula-

tion and inflammation. Originally, much attention was given to mechanisms by which 

inflammatory mediators, most notably cytokines, can activate coagulation. More recent in-

vestigations have revealed that, in turn, mediators involved in the regula tion of coagulation 

and anticoagulation have major effects on inflammatory processes. In this review we focus on 

new developments in the interaction between inflam mation and coagulation during 

infection. 

Impact of inflammation on the coagulation system 

The inflammatory response triggered by infection results in a net procoagulant effect by con-

current activation of coagulation (driven by tissue factor mediated thrombin generation) and 

impairment of anticoagulant mechan isms (most notably the protein C system). 

Inflammation-induced coagulation activation: the role of tissue factor 

Inflammation elicits coagulation primarily by activating the tissue factor pathway1. Tissue 

factor is a trans membrane glycoprotein expressed by various extra vascular cells, including 

adventitial fibroblasts and vas cular smooth muscle cells. Coagulation is initiated when circu-

lating blood comes into contact with these tissue factor bearing cells (such as after vascular 

damage) and/or when tissue factor expression is induced on the surface of mononuclear cells 

and endo thelial cells upon stimulation by bacterial products or proinflammatory cytokines. 

Apart from this action in its traditional cell-associated form, tissue factor antigen and activity 

have also been detected in cell free plasma1. Circulating tissue factor resides in microparticles 

that can be shed from leukocytes, endothelial cells, vascular smooth muscle cells and platelets. 

Microparticles can transfer tissue factor to cells that do not generate this procoagulant protein 

them selves, such as granulocytes2, and have been impli cated in activation of both coagulation 

and inflammation in sepsis3. 

Tissue factor binds and activates clotting factor VII, which via factor X results in the generation 

of thrombin and fibrin. The pivotal role of tissue factor in activation of coagulation during a 

systemic inflammatory response syndrome, such as produced by endotoxemia or severe sepsis, 

has been established by many different experi ments. In particular, a number of different 

strategies that prevent the activation of the tissue factor/factor VIIa pathway in endotoxemic 

humans and chimpanzees and in bacteremic baboons abrogated the activation of the com-

mon pathway of coagulation4. In accordance, mice with an almost complete absence of tissue 

factor had reduced coagulation, inflammation and mortality relative to control mice upon 

administration of high-dose endo toxin5. Recent evidence indicates that myeloid cells, most 

likely monocytes, are the predominant cellular source of tissue factor in mice exposed to endo-

toxin; deletion of the tissue factor gene in vascular endothelium or smooth muscle cells did 

not influence coagulation activation in these animals6•. Nonetheless, selective inhibition of 

tissue factor in nonhematopoietic cells reduced coagulation activation by approximately 

50%, indicating a role of an unidentified cell type in this compartment6•. 

A very recent investigation has pointed to an important role for neutrophils in localizing acti-

vation of coagulation to small vessels and prevention of pathogen dissemina tion during infec-

tion7•. Specifically, elastase released by neutrophils at the site of infection degrades tissue factor 

pathway inhibitor, the main inhibitor of tissue factor, resulting in enhanced local coagulation. 

Infusion of a mutant tissue factor pathway inhibitor protein resist ant to proteolysis by elastase 

strongly impaired host defense against systemic infection7•. 

Inflammation-induced coagulation: the role of complement 

Whereas the role of proinflammatory cytokines in the induction of coagulation has long been 

recognized1, more recent studies indicate that complement products can enhance coagulation 

activation during infection8. In vitro C5a and the terminal complex of complement, C5b-9, 

induce tissue factor expression on endothelial cells and monocytes. C4b-binding protein, a 

regulator of the classical pathway of complement activation, also modulates the anticoagulant 
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effects of the protein S co-factor for protein C. In vivo, treatment of baboons with C4b-binding 

protein, thereby reducing the bio availability of protein S, converted a sublethal model of sepsis 

into lethal disease9, whereas anti-C5a treat ment attenuated sepsis-induced coagulation activa-

tion in polymicrobial sepsis in rats10. Intravenous admin istration of compstatin, which pre-

vents activation of C3, reduced systemic coagulation, shock and organ failure11. 

Impairment of anticoagulant mechanisms: the role of the protein C system 

Procoagulant activity is regulated by three important anticoagulant pathways: antithrombin, 

tissue factor path way inhibitor and the protein C system. During severe infection the function 

of all of these pathways is impaired1. We here discuss one of these pathways, the protein C 

system, considering the large body of new data that has appeared during the past few years. 

Antithrombin and tissue factor pathway inhibitor have been the subject of recent reviews4,12,13. 

The protein C system provides important control of coagulation by virtue of the capacity of 

activated protein C (APC) to proteolytically inactivate the coagulation cofactors Va and VIIIa. 

APC is a serine protease generated from its zymogen protein C when thrombin binds to 

thrombomodulin, a receptor present on the vascular endothelium. The activation of protein 

C to APC by thrombomodulin-bound thrombin is augmented by the presence of the endothe-

lial protein C receptor (EPCR). During sepsis the protein C system is impaired as a result of de-

creased production of protein C by the liver, increased consumption of protein C, a stressed 

vitamin K homeostasis and decreased activation of protein C by reduced expression of 

thrombomodulin on endothelial cells, a direct consequence of proinflam matory cytokines 

such as tumor necrosis factor (TNF)-α4. Many studies have supported the anticoagulant po-

tency of the protein C system in vivo (for a recent review see14). Most notably, infusion of APC 

into septic baboons prevented hypercoagulability and death, whereas inhibition of protein C 

activation exacerbated the response to Escherichia coli and converted a sublethal model into a 

lethal disseminated intravascular coagu lation-associated model15. Moreover, treatment of ba-

boons with an anti-EPCR monoclonal antibody was also associated with an exacerbation of a 

sublethal Escher ichia coli infection to lethal sepsis with massive coagu lation activation16. 

Impact of coagulation on inflammation 

The host responds to infection by mounting a so-called innate immune response, which is 

aimed to destroy the invading pathogen. Coagulation products produced as a direct conse-

quence of the inflammation accompanying the innate immune response perpetuate and 

strengthen inflammatory reactions. This bimodal interaction between inflammation and co-

agulation can have major adverse effects on normal tissue homeostasis and – in severe sepsis 

– is likely to significantly contribute to organ damage and death. Protease-activated receptors 

(PARs) form the crucial link between coagulation and inflammation17,18. 

Cross-talk between coagulation and inflammation: protease-activated receptors 

Protease-activated receptors have been identified as important mediators of cellular responses 

especially in the context of a combined inflammatory and procoagulant response. PARs can be 

activated by various serine pro teases. The mechanism by which serine proteases signal via 

PARs involves the cleavage of the N-terminal part of the receptor to expose a new previously 

cryptic sequence. The exposed sequence remains tethered to the receptor, acting as a receptor-

activating ligand. Some proteases can cleave PARs downstream of this tethered ligand se-

quence, making further proteolytic activation of PARs impossible and resulting in receptor 

inactivation. As such, proteases can regulate PAR signaling by activation or inactivation. In 

total four PARs (1 to 4) have been identified, each of which can be activated by several proteases. 

Thrombin is an essential player in PAR acti vation as this enzyme can activate PAR1, 3 and 4; 

these receptors can also be activated by plasmin, trypsin or cathepsin-G. PAR2 is resistant to 

thrombin but can be activated by trypsin, mast cell tryptase, leukocyte proteinase-3 and a 

number of bacteria-derived enzymes. Tissue factor can induce cell signaling via PAR1 or PAR2; 

APC can exert cellular effects via PAR1. Currently, PAR3 is viewed as an accessory receptor for 

PAR1 or PAR4. 

Protease-activated receptors, thrombin and activated protein C 

Activated protein C, apart from being an important anti coagulant, can transmit anti-

inflammatory, antiapoptotic and vasculoprotective signals in endothelial cells via PAR1 when 

it remains attached to EPCR14. Despite the fact that APC and thrombin can both cleave and 

activate PAR1, APC produces cellular responses in vas cular endothelium that are distinct from 

thrombin signal ing. The unique signaling specificity of APC is incom pletely understood; 

contributing factors include the inability of EPCR/APC-cleaved PAR1 to cross-activate PAR219, 

localization of EPCR/APC signaling to caveo lae resulting in PAR1 desensitization20• and ligand 

occupancy of EPCR leading to EPCR/caveolin dis sociation and a broad switch of PAR1 signal-

ing specificity21. The distinct cellular effects of APC and thrombin are especially striking with 

regard to endothelial barrier function. APC potently inhibits thrombin-induced vas cular hy-

per-permeability by a mechanism dependent on trans-activation of the sphingosine 1 phos-

phate (S1P) receptor 1 (S1P1)22, whereas thrombin induces vas cular hyper-permeability 

dependent on another S1P receptor, S1P323 (Fig. 1). 

The concept of differential S1P receptor coupling by thrombin and APC via PAR1 has been 

corroborated by a series of elegant studies in genetically modified mice24••. By using animals 

with strongly reduced EPCR expression or PAR1 deficiency, loss of EPCR/APC sig naling via 

PAR1 was shown to result in increased vascular leakage and lethality in a normally nonlethal 

model of endotoxemia. Notably, whereas inhibition of endogenous APC increased endotoxin-

induced lethality, antibody mediated disruption of the APC pathway in mice lacking the S1P3 

receptor merely increased thrombin generation, without impacting on lethality. In accord-

ance, PAR1 deficient mice were also partially protected from the detrimental effects of the 

blocking anti-APC antibody. Together, these findings point to an important link between (in-
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jurious) endothelial cell thrombin/PAR1 sig naling and S1P3 in vivo. Moreover, the complete 

survival of S1P3-deficient mice after efficient APC blockade indicates that anticoagulant ef-

fects of APC are not essen tial for protection against lethality in mice exposed to endotoxin. In 

accordance, studies using APC mutants with selective anticoagulant properties have demon-

strated that inhibition of coagulation does not contribute to the protective effects of recom-

binant APC during endotoxemia and sepsis24••,25. The protective role of S1P1 downstream of 

endothelial PAR1 signaling via EPCR/APC predicts that an S1P1 agonist may show benefit in 

models with defective APC signaling. Indeed, mice with low EPCR expression, PAR1-deficient 

mice and antiprotein C treated wild-type mice were rescued from lethality by therapy with a 

selective agonist of S1P124••. Hence, PAR1 signaling contributes to setting the vascular S1P1/

S1P3 balance in inflammatory disorders, whereby thrombin mediates S1P3 dependent disrup-

tion of the vascular integrity and APC preserves vascular barrier function via S1P1. 

Very recent studies have provided new insights in the cellular targets of APC and the existence 

of APC-induced anti-inflammatory pathways that do not rely on EPCR or PAR126••,27••. The pro-

tection against lethality conferred by recombinant APC administration during otherwise lethal 

endotoxemia was shown to be depen dent on the presence of EPCR and PAR1 in hemato poietic 

cells27••. In accordance with previous studies28, hematopoietic EPCR deficiency failed to increase 

the susceptibility of mice to endotoxin, indicating that endogenous APC does not improve 

survival through this pathway and that the effects of pharmacological doses of recombinant 

APC on immune cells may be distinct from the effects of endogenous APC27••. In addition, fur-

ther investigations indicated that administration of an APC mutant that mediates full cell sig-

naling capacity but only minimal anticoagulant function reduced mortality induced by 

endotoxin via a mechanism that was depen dent on EPCR expressed by dendritic cells27••. 

Indeed, adoptive transfer of dendritic cells purified from either wild-type or EPCR-deficient 

mice into mice with an EPCR-deficient hematopoietic compartment clearly showed that den-

dritic cells were sufficient and EPCR was required to restore the ability of recombinant APC 

therapy to protect the mice from endotoxin-induced death27••. Remarkably, APC suppressed the 

inflam matory response of conventional dendritic cells indepen dent of EPCR27••. Thus, although 

EPCR and PAR1 are required for the protective effects of recombinant APC in lethal endotox-

emia, accessory signaling pathways independent of EPCR and PAR1 likely exist. In another 

very recently published study, APC/PAR1-mediated anti-inflammatory effects on macrophages 

were reported to be dependent on the integrin CD11b/CD18, and not on EPCR26••. In this inves-

tigation APC was shown to bind CD11b/CD18 within lipid rafts on macrophages, which was 

essential for cleavage of PAR1 and S1P1 production and protection against endotoxin-induced 

lethality26••. APC may also interact with another class of integrins on innate immune cells: APC 

directly binds to activated α3ß1, α5ß1, and αVß3 integrins29•. The in-vivo relevance of this interac-

tion was demonstrated in mice, in which wild-type APC, but not a site-specific integrin 

binding-deficient mutant, prevented neutrophil extravasation into the bronchoalveolar 

space29•. Previous studies had already provided evidence for a similar inhibiting effect of recom-

binant APC on neutro phil chemotaxis in humans30. Together these data suggest that protective 

Figure 1 Cell-specific effects of activated protein C and throm bin  Activated protein C (APC) can activate protease ac-

tivated receptor-1 (PAR1) via an interaction with either CD11b/CD18 (on macrophages) or the endothelial protein C receptor 

(EPCR) (on dendritic or endothelial cells). Activation of PAR1 by APC results in anti-inflammatory and cytoprotective effects 

via the sphingosine 1 phosphate (S1P) receptor 1 (S1P1). Thrombin can also activate PAR1, resulting in proinflammatory and 

barrier disruptive effects via S1P3. An additional mechanism by which APC can reduce proinflammatory damage during in-

fection is by inactivation of histones released by dying cells. 
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APC/PAR1 signaling may occur via distinct auxiliary receptors (EPCR on endothelial and den-

dritic cells and CD11b/CD18 on macrophages), that APC can interact with various integrins 

and that not all anti-inflammatory effects of APC are signaled via PAR1. 

Intriguingly, whereas EPCR/APC/PAR1 signaling exerts protective effects after exposure to rela-

tively low endo toxin doses24••, PAR1 may contribute to lethality during severe sepsis31. Whereas 

PAR1-deficient mice initially developed levels of inflammatory markers indis tinguishable 

from wild-type mice, they showed reduced late-stage inflammation as indicated by a reduction 

in proinflammatory cytokine levels 12 h after high-dose endotoxin injection. Reconstitution 

of inflammation in PAR1-deficient mice could be achieved by adoptive transfer of wild-type 

bone marrow or of purified dendritic cells31. In a series of elegant experiments, support was 

provided for the hypothesis that a severe infection starts with a local inflammation resulting 

in systemic release of inflammatory mediators, which may cause vascular dys function. This 

early response also involves a procoagulant response, which is tissue factor-mediated. In this 

early phase coagulation and inflammation do not interact, but later there appears to be a tight 

interaction between coagulation and inflammation, driven by the interaction between 

thrombin and PAR1, and specifically PAR1 expressed by dendritic cells, whereby detrimental 

den dritic cell PAR1 signaling appeared coupled to S1P3. These results suggest a mechanism by 

which dendritic cells play a key role in lymphatic dissemination of coagu lation and 

inflammation in deregulated innate immune responses during ongoing sepsis and 

endotoxemia31. 

The roles of PAR1 and PAR2 in endotoxic shock and polymicrobial sepsis were further studied 

in investigations with cell penetrating peptides (so-called pepducins)32. Using either agonistic 

or antagonistic pepducins targeted at PARs, these studies provided evidence that activation of 

PAR1 may be harmful during the early phases of endotoxemia and sepsis, facilitating dissemi-

nated intravascular coagulation, but may become beneficial at later stages in a PAR2 dependent 

way by a mechanism that involved a time dependent switch in the inflammatory functions of 

endothelial PAR132. 

Activated protein C can influence the detrimental systemic inflammatory response during 

sepsis by one additional mechanism that is different from the pathways described above. 

During sepsis histones are released from dying cells, causing collateral damage of surrounding 

tissues. APC can degrade extracellular histones, which was shown to be an important contrib-

uting factor to the protective effect of APC during endotoxemia33••. 

Conclusion 

Several clinical studies have been performed seeking to influence coagulation in sepsis, focus-

ing on the restor ation of (supra) physiological levels of the natural antic oagulant antithrombin, 

tissue factor pathway inhibitor and APC34. Only recombinant human APC reduced 28-day 

mortality in patients with severe sepsis35; APC was not effective in patients with severe sepsis 

and a low risk of death36. As requested by the European licen sing authorities, the manufacturer 

Eli Lilly is currently conducting another placebo-controlled trial with APC in adult patients 

with severe sepsis. Knowledge on how APC acts on coagulation and in particular inflammation 

has dramatically increased over the past few years, iden tifying a crucial role for PAR1. The fact 

that APC mutants lacking anticoagulant properties but retaining the capacity to activate PAR1 

are still able to protect mice from sepsis induced death warrant future studies with these mu-

tants in patients. Such strategies seem attractive not only because of the accumulating data on 

the mech anisms of action of recombinant APC in sepsis models but also because of the fact 

that these APC mutants do not carry the risk of bleeding complications. 
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