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ABSTRACT 
 

Sepsis is a devastating clinical condition characterized by a systemic 

inflammatory response to infection, with concomitant dysregulated pathological 

thrombus formation. Although sepsis is triggered by the release of 

microorganisms and/or microbial toxins into the circulation, the presence of 

infection itself is rarely the cause of death in these patients. Rather, mortality in 

sepsis is attributed to irreversible organ damage resulting from prolonged, 

uncontrolled activation of inflammatory and coagulation pathways within the 

microcirculation. Despite recent advances in clinical management, treatment 

continues to be largely supportive in nature. As a result, sepsis remains the 

leading cause of morbidity and mortality in non-coronary intensive care units 

with mortality rates ranging from 18-30%. Sepsis-induced mortality is further 

increased following the development of disseminated intravascular coagulation, 

a thrombohemorrhagic state defined by a primary thrombotic and secondary 

hemorrhagic diathesis that may culminate in multi-organ failure. 

Clinical management of patients with sepsis is challenging and largely 

limited to supportive therapies, which is in part related to a limited 

understanding of the underlying pathophysiology. Recently, cell-free DNA 

(CFDNA) has emerged as an important link between innate immunity, 

coagulation, and inflammation. Furthermore, we have previously demonstrated 

that plasma levels of CFDNA have high discriminative power to predict ICU 
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mortality in patients with severe sepsis. Patients with higher plasma 

concentrations of CFDNA are more likely to face severe complications such as 

organ dysfunction/failure, and death. The evidence presented in this thesis 

suggests that CFDNA may not simply be an innocuous marker of disease 

severity, but may itself exert pathological effects and contribute to the fatal 

coagulation abnormalities observed in sepsis patients.  
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1.0 General Introduction 

1.1 Introduction to Hemostasis & Thrombosis 

1.1.1 Overview of Hemostasis 

Maintenance of blood fluidity within the vasculature is an essential 

physiological process. Hemostasis is the process that maintains the integrity of 

the host’s circulatory system following injury. Hemostasis serves three primary 

purposes: i) to cordon off damaged blood vessels at the site of injury, ii) to 

maintain circulating blood in a fluid state, and; iii) to remove blood clots after 

restoration of vascular integrity. The hemostatic system is one that is highly 

evolutionarily conserved and can be found in a variety of organisms ranging 

from zebrafish to humans (Versteeg et al. 2013). 

Primary hemostasis refers to the immediate formation of a ‘platelet plug’ at 

the site of vessel injury. Following insult, exposure of subendothelial collagen 

and von Willebrand factor (vWF) tethers platelets to the vessel wall and 

facilitates their activation. Activated platelets will then degranulate, releasing 

platelet agonists and ultimately propagating the formation of a platelet thrombus 

(reviewed in Furie and Furie 2008).   

Simultaneous to platelet activation, secondary hemostasis occurs which 

involves the activation of a complex cascade of coagulation proteins to generate 

a fibrin network. Secondary hemostasis is initiated via two distinct pathways: the 

extrinsic (tissue factor) and the intrinsic (contact) pathways of coagulation. In the 
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extrinsic pathway, vascular damage exposes subendothelial tissue factor (TF) to 

the blood. Exposed TF complexes with circulating activated (a) factor (F) VIIa 

and zymogen FX to form the extrinsic tenase complex, which functions to 

catalytically activate FX to FXa and FIX to FIXa. Conversely, the intrinsic pathway 

becomes activated once blood comes into contact with negatively charged, 

hydrophilic surfaces such as glass, kaolin, or endogenous activators such as 

nucleic acids or polyphosphates. Contact activation is triggered by auto-

activated FXII cleaving prekallikrein into kallikrein, which leads to a subsequent 

activation pathway of FXI, FIX, and ultimately FX (Versteeg et al. 2013).  

Both the extrinsic and intrinsic pathways converge upon the generation of 

FXa (referred to as the common pathway of coagulation), which converts a small 

amount of prothrombin into thrombin (FIIa) in the presence of cofactors FVa,  

calcium (Ca2+), and phosphatidylserine (PS). The trace amounts of thrombin 

generated at this stage activate FV, VIII, and FXI, initiating multiple positive 

feedback loops that potentiate additional thrombin generation referred to as a 

“thrombin burst”. Thrombin, in turn, converts soluble fibrinogen into insoluble 

strands of fibrin, which reinforce the initial platelet plug. In addition, thrombin 

also activates FXIII to FXIIIa which crosslinks individual fibrin polymers to 

stabilize the fibrin network and confers fibrinolytic resistance to the newly formed 

clot (Versteeg et al. 2013). Both arms of the coagulation cascade are depicted 

in Figure 1.1. 
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Figure 1.1 – The coagulation cascade. Vascular injury initiates the extrinsic 

pathway by exposing TF to the blood. TF complexes with low levels of 

circulating factor VIIa, to convert factor IX to IXa, or X to Xa. The contact (or 

intrinsic) pathway is initated by the activation of prekallikrein to kallikrein and 

factor XII to XIIa. Factor XIIa activates factor XI, which in turn activates factor IX. 

Factor Xa converts small amounts of prothrombin to thrombin (IIa), the 

enzymatic endpoint of the coagulation cascade. Thrombin converts soluble 

fibrinogen into an insoluble fibrin clot, which further stabilized by cross-linking 

mediated by factor XIIIa. Dissolution of a fibrin clot is regulated by the activation 

of liver-produced plasminogen into plasmin by tissue-type plasminogen 

activator (tPA) and urokinase-type plasminogen activator (uPA). 
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Dissolution and clearance of a fibrin clot is mediated via a process 

termed fibrinolysis, whereby tissue-type plasminogen activator (tPA) and 

urokinase-type plasminogen activator (uPA) are released from damaged 

endothelial cells and convert clot-bound plasminogen into plasmin. Plasmin 

degrades insoluble fibrin into soluble fibrin degradation products (FDPs) that are 

readily cleared from the circulation (reviewed in Chapin and Hajjar 2015).  

 

1.1.2 Thrombosis & Disseminated Intravascular Coagulation 

Under pathological conditions, hemostatic regulation becomes 

overwhelmed resulting in the excessive formation of thrombin and fibrin. This 

hypercoagulable state is termed ‘thrombosis’.  Thrombotic events can occur in 

both large and small vessels. Of the large vessels, there are two primary types 

of thrombus formation: arterial and venous thrombosis. Arterial thrombosis refers 

to the formation of a thrombus within an artery and, in most cases, is the result of 

a ruptured atherosclerotic plaque. Arterial thrombi may embolize and cause 

infarction of almost any organ in the body. Conversely, venous thrombosis 

occurs commonly in the deep veins of the leg, such as the femoral vein. This 

form of thrombosis is the typically the result of impaired circulation (stasis), 

alterations in clotting factor levels, and/or endothelial dysfunction. Embolization 

of a venous clot commonly results in blockage of the pulmonary arteries and 

subsequent hypoxia (Furie and Furie 2008).  
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However, the most severe form of pathologic coagulation is known as 

disseminated intravascular coagulation (DIC), which primarily affects the small 

vessels of the microcirculation. DIC is characterized by the simultaneous 

development of systemic thrombosis within the microvasculature and does not 

occur by itself: rather, DIC is always associated with an underlying pathological 

condition, such as cancer, trauma, or sepsis (Levi and Cate 1999). 

The most common consequence of DIC is the development of terminal 

organ failure as a result of widespread microvascular thrombi formation, which 

contributes to insufficient vascular perfusion and inadequate oxygen delivery to 

vital organ tissues (Wheeler and Bernard 1999a). Indeed, autopsy results in 

patients with DIC reveal the presence of microthrombi contained within vessels 

of various organ tissue beds. Fibrin deposition in small and midsize vessels in 

these patients was also associated with ischemia, tissue necrosis, and ultimately 

the deterioration of organ function (Robboy et al. 1972; Wada 2004; Levi et al. 

2013). Simultaneously, the unregulated activation of coagulation in DIC leads to 

the consumption of circulating coagulation factors and platelets, and can 

potentially result in severe thrombocytopenia and major bleeding (Levi and Cate 

1999). Though bleeding only occurs in a minority of patients who develop DIC, 

these events can often be fatal and include intracranial, intrathoracic, or intra-

abdominal bleeding requiring transfusion (Bernard et al. 2001; Dhainaut et al. 

2005). 
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Clinically, DIC has been demonstrated to be a strong predictor of organ 

dysfunction in both trauma and septic patients. In patients with sepsis, mortality 

is almost twice as high in patients who develop DIC when compared with those 

who do not (Dhainaut et al. 2004; Bakhtiari et al. 2004). Thus, early identification 

and treatment of DIC is vital to ensuring survival in these patients.  

 

1.2 Primary Hemostasis 

1.2.1 Platelets in Hemostasis 

Platelets are small, anucleated cells that are derived from 

megakaryocytes in the bone marrow (Italiano and Shivdasani 2003) but contain 

megakaryocyte messenger (m)RNA and the translational machinery needed for 

protein synthesis. Platelets are also characterized by the presence of 

cytoplasmic granules that harbor a variety of contents, including growth factors, 

pro- and anti-inflammatory cytokines, as well as adhesion molecules. Platelets 

play a central role during primary hemostasis and the formation of the initial 

platelet plug at the site of vascular injury to minimize blood loss. The recruitment 

of platelets to a site of injury has occurs in three distinct phases: 1) platelet 

adhesion; 2) platelet activation and degranulation; and 3) platelet aggregation. 

 

1.2.2 Platelet Adhesion 

Platelet adhesion to the vascular wall can occur under conditions of high 

shear (as found within arterial vessels) and low shear (such as the venous 
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systems). Upon vascular injury, subendothelial collagen is exposed to the 

circulating blood which immobilizes circulating vWF (Dopheide et al. 2002; Goto 

et al. 1995). Platelets interact with immobilized vWF via the surface glycoprotein 

(GP)Ibα, resulting in platelet tethering and arrest at the site of injury (Ruggeri 

2007). Stable adhesion is subsequently mediated by several integrin interactions 

between the platelet and the vessel wall, namely integrin αIIbβ3 and 

fibrin/fibronectin, αVβ1 to fibronectin and collagen, and α2β1 to collagen (Ni and 

Freedman 2003). 

 

1.2.3 Platelet Activation & Granule secretion 

Interactions between platelet surface receptors and their ligands during 

adhesion induces platelet activation (Berndt et al. 2014; Furie and Furie 2008). 

In addition, the coagulation cascade is activated following vascular injury, 

generating a small amount of thrombin. Thrombin is considered to be the most 

potent platelet activator and exerts its effects by cleaving protease-activated 

receptors (PARs) on the platelet surface (Sambrano et al. 2001; Celikel et al. 

2003). The process of platelet activation is characterized by the reorganization 

of the platelet cytoskeleton, transforming the platelet from discoid in shape to a 

sphere with protruding pseudopods extending onto the subendothelial matrix 

(Hartwig 1992). Platelet activation is negatively regulated by prostacyclin, which 

inhibits G-protein activity (Furie and Furie 2008). 
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Upon activation, platelets shuttle the contents of their intraceullar granules 

into the extracellular space. Contents of α-granules include platelet adhesion 

molecules, P-selectin (Yang et al. 2009), integrins, fibrinogen, fibronectin, vWF 

(Blair and Flaumenhaft 2009), platelet factor 4, and approximately 300 other 

proteins of various functions (Rao 2013). In contrast, dense granules contain 

inorganic polyphosphates (Ruiz et al. 2004), adenosine diphosphate (ADP), 

adenosine triphosphate (ATP), and ionized calcium which promote subsequent 

platelet activation (Jin et al. 2002). 

 

1.2.4 Platelet Aggregation 

Activated platelets recruit additional platelets to the growing hemostatic 

plug by multiple feedback loops. The release of platelet agonists from granules 

(namely ADP and serotonin), as well as the de novo synthesis of proaggregatory 

thromboxane A2, promotes the activation of local quiescent platelets and their 

subsequent involvement in the growing thrombus (Jin et al. 2002; Arthur et al. 

2008; Ni and Freedman 2003). In addition, platelets are also involved in 

secondary hemostasis (described in greater detail below) by serving as a 

negatively charged catalytic surface for amplification of the coagulation 

cascade. These signaling events serve to grow the initial platelet plug and, in 

conjunction with fibrin formation, consolidate thrombus formation at the site of 

vascular injury. 
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1.3 Secondary Hemostasis  

1.3.1 Tissue Factor & Extrinsic Pathway Activation 

Concurrent to primary hemostasis, secondary hemostasis is initiated by 

two distinct yet convergent pathways: the extrinsic (tissue factor) and intrinsic 

(contact) pathways of coagulation. Tissue factor (TF) is an integral 

transmembrane glycoprotein and is the primary initiator of coagulation in 

response to vascular injury (Mackman 2004). Though cells that come in contact 

with blood do not typically express TF, cells surrounding the vascular wall (such 

as smooth muscle cells, pericytes, and adventitial fibroblasts) constitutively 

express it (Fleck et al. 1990). Following injury, the sequestered TF is exposed to 

circulating blood, which initiates clotting (Mackman 2004). Elsewhere, TF 

expression is largely tissue-specific, with high levels found in the brain, lungs, 

heart, and placenta. This distribution of TF is consistent with its essential role in 

embryonic development and hemostasis. Low levels of TF also circulate within 

the blood during pathologic conditions, existing primarily on the surface of 

monocytes or as part of circulating microparticles (MPs)(Butenas 2005).  

The extrinsic pathway of coagulation is initiated by the formation of the 

TF-VIIa complex. Under normal physiological conditions, FVII circulates in the 

plasma predominantly in its zymogen form, though a small amount (<1% of total) 

exists in the active state, FVIIa (Morrissey et al. 1993). TF serves as the allosteric 

cofactor for FVIIa, and upon vessel damage, FVIIa complexes to the 

extracellular domain of TF with high affinity. The γ-carboxyglutamic (Gla) domain 
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of FVIIa facilitates binding to phospholipids on the cell surface, while the serine 

protease domain binds to TF and catalyzes the activation of downstream 

coagulation factors, namely FX to FXa (Bach et al. 1986). In addition to activation 

of FX, TF-VIIa also activates FIX to FIXa, which complex together with FVIIIa to 

form what is referred to as the intrinsic tenase and generate additional FXa 

(Osterud and Rapaport 1977). 

 

1.3.2 Regulation of Tissue Factor Procoagulant Activity 

Not all TF is biologically active. Maynard et al. (1975) first reported that 

cell surface TF may exist in a latent or “cryptic” form, exhibiting limited ability to 

activate coagulation unless first exposed to trypsin or other proteases. Though 

both cryptic and non-cryptic TF are capable of binding FVIIa with similar 

affinities, only TF that has been decrypted exerts procoagulant activity (Bach 

2005). Encrypted cell surface TF can be decrypted in several ways in vitro, 

including freeze-thaw cycles, exposure to non-ionic detergents, activation by 

calcium ionophore treatment, as well as pathophysiological stimuli such as 

lipopolysaccharide (LPS), thrombin, cytokines, or several apoptotic stimuli (Rao 

et al. 2012).  

The primary method by which latent TF is decrypted is mediated by 

membrane phospholipid asymmetry (Shaw et al. 2007). The outer leaflet of the 

plasma membrane is abundant with phospholipids including 
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phosphatidylcholine and sphingomyelin while only containing traces of 

phosphatidylserine (PS). In contrast, the inner leaflet is enriched with PS, 

phosphatidylethanolamine, phosphatidylinositols, and phosphatidic acid. This 

asymmetry is maintained by several ATP-dependent transmembrane lipid 

transporter proteins (flippases, floppases) and scramblases that catalyze the 

bidirectional movements of lipids across the plasma membrane (Daleke 2002). 

The inhibition or activation of these enzymes during pathological conditions can 

result in the loss of lipid asymmetry, resulting in the increased exposure of 

negatively charged PS on the outer membrane leaflet. It has been well 

established in vitro that TF procoagulant activity requires the presence of 

phospholipids. TF reconstitution studies demonstrate that the presence of 

anionic phospholipids (including PS) greatly accelerate clotting times 

(Krishnaswamy et al. 1992; Neuenschwander et al. 1995; Shaw et al. 2007). 

However, when phosphatidylcholine- or sphingomyelin-containing liposomes 

were incorporated into the reaction mixture, TF procoagulant activity was 

diminished (Neuenschwander et al. 1995). These studies suggest that the 

limited availability of PS on the outer leaflet, coupled with the high 

concentrations of phosphatidylcholine and sphingomyelin present on the outer 

leaflet, contribute to the restrictions on procoagulant activity of cell surface TF.  

The mechanisms by which PS regulates TF-VIIa coagulant activity are 

incompletely understood. It is postulated that externalized PS binds circulating 
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vitamin-K dependent coagulation factors via their Gla domains. In doing so, PS 

effectively increases the local concentration of these proteins on the lipid 

surface (Ruf et al. 1991). Therefore, one potential mechanism by which PS 

increases TF-VIIa activity is by facilitating FX binding to the cell surface, allowing 

it to come in contact with membrane anchored TF-VIIa. Alternate lines of 

evidence suggest a more direct role of PS in modulating TF-VIIa activity. 

Possible electrostatic interactions between the polar head of PS and Lys165/Lys166 

in TF induces a conformational change in TF that alters the orientation of the 

extracellular domain relative to the membrane surface. This shift may facilitate 

the precise alignment of the TF-VIIa active site to the activation peptides of both 

FIX and FX (Bach and Moldow 1997; Bach 2005).  

 

1.3.3 The Intrinsic Pathway 

The intrinsic (contact) pathway of coagulation consists of four serine 

proteinases: coagulation factors FXII, XI, IX, plasma prekallikrein (PK) and the 

nonenzymatic cofactor high molecular weight kininogen (HK) (Colman and 

Schmaier 1997; Kaplan and Silverberg 1987). In plasma, HK circulates bound 

noncovalently to PK, with the remaining HK forming a heterodimer with 

circulating FXI. The nonenzymatic cofactor HK is responsible for binding to 

negatively charged surfaces and facilitating the assembly of contact pathway 

proteins. Once FXII is bound to a negatively charged surface, it undergoes a 
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conformational change, resulting in its auto-activation. Activated FXII, in turn, 

catalyzes the activation of PK to PKa that subsequently converts additional FXII 

to FXIIa. This established feedback loop potentiates the sustained generation of 

FXIIa, which activates FXI to FXIa. FXIa subsequently activates FIX, which in turn 

activates FX. It is at this point that the intrinsic and extrinsic pathways converge 

(Colman and Schmaier 1997; Maas et al. 2011).  

For decades, FXII and the contact system were thought to be of no 

biological significance for in vivo coagulation. Indeed, humans deficient in FXII 

and murine knockout models of FXII retain normal hemostatic functionality with 

no notable bleeding phenotype (Renné et al. 2012). Interest in the contact 

pathway of coagulation was renewed, however, when it was discovered that 

FXII-deficient mice exhibit a thrombo-protective phenotype when challenged 

with chemical (ferric chloride) and mechanical models of vascular injury (Renne 

2005; Cheng et al. 2010). Likewise, FXII-deficient mice are protected from 

cerebral ischemia in an experimental stroke model (Kleinschnitz 2006), 

suggesting that the physiological events that drive pathologic thrombus 

formation (perhaps via the contact pathway) are distinct from hemostatic 

coagulation that is required to produce a clot at a site of vascular injury.  
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1.3.4 Polyanionic Activators of the Contact System 

Historically, in vitro activation of contact pathway-driven coagulation was 

achieved by the addition of exogenous negatively charged molecular surfaces 

such as kaolin, glass, and silica (Maas et al. 2011). The requirement of these 

non-physiological stimuli to activate the contact system is largely responsible for 

the dismissal of the contact pathway as a biologically relevant component of 

coagulation. However, recent studies have identified numerous endogenous 

activators such as collagen, misfolded protein aggregates, polyphosphates, and 

nucleic acids that can serve as the negatively charged surface required to 

initiate coagulation (Long et al. 2015).   

Nucleic acids (including DNA and RNA) are potent activators of the 

contact pathway. The negatively charged phosphate backbone of nucleic acids 

serves as template for contact activation (Gansler et al. 2012). In the presence 

of negatively charged surfaces, the heavy chain of FXII undergoes a 

conformational change, resulting in proteolytic cleavage at amino acid residues 

Arg353-Pro354 and subsequent auto-activation of the light chain serine protease 

domain (Tankersley and Finlayson 1984). In purified systems, both types of 

nucleic acids decrease clotting time by promoting auto-activation of FXII, and to 

a lesser degree FXI (Gansler et al. 2012). In addition, administration of RNase or 

a FXIIa inhibitor has been shown to attenuate thrombus formation in a ferric 

chloride-induced model of arterial thrombosis, implicating nucleic acids as 
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disease mediators (Kannemeier et al. 2007). It is not surprising, then, that 

increased concentrations of  circulating DNA are commonly found in 

pathological conditions associated with increased thrombotic risk, such as 

sepsis (Dwivedi et al. 2012; Saukkonen et al. 2008; Ziegler et al. 2002).   

Long-chain polyphosphates (polyP) have also been shown to potentiate 

FXIIa generation in a similar manner. PolyP is an inorganic polymer comprised of 

tens to many hundreds of negatively charged phosphate residues linked by 

high-energy phophoanhydride bonds (Müller et al. 2009). PolyP is released from 

granules of activated platelets, as well as from certain bacteria such as 

Escherichia coli, Vibrio cholerae, and Haemophilus influenza, which all contain 

large quantities of long-chain polyP (Ruiz et al. 2004). Platelet polyP binds 

directly to FXII and HK with high affinity (Müller et al. 2009; Choi et al. 2011), and 

has been shown to trigger coagulation in both human and murine plasma in a 

FXII-dependent manner. Moreover, treatment with phosphatase, an enzyme that 

cleaves phosphoester bonds and degrades polyP, attenuates the formation of 

occlusive thrombi in vivo (Müller et al. 2009). 

 

1.3.5 The Common Pathway & Thrombin Generation 

Thrombin (FIIa) is the enzymatic endpoint of the coagulation cascade and 

is derived from its zymogen prothrombin (FII) upon proteolytic cleavage. 

Thrombin is a serine protease that converts soluble fibrinogen into insoluble 
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strands of fibrin, as well as potentiating many other coagulation-based reactions 

(Crawley et al. 2007; Wolberg and Campbell 2008). The generation of thrombin 

is typically described in three sequential phases: the initiation phase, the 

amplification phase, and the propagation phase (Hoffman and Monroe 2001).  

The initiation phase is characterized by the generation of low amounts of 

active coagulation factors through the intrinsic or extrinsic pathways (described 

in detail above). If the procoagulant stimulus is sufficiently strong, a small 

amount of FXa, FIXa, and thrombin are generated to successfully initiate 

coagulation (Hoffman and Monroe 2001). 

Amplification occurs as the procoagulant activity begins to shift from the 

initial stimulus to the platelet surface. The small amount of thrombin generated 

during initiation begins to amplify the procoagulant signal predominantly by 

activating platelets via PAR-1 and PAR-4 cleavage (Hung et al. 1992). Once 

activated, platelets release FV from granules that becomes localized on the 

platelet cell surface. The initial thrombin generated also serves to activate 

additional circulating FV, FVIII, and FXI, thereby locally amplifying coagulation 

(Monković and Tracy 2001). 

Unlike the initiation phase which takes place on TF-expressing surfaces, 

the propagation phase occurs on surfaces containing procoagulant 

phospholipids, such as activated platelets. FIXa generated during the initiation 

phase binds to thrombin-activated FVIIIa on the platelet surface, forming the 
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intrinsic tenase complex. Along with Ca2+, the intrinsic tenase rapidly catalyzes 

the conversion of FX to FXa on the platelet surface. Newly formed FXa then 

associates with FVa released to the platelet surface during amplification, 

resulting in the formation of the prothrombinase complex that catalyzes the 

conversion of large quantities of prothombin into thrombin (Hoffman and Monroe 

2001; Versteeg et al. 2013; Hoffman 2003). The mass amounts of thrombin 

generated during the propagation phase are sufficient to catalyze the 

conversion of fibrinogen to fibrin, resulting in fortification of the platelet thrombus 

by the newly formed fibrin clot. 

 

1.3.6 Regulation of Coagulation 

Thrombin generation is regulated predominantly by three endogenous 

anticoagulants: antithrombin, tissue factor pathway inhibitor, and activated 

protein C. Antithrombin III (AT) is a plasma serpin that is produced by the liver 

and has a plasma half life of 2-3 days (Roemisch et al. 2002). In addition to a 

potent inhibitory effect on thrombin, AT has also been shown to inhibit many 

contact pathway factors including FIXa, FXa, FXIa, and FXIIa (Roemisch et al. 

2002). In the presence of exogenous heparin or endogenous heparin-like 

glycosaminoglycans, FVIIa is also inhibited (Rao et al. 1995). Though heparin is 

non-essential to AT function, AT activity is increased more than 1000-fold in its 

presence (Opal et al. 2002). Heparin functions by providing a template on which 
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both AT and thrombin can interact. Heparin is also able to induce a 

conformational change in AT which is required for AT-mediated inactivation of 

FXa (Opal et al. 2002).  

Conversely, tissue factor pathway inhibitor (TFPI) is the primary regulator 

of the extrinsic pathway in vivo. TFPI is produced constitutively by microvascular 

endothelial cells and pooled in the endothelium (50-80%), plasma (10-50%), and 

platelets (less than 2.5%)(Kasthuri et al. 2010). Low levels of TFPI have been 

found on monocytes/macrophages. Structurally, TFPI consists of three Kunitz-

type domains which are integral for its inhibitor functions. In a two-stage 

process, the second Kunitz domain (K2) binds to and directly inhibits FXa. K1 

then binds to a TF-VIIa complex to abolish subsequent Xa generation (Broze et 

al. 1988). Though the binding of TFPI to Xa is reversible, the formation of the 

inhibitory quaternary complex between TFPI, Xa, and TF-VIIa is permanent 

(Broze and Girard 2012). TFPI has also been shown to stimulate monocytes to 

internalize and degrade cell surface TF-VIIa complexes, further restricting 

additional thrombin generation (Lupu et al. 1999). 

The protein C (PC) anticoagulant pathway is the third regulator of 

coagulation, and involves thrombomodulin (TM), the endothelial cell protein C 

receptor (EPCR), PC, and protein S (Esmon 2003). As thrombin is generated it 

binds to to TM on the endothelial cell surface, losing its procoagulant activity 

while simultaneously driving the activation of PC to activated protein C (APC). 
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EPCR augments the activation of PC by 20-fold in vivo by binding to PC and 

presenting it to the thrombin-TM activation complex (Taylor et al. 2001). Newly 

formed APC, together with its cofactor protein S, inactivates FVa and VIIIa, 

limiting thrombin generation. Several clinical studies have demonstrated that 

deficiencies in the PC pathway can result in the development of microvascular 

thrombosis (Esmon 2001; Esmon 2002; Bereczky et al. 2010).  

 

1.3.7 The Thrombogram 

The estimation of how well a particular individual can generate thrombin 

may correlate with either a risk of bleeding or thrombosis. Over time, several 

laboratory methods have been developed to to quantify thrombin generation. 

Historically, these tests included the prothrombin time (PT) or the partial 

thromboplastin time (APTT) assays which examine clotting times initiated via the 

extrinsic or intrinsic pathways, respectively. Early versions of these assays 

employed chromogenic reagents used to monitor thrombin generation, as well 

as a technically difficult method requiring the subsampling of reaction mixtures 

at regular intervals into secondary tubes containing fibrinogen allowing clotting 

to proceed. The clotting times of the fibrinogen solutions were used to estimate 

thrombin concentration against a thrombin standard (Baglin 2005). 

 Calibrated automated thrombography (CAT) is a more recently developed  
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Figure 1.2 – The thrombogram. The thrombin generation curve can be 

described in terms of lag time (period of undetectable thrombin generation 

before the propagation phase), peak time and peak thrombin (period when 

thrombin formation and inhibition reach an equilibrium), velocity index (rate of 

thrombin generation during propagation phase), and AUC/ETP (total amount of 

free thrombin generated during the course of the assay).  
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thrombin generation assay that serves as a general physiologic function test of 

the hemostatic system (Hemker et al. 2006). The assay is initiated by the 

recalcification of a given plasma sample, and the conversion of prothrombin to 

thrombin is measured by cleavage of a fluorogenic substrate to produce a 

thrombin generation curve, or ‘thrombogram’ (Figure 1.2). Like thrombin 

generation in vivo, the thrombogram is divided into three distinct phases 

(Hemker et al. 2006). The ‘lag phase’ captures the initiation/amplification phase, 

where trace amounts of thrombin are generated via the intrinsic or extrinsic 

pathways and are not detectable by the system. Following this, a large burst of 

thrombin generation occurs during the propagation phase, the rate of which is 

represented by the velocity index. As thrombin is generated, it is continuously 

inactivated by endogenous inhibitors (namely AT in platelet-poor plasma) until it 

reaches an equilibrium state that is indicated by the thrombin peak height or 

time to peak. Following the peak, thrombin generation decreases and eventually 

returns to baseline levels due to continued AT inhibition. The total amount of 

thrombin generated during the period of observation is described by the area 

under the curve (AUC) or endogenous thrombin potential (ETP)(Hemker et al. 

2006). In addition to being a invaluable research tool, the thrombin generation 

assay is also useful clinically. Thrombin generation can not only be used to 

assess genetic or acquired thrombotic disorders (Vlieg et al. 2007), but also to 

monitor the treatment of hemophilic disorders (such as treatment with FVIII or 
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VIIa)(Brummel-Ziedins et al. 2009), as well as to monitor treatment with oral 

anticoagulants such as warfarin or antiplatelet agents (Gatt et al. 2008). 

 

1.4 Fibrin Formation & Fibrinolysis 

1.4.1 Regulation of Fibrin Formation 

Fibrinogen is a soluble 340kDa trinodular protein that circulates at high 

concentrations (6-12μM) in plasma. Structurally, fibrinogen is comprised of three 

pairs of disulfide-bridged polypeptide chains, Aα, Bβ, and γ that are assembled 

with their N-termini converging onto the central (or “E”) domain of the molecule. 

The C-termini of the Bβ, and γ chains project outward, constituting the distal (or 

“D”) domains, while the C-termini region of the Aα chains are globular and 

positioned near the E domain (Medved et al. 1983; Weisel 2007; Lord 2007; 

Wolberg 2007). The structure of fibrinogen and fibrin are detailed in Figure 1.3.  

Conversion of soluble fibrinogen to insoluble fibrin begins with the 

thrombin-mediated cleavage of fibrinopeptides A (FpA) and B (FpB) from the N-

termini of the Aα- and Bβ-chains of fibrinogen to generate a single fibrin 

monomer (Medved et al. 2009; Litvinov 2005). Thrombin selectively cleaves the 

Arg-Gly bonds of fibrinogen, where the optimal cleavage sites for thrombin have 

been determined to be A-B-Pro-Arg-||-X-Y where A and B are hydrophobic 

amino acids and X and Y are nonacidic amino acids (Chang 1985). The 

subsequent release of FpA exposes an N-terminal α-chain Gly-Pro-Arg-Val motif, 

known as ‘knob A’, which is complimentary to pockets or holes ‘a’ located on the  
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Figure 1.3 – Fibrin polymerization and aggregation. Fibrinogen is composed 

three sets of polypeptide chains that form the central E-domain, which is flanked 

by two lateral D-domains. The D-regions contain the distal portions of the C-

terminal Bβ and γ-nodules, while the E-region contains the central N-terminal 

portions. The E-region also has two pairs of binding sites termed A- and B-knobs 

that are exposed following the cleavage of FpA and FpB by thrombin. This 

process is also associated with the partial dissociation of the αC regions. The D-

regions have constitutively open a- and b-holes located in the γ- and β-modules, 

respectively. The self-assembly of monomeric fibrin is mediated via knob-hole 

interactions, resulting in the formation of a half-staggered two-stranded fibrin 

protofibril. Lateral aggregation is promoted by αC-αC-interactions within and 

between protofibrils, which is further reinforced by cross-linking mediated by 

thrombin-activated factor XIIIa (adapted from Weisel and Litvinov 2013). 
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γ-nodules of other fibrin molecules. Conversely, FpB release exposes the new N-

terminal β-chain Gly-His-Arg-Pro motif, termed ‘knob B’ which is complementary 

to hole ‘b’ located in the globular β-nodule (Litvinov 2005). Though FpB releaseis 

considered non-essential for fibrin formation, B:b interactions appear to be 

involved in lateral aggregation of fibrin protofibrils, as incomplete FpB cleavage 

produces thinner fibrin strands (Litvinov et al. 2007).	

Two fibrin monomers produced following FpA release interact with each 

other in a staggered, overlapping end-to-middle manner, so that knob ‘A’ fits into 

hole ‘a’ with two A:a knob-hole interactions holding the individual monomers 

together (Weisel and Medved 2001; Yermolenko et al. 2011). The addition of 

subsequent fibrin monomers to a half-staggered dimer produces an end-to-end 

junction where the ends of two molecules bridge each other resulting in a 

double-stranded, twisted fibrin protofibril.  

Once the protofibril oligomers reach a sufficient length (typically 0.5-0.6 

µm), they begin to undergo lateral aggregation to form individual fibrin fibers 

(Chernysh et al. 2011; Medved et al. 1990). Though the exact mechanisms 

underlying the process of lateral aggregation remain largely unknown, the C-

terminal portions of the Aα-chains play an important role. During fibrin 

polymerization, the αC regions between protofibrils interact with each other, 

enhancing lateral aggregation (Veklich et al. 1993; Gorkun et al. 1994). These 

interactions are further consolidated by thrombin-activated FXIIIa, a plasma 
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transglutaminase that crosslinks lysine residues between adjacent αC regions 

(Mosesson et al. 1995).  

A number of endogenous and exogenous factors are known to modulate 

fibrin clot structure, including temperature, pH, ionic strength of the reaction 

solution (Nair et al. 1986), concentrations of metals such as calcium and zinc 

(Carr et al. 1986; Henderson et al. 2016), as well as the concentration of 

coagulation factors such as fibrinogen and FXIIa (Blombäck et al. 1994; Konings 

et al. 2011). However, the most potent influence on fibrin structure is thrombin 

concentration, which has been shown to alter not only the properties of 

individual fibers, but the fibrin network as a whole. Low thrombin concentrations 

produce turbid, loosely woven clots that are composed of thick fibrin strands. In 

contrast, high thrombin concentrations produce clots composed of thin 

individual fibrin fibers that are tightly packed (Blombäck et al. 1994; Shah et al. 

1985; Blombäck et al. 1989; Carr and Hermans 1978). Differences in fibrin 

morphology have been shown directly affect multiple clot properties, including 

clot stability, viscoelastic properties, and susceptibility to fibrinolysis whereby 

tightly compacted clots are more resistant to lysis and exhibit less viscoelastic 

malleability (Wolberg 2007).  
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1.4.2 Fibrinolysis 

Much like the coagulation cascade, the process of fibrinolysis involves a 

series of serine proteases, their respective serpins, and cofactors that serve to 

precisely regulate fibrin deposition and to remove existing thrombi (Chapin and 

Hajjar 2015). 

Plasmin is an 86 kDa serine protease and is the primary protease 

involved in fibrinolysis (Cesarman-Maus and Hajjar 2005). Active plasmin is 

generated from its plasma zymogen plasminogen upon a single cleavage at 

Arg560-Val561 by either tissue- or urokinase-type plasminogen activators (tPA and 

uPA, respectively) as well as by bacteria-derived streptokinase (Hoylaerts et al. 

1982; Holvoet et al. 1985; Bergmann and Hammerschmidt 2007). While tPA is 

both synthesized and secreted by endothelial cells, uPA is derived primarily 

from monocytes and macrophages. Both of these plasminogen activators have 

short half-lives in circulation (approximately 5-15 minutes) due to rapid inhibition 

by endogenous plasminogen activator inhibitor 1 (PAI-1), which is released into 

the circulation by endothelial cells, hepatocytes, and platelets (Chapin and 

Hajjar 2015). Levels of PAI-1 have been shown to be upregulated in a number of 

prothrombotic disease states, and transgenic mice overexpressing PAI-1 exhibit 

thrombotic occlusion of tail veins and swelling of hind limbs shortly after birth 

(Erickson et al. 1990). 
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Once generated, plasmin acts upon its primary substrate, fibrin, by 

cleaving the polymer at Lys-Arg sites to subsequently expose carboxy-terminal 

lysine residues (Cesarman-Maus and Hajjar 2005). The binding domains of both 

tPA and plasminogen (referred to as the ‘Kringle’ domains) contain lysine-

binding sites, which mediate the binding of tPA/plasminogen to fibrin, ultimately 

resulting in enhanced plasmin generation and fibrin degradation (Miles et al. 

1988). Continuous plasmin generation is reinforced by an additional feedback 

mechanism, whereby plasmin cleaves both tPA and uPA, transforming them 

from single chain to two-chain polypeptides that possess enhanced catalytic 

activity (Cesarman-Maus and Hajjar 2005; Hoylaerts et al. 1982; Tate et al. 

1987). Plasminogen activation is regulated largely by thrombin-activatable 

fibrinolysis inhibitor (TAFI), a carboxypeptidase that removes exposed C-

terminal lysine residues on fibrin, preventing the binding of plasminogen and its 

activators to fibrin and subsequently attenuating plasmin generation (Foley et al. 

2013). Plasmin activity itself is also regulated by its endogenous inhibitor, the 

serpin α2-antiplasmin (α2AP). Plasmin is immediately neutralized by α2AP when 

circulating freely in the blood, or in the vicinity of a platelet-rich clot. However, 

plasmin is immune from α2AP-mediated inhibition while it is bound to fibrin 

(Schneider 2004), allowing fibrinolysis to proceed and localizing fibrinolytic 

activities to the area of the clot.		 
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As fibrin is degraded by plasmin, a distinct set of soluble FDPs are 

released into the circulation. When fibrin polymers are cleaved by plasmin at the 

D fragment site, the resulting D-dimer fragments reflect the degree of 

thrombosis and plasmin activity. The quantification of D-dimer levels have been 

shown to have modest predictive and prognostic value in a number of disease 

states, including DIC and DVT (Voss et al. 1990; Eichinger et al. 2003). 

Clinically, measuring fibrinolysis directly has proven difficult, and assays 

that measure individual fibrinolytic components (such as tPA, PAI-1, or plasmin-

antiplasmin complexes) are of limited prognostic utility. To address this 

limitation, the clot lysis time (CLT) assay has been developed as a global test of 

total fibrinolytic activity in plasma. This test is performed on platelet-poor plasma 

samples whereby coagulation is initiated by the addition of Ca2+, and the 

resulting fibrin clot is lysed by the addition of exogenous tPA. The reaction is 

then observed spectrophometrically over time, where increases and decreases 

in solution turbidity correspond with the formation and subsequent lysis of the 

fibrin clot, respectively (Carr and Hermans 1978). In patients with recurrent 

venous thrombosis, insufficient fibrinolytic activity as determined by CLT 

predicted a two-fold risk of thrombosis (Lisman et al. 2005). This assay has also 

been validated in larger cohorts of patients and CLT has maintained its 

predictive power for venous thrombosis in the MEGA study, which evaluated 

over 1000 patients (Meltzer et al. 2008).   
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1.5 Coagulation, immunity, and immunothrombosis 

In addition to preventing blood loss, the initiation of coagulation and 

subsequent clot formation is a critical event in the host’s innate immune 

response to infection. Indeed, it has been suggested that the coagulation 

system itself is an evolutionary divergence of the innate immune system, with 

complement factors giving rise to coagulation factors themselves (Krem and Di 

Cera 2002).  

Immediately following infection, the rapid activation of coagulation leads 

to entrapment of pathogens within the fibrin clot and limiting their ability to 

disseminate within the host. Engelmann and Massberg recently coined the term 

‘immunothrombosis’ to describe the process whereby the coagulation system is 

used by the innate immune system as a first line defense against invading 

microorganisms (Engelmann and Massberg 2012).  

Several lines of evidence highlight the importance of an intact coagulation 

system for an efficient immune response. Sun et al. (2009) demonstrate that FV 

deficiency in mice infected with S. pyogenes resulted in increased mortality, 

suggesting a role of thrombin generation in host defense. The authors 

hypothesized that insufficient fibrin deposition mediated by both plasma- and 

platelet-derived FV enhance the survival and hematogenous spread of S. 

pyogenes in these mice. In accordance, fibrinogen-deficient mice not only 

exhibit increased instance of hemorrhage, but also exacerbated organ 
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pathology and markedly increased mortality rates following parasitic infection 

(Johnson et al. 2003). Levels of FXIII were also shown to be an important factor 

for the entrapment of bacteria within a fibrin clot, as FXIII-deficient individuals 

demonstrate limited capacity to immobilize bacteria (Wang et al. 2010). It has 

also been suggested that FXIII mediates cross-linking of bacterial surface 

structures, such as the M1 protein of S. pyogenes, directly to fibrin fibers, 

effectively anchoring the pathogen to the clot (Loof et al. 2011).   

Immunothrombosis is initiated and maintained by the accumulation of 

innate immune cells – particularly monocytes and neutrophils – following 

exposure to pathogens. While these leukocytes are traditionally considered for 

their phagocytic and pathogen-killing abilities, there is mounting evidence to 

suggest that these cells are also involving in mediating procoagulant activity 

during infection. However, dysregulation of immunothrombosis may be a major 

contributor to the development of thrombotic disorders. Interestingly, many of 

the molecular mediators that potentiate immunothrombosis are distinct from 

those involved in the formation of hemostatic clots, making these mechanisms 

alluring targets for therapeutic intervention.   
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1.6       PAMPs, DAMPs, & Toll-like Receptors 

1.6.1 Pathogen-associated molecular patterns (PAMPs) 

A fundamental property of the innate immune system is its ability to 

distinguish innocuous foreign antigens from infectious pathogens. Pathogen-

associated molecular patterns (PAMPs) are an assortment of exogenous, 

pathogen-derived molecules that share a number of distinct biochemical 

properties or motifs that alert the host organism to the presence of invading 

organisms (Janeway and Medzhitov 2002). A non-exhaustive list of common 

PAMPs include microbial nucleic acids, such as unmethylated CpG DNA, 

double- and single-stranded RNA, as well as microbe-derived lipoproteins, 

surface glycoproteins, and membrane components such as peptidoglycans, 

lipoteichoic acid (LTA), and LPS (Janeway and Medzhitov 2002; Creagh and 

O'Neill 2006; Kumar et al.  2011).  

PAMPs are recognized by various cells of both the innate and adaptive 

immune system (including monocytes, macrophages, neutrophils, and dendritic 

cells) via pattern recognition receptors (PPRs)(Janeway and Medzhitov 2002). 

Of these PRRs, the Toll-like receptor (TLR) family is the most prominent, which 

activate several signaling pathways resulting in the generation of 

proinflammatory and antimicrobial responses to destroy the pathogen or 

pathogen-infected cells. Recognition of infectious signals is the first and most 

critical event in the initiation of immunothrombosis.  

 



Ph.D. Thesis – Travis Gould                   McMaster University – Medical Sciences 

	 36 

1.6.2 Damage-associated molecular patterns (DAMPs) 

In contrast, damage-associated molecular patterns (DAMPs) are 

endogenously released molecules that originate from inside various 

compartments of host cells or from the extracellular space itself. Similar to 

PAMPs, DAMPs possess the ability to initiate and perpetuate an immune 

response during instances of tissue damage and sustained inflammation, 

including trauma, ischemia, and cancer (Medzhitov and Janeway 2002; Beutler 

2007; Bianchi 2006; Ito 2014). 

Intracellular DAMPs may be derived from the cytosol (uric acid (Shi et al. 

2003), heat shock proteins (Lehnardt et al. 2008)), the plasma membrane 

(syndecans (Karamanos 2014), glypicans (Mani 2006)), the endoplasmic 

reticulum (calreticulin (Obeid et al. 2006)), and the mitochondria (ATP, formyl 

peptides (Zhang et al. 2010; Manfredi and Rovere-Querini 2010)). Of particular 

interest are DAMPs derived from the nuclei of damaged and/or necrotic cells, as 

the translocation of these molecules signifies the most complete and irreversible 

form of cellular destruction (Pisetsky 2014). There are three major constituents of 

nuclear DAMPs: DNA, histones, and high mobility group box-1 protein.  

 

1.6.2.1 Cell-free DNA 

Deoxyribonucleic acid (DNA) is the most abundant intra-nuclear 

molecule. Extracellular or cell-free DNA (CFDNA) may be released into the 

circulation by various host cells including neutrophils (Brinkmann et al. 2004; 
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Clark et al. 2007; Urban et al. 2006), macrophages (Choi et al. 2004), 

eosinophils (Yousefi et al. 2008), or tumor cells (Diehl et al. 2008). Accumulation 

of CFDNA in the circulation may be a result of increased cell death and/or 

activation, and impaired clearance (Tamkovich et al. 2006). Indeed, elevated 

levels of CFDNA have been shown to have prognostic utility in many disease 

states, and increases in CFDNA are considered to be indicative of the degree of 

tissue damage and/or cellular activation (Jahr et al. 2001a; Stroun et al. 2001; 

Chang et al. 2003; Lo et al. 2000). In many autoimmune disorders such as 

systemic lupus erythematosus and rheumatoid arthritis, CFDNA itself has been 

implicated in disease pathogenesis. Antibodies directed against CFDNA are 

generated by the adaptive immune system, resulting in the accumulation of 

CFDNA-antibody complexes that trigger a proinflammatory response following 

immune recognition (Zhong et al. 2007; Christensen and Shlomchik 2007).   

 

1.6.2.2 Histones 

Histones are nuclear proteins that form hetero-octamers consisting of two 

copies each of histone subunits H2A, H2B, H3, and H4. Under normal 

physiological conditions, histones are essential for organizing double-stranded 

DNA to form chromatin and chromosomes (Richmond and Davey 2003). During 

instances of infection, histones are released (along with CFDNA) from dying 

tubular epithelial cells, or from neutrophils during the formation of neutrophil 
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extracellular traps (NETs) where they exert antimicrobial activity towards 

invading pathogens (Kawasaki and Iwamuro 2008; Brinkmann et al. 2004). 

Interestingly, histones are known potent antimicrobials, and are among the very 

first antimicrobial proteins described. However, the bactericidal effects of 

extracellular histones also damage self-tissues; the release of histones directly 

contributes to fatal outcomes in murine endotoxemia by activating and killing 

vascular endothelial cells (Abrams et al. 2013; Xu et al. 2009; Xu et al. 2011).  

 

1.6.2.3 High Mobility Group Box-1 

Finally, high mobility group box-1 (HMGB1) is a non-histone intra-nuclear 

protein that possesses multiple functions. Under normal conditions, HMGB1 

binds nuclear DNA to facilitate gene transcription (Pisetsky 2014). In 

pathological settings, HMGB1 is released from damaged or dying cells and is a 

key mediator of the inflammatory response. HMGB1 has little to no 

proinflammatory properties of its own, but through its interactions with other 

mediators of inflammation (such as LPS, DNA, or IL-1β) it induces signaling 

pathways that culminate in an exacerbated inflammatory response (Park et al. 

2004; Park 2005). The signaling pathways driven by HMGB1 are not as of yet 

fully understood; however, several lines of evidence points to receptor 

interactions with the multiligand receptor for advanced glycation end products 

(RAGE) and TLRs (Klune et al. 2008). 
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1.6.3  Toll-like receptors  

TLRs are type I transmembrane proteins that consist of a leucine-rich 

extracellular domain and a cytoplasmic tail containing a conserved region called 

the Toll/IL-1 receptor (TIR) domain (Medzhitov et al. 1997; Choe et al. 2005). 

TLRs are expressed primarily in tissues involved in immune functions, such as 

the spleen, peripheral blood leukocytes, as well as cells exposed to the external 

environment such as lung epithelial and gastrointestinal tract cells (Nishiya and 

DeFranco 2004). With respect to function, TLRs are pivotal in initiating an early 

immune response to invading organisms. TLRs function by recognizing both 

endogenous and exogenous structural motifs (PAMPs, DAMPs) and, in 

response, stimulate various intracellular signaling cascades that culminate in the 

production of interferons (IFN), proinflammatory cytokines, and effector 

cytokines that direct an immune response (Medzhitov et al. 1997). 

Ten human and twelve murine TLRs have been characterized to date: 

TLR1 to TLR10 exist in humans, with additional TLR11-13 existing exclusively in 

mice. In addition to TLRs being differentially expressed on various tissue types, 

they also vary in their location within an individual cell. While most TLRs are 

located on the plasma membrane, TLR3, TLR7, and TLR9 are localized 

intracellularly to endosomal compartments (reviewed in Piccinini and Midwood 

2010). 
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Various TLRs are responsible for recognizing various PAMPs and DAMPs. 

TLR2 is well established in its recognition of Gram-positive bacteria 

components, including bacterial lipoproteins (Piccinini and Midwood 2010). 

TLR3 has been implicated in the detection of double-stranded RNA derived from 

viral pathogens (Piccinini and Midwood 2010). TLR4 recognizes LPS, and recent 

evidence has demonstrated that TLR4 is also involved in the recognition of 

endogenous DAMPs such as histone protein and HMGB1 (Tadie et al. 2013; Xu 

et al. 2011). TLR9 is required for response to bacteria-derived umethylated CpG 

DNA (Fischer and Preissner 2013). This repertoire of specificities of individual 

TLRs may be further broadened by the ability of TLRs to form heterodimers with 

each other. For example, dimers of TLR2+6 have recently been shown to initiate 

diacylated lipoprotein signaling, while TLR1+2 interact to recognize triacylated 

lipoproteins (Ozinsky et al. 2000). A comprehensive list of TLRs and their 

respective ligands are summarized in Table 1.1.  

In addition to ligand recognition, individual TLRs also initiate a diverse 

array of intracellular signaling pathways. Stimulation of TLRs leads to the 

dimerization of the cytoplasmic TIR domain with specific adaptor molecules, of 

which five subtypes have been described to date: myeloid differentiation factor 

88 (MyD88), MyD88-adaptor like (Mal), TIR domain-containing adaptor inducing 

IFN-beta (TRIF), TRIF-related adaptor molecule (TRAM), and sterile alpha and 

HEAT-Armadillo motifs (SARM)(Kenny and O'Neill 2008).   
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Table 1. Expression and activation of Toll-like receptors by various 

PAMPs and DAMPs. Mo, monocytes; MΦ, macrophages; DC, dendritic cells; MC, 

mast cell; B, B-cells; T, T-cells; IE, intestinal epithelium; IC, inflammatory 

cytokines; IFN, interferon; HSP, heat shock proteins; HMGB1, high mobility 

group box protein 1. 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



Ph.D. Thesis – Travis Gould                   McMaster University – Medical Sciences 

	 42 

Receptor Localization  PAMPs DAMPs Response 

 
TLR1+2 

Cell surface  
(Mo,    MΦ, DC, 

B) 

Triacylated 
lipoproteins 
(Pam3CSK4, 

peptidoglycans, 
lipopolysaccharides) 

(TLR2 DAMPs 
listed below) IC 

 
TLR2+6 

Cell surface, 
Mo, MΦ, DC, B 

Diacylated 
lipoproteins (FSL-1) 

HSPs (60, 70, 
Gp96), HMGB1, 

Histone, 
Proteoglycans 

(versican, 
Hyaluronic acid) 

IC 

TLR3 
Endosomes (B, 

T, NK, DC) 
dsRNA , tRNA, 

siRNA mRNA, tRNA IC, type1 
IFN 

 
TLR4 

Cell surface/ 
endosomes 

(Mo, MC, IE, MΦ, 
DC) 

Lipopolysaccharide 
(LPS) 

HSPs (22, 60, 
70,72, Gp96), 

HMGB1, Histone, 
Proteoglycans 

(versican, herparin 
sulfate, hyaluronic 
acid) Fibronectin, 

Tenascin-C 

IC, type1 
IFN 

TLR5 
Cell surface 

(Mo, IE, MΦ, DC, 
B) 

Flagellin N/A IC 

TLR7 
Endosomes 

(Mo, MΦ, DC, B) 
ssRNA, guanosine 

analogs ssRNA IC, type1 
IFN 

TLR8 
Endosomes 

(Mo, MΦ, DC, 
MC) 

ssRNA ssRNA IC, type1 
IFN 

TLR9 
Endosomes 

(Mo, MΦ, DC, B, 
T) 

CpG DNA motifs Chromatin IgG 
complex 

IC, type1 
IFN 

TLR10 
Endosomes 

(Mo, MΦ, DC, B, 
T) 

Profilin-like proteins N/A IC 
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At present it is well recognized that individual TLRs are able to induce different 

signaling responses by usage of different adaptors, though it is unclear what 

factors contribute to the recruitment of individual adaptor molecules. Once 

ligand recognition occurs, TLR signaling may proceed via two distinct pathways. 

The first is a MyD88-dependent pathway (which may be activated by all TLRs 

except for TLR3) that leads to the production of NF-κB-regulated inflammatory 

cytokines (Kenny and O'Neill 2008). The second pathway is known as the TRIF 

or MyD88-independent pathway that occurs upon activation of TLR3 and 4. It 

leads to the activation of IFN-regulated factors (IRF) family of transcription 

factors that results in IFN-β synthesis and subsequent maturation of dendritic 

cells (Kenny and O'Neill 2008). This combination of multiple ligand recognition, 

receptor dimerization, along with multiple signaling pathway options contributes 

to the ability of a small number of individual TLRs to recognize such a wide array 

of PAMPs and DAMPs. 

 

1.7 The Monocyte 

1.7.1 Monocyte structure & function 

Mononuclear leukocytes (herein referred to as monocytes) are a subset of 

circulating leukocyte that originate from long-term hematopoietic stem cells in 

the bone marrow (Rees 2010). Matured monocytes are released into the 

circulation, where they circulate for 1-3 days and have the ability to migrate to 
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various tissues and subsequently differentiate into a wide range of tissue 

resident macrophages and dendritic cells (Rees 2010). In addition, monocytes 

are also mediators of host antimicrobial defense, and have been shown to 

participate in pathogen phagocytosis, antigen presentation, and cytokine 

production upon activation by microbial stimuli. Several studies have revealed 

the diverse functionality of monocytes within varying inflammatory environments. 

The ability of monocytes to mobilize and traffic to an infectious focus is essential 

for their functions in promoting immune defense during infection. 

	
1.7.2 Role of the monocyte in (immuno)thrombosis 

Several lines of evidence suggest that monocytes possess a variety of 

mechanisms to initiate and amplify thrombin generation during instances of 

infection.  Among the leukocytes, monocytes have been shown to be unique in 

that their cell surface membrane serves as a template for the assembly and 

function of TF-mediated coagulation. While surface TF typically exists in its 

cryptic form on quiescent monocytes, treatment with calcium ionophore or cell 

lysis agents substantially increases the procoagulant potential of monocytes, 

suggestive of TF decryption to its active form (Wolberg et al. 1999). In addition, 

monocytes have the ability to synthesize TF de novo and subsequently express 

it on the cell surface following exposure to bacterial components (such as LPS) 

and other various proinflammatory cytokines and ligands (Gregory et al. 1989; 

Cermak et al. 1993; Celi et al. 1994). Monocyte-derived TF-bearing MPs have 
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also been observed in peripheral blood. Upon activation, monocytes may 

release small membrane vesicles that disseminate within the circulation. These 

MPs have been shown to express various P-selectin ligands, which facilitate 

platelet-MP interactions and subsequent platelet activation (Rauch et al. 2000; 

Kleinjan et al. 2012). 

Monocyte-bound TF is able to bind FVIIa in circulation, forming functional 

extrinsic tenase complexes. The coagulant response is further propagated by 

the formation of prothrombinase complexes, again on the monocyte surface. 

Monocytes express approximately 16 000 prothrombinase binding sites per cell 

(Tracy et al. 1985). Prothrombinase assembly and function on the monocyte can 

be augmented by exposure to LPS, resulting from enhanced binding of FVa and 

Xa (Robinson et al. 1992). Thrombin generated at this stage is not only able to 

convert FV to FVa, but also activates FVIII to FVIIIa to facilitate FVIIIa:FIXa 

functional interaction with the monocyte surface to assemble intrinsic tenase and 

potentiate additional FXa generation (McGee and Li 1991; McGee et al. 1992). 

Interestingly, FX activation mediated by monocyte intrinsic tenase is 

approximately 25 times more efficient than FX activation via TF:VIIa complex 

(McGee and Li 1991). The assembly of the tenase complex is essential for 

sustained thrombin generation by the monocyte, as the co-expression of TFPI on 

the monocyte surface inhibits extrinsic pathway activity once FXa is formed. 

Taken together, these studies demonstrate that monocyte-associated TF, either 
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expressed on the cell surface or released into the blood in the form of MPs, is 

likely involved in thrombus development.  

 

1.8 The Neutrophil 

1.8.1 Neutrophil structure & function 

Neutrophil granulocytes, commonly referred to as simply neutrophils, are 

a subset of polymorphonuclear leukocyte and are well recognized as being one 

of the key mediators involved in the effector functions of the innate immune 

system. Neutrophils are the most abundant leukocyte in circulation, comprising 

70-90% of total leukocyte count, and are characterized by their multi-lobed 

nucleus and the presence of enzyme-containing granules (Amulic et al. 2012). 

Neutrophils mature in the bone marrow, and are subsequently released into the 

circulation where they circulate for up to 24 hours before undergoing apoptosis 

and clearance by macrophages or dendritic cells (Weissman et al. 2001; Amulic 

et al. 2012).  

Neutrophil granules contain more than 800 variations of antimicrobial 

peptides and enzymes (Brogden 2005). Many of these peptides are charged, 

which promotes their interaction with microbial membrane surfaces and disrupts 

membrane integrity. Of particular interest are α-defensins, neutrophil elastase 

(NE), and cathespin G (CG) which cleave bacterial virulence factors as well as 

permeabilize bacterial membrane bilayers. Because the antimicrobial properties 
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of the granule contents are generally non-specific in nature, they remain 

sequestered within the neutrophil to avoid inadvertently damaging host cells and 

tissues (Brogden 2005). As a result, the turnover for circulating neutrophils is 

typically a highly regulated process, as it is critical to remove spent neutrophils 

from circulation to prevent the accidental release of cytotoxic effector molecules 

(Bratton and Henson 2011).   

During instances of infection, neutrophils are rapidly recruited to the 

infectious focus in response to chemotactic stimuli released by the host or 

invading microorganism. Once arrived, neutrophils rapidly become activated 

through TLR or formyl peptide receptor (fMLP) receptor engagement and mount 

an antimicrobial response. Phagocytosis by neutrophils is the major mechanism 

by which pathogens and cell debris are removed (Rigby and DeLeo 2011). As 

with other phagocytes, the mechanisms involved in internalization depend on 

the type of interaction between the neutrophil and the target. Interactions can be 

direct, through recognition of PAMPs by PRRs, or opsonin-mediated (Underhill 

and Ozinsky 2002). Once the pathogen has been engulfed, neutrophil granules 

fuse with the newly internalized phagosome, delivering their antimicrobial 

contents into the phagosomal lumen (Rigby and DeLeo 2011; Amulic et al. 

2012). Simultaneously, the NADPH oxidase complex assembles on the 

phagosomal membranes and initiates the reactive oxygen cascade by reducing 

molecular oxygen to superoxide. Downstream, superoxide is dismutated into 



Ph.D. Thesis – Travis Gould                   McMaster University – Medical Sciences 

	 48 

several different species, including hydrogen peroxide, hypochlorous acid, and 

chloramines which are considered to be the most potent antimicrobial reactive 

oxygen species (ROS)(Hampton et al. 1998; Winterbourn 2008). Together, the 

high concentration of antimicrobial enzymes and ROS production creates an 

environment that is lethal to most pathogens. However, several microbial 

species have evolved ways to circumvent phagosome-mediated killing by the 

neutrophil. For example, Staphylococcus aureus expresses a polysaccharide 

capusule that confers anti-phagocytic properties (Luong and Lee 2002), while 

Salmonella typhimurium (Joiner et al. 1989) and S. pyogenes (Staali et al. 2006) 

block granule fusion with the phagosome, permitting these species to survive 

within the neutrophil.   

 

1.8.2 Neutrophil extracellular traps 

In 2004, Brinkmann and colleagues described an additional neutrophil 

function: when stimulated with phorbol myristate acetate (PMA), LPS, or IL-8, 

neutrophils would release web-like structures comprised of nuclear chromatin 

that was decorated with histone protein, various granule enzymes, and 

antimicrobial molecules (Brinkmann et al. 2004). These formations, since termed 

neutrophil extracellular traps (NETs), have been shown to ensnare various types 

of microbes and kill them by exposing them to high concentrations of granule-

derived antimicrobial enzymes (Brinkmann et al. 2004).  
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Though significant progress has been made towards delineating the 

cellular events of NET formation, many of the underlying mechanisms remain 

incompletely understood. NET formation is generally initiated by the stimulation 

of neutrophils with microbial or chemical components, followed by the loss of 

cytosolic membranes organization and chromatin decondensation. As the 

nuclear envelope degrades, decondensed chromatin mixes with neutrophil 

granular enzymes within the cytoplasm. Finally, eruption of the cell membrane 

follows, and the DNA/granular enzyme mixture is released into the extracellular 

space (Fuchs et al. 2007). This process has been termed ‘NETosis’, and is 

considered a cell death pathway that is distinct from apoptosis or necrosis 

(Steinberg and Grinstein 2007). Unlike apoptosis or necrosis, NETosis is not 

associated with DNA fragmentation or PS exposure on the external cellular 

membrane. The lack of PS limits the clearance of NETosing cells by 

macrophages, allowing the neutrophil to remain in circulation to exert its 

immunoprotective functions (Huynh et al. 2002). 

Several lines of evidence suggest that NETosis relies on the formation of 

ROS generated by NADPH oxidases. The generation of ROS has been reported 

to inactivate the function of several caspases, thereby leading to inhibition of 

apoptotic cell death pathways and prolonged neutrophil survival (Fadeel et al. 

1998). Pharmacologic inhibition of NADPH oxidase attenuates NET formation in 

vitro (Metzler et al. 2011), and patients with chronic granulomatous disease 
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(CGD) who lack NADPH oxidase function are unable to form NETs and are 

susceptible to infection (Fuchs et al. 2007). Interestingly, CGD patients can 

effectively clear catalase-negative bacteria which produce their own hydrogen 

peroxide, providing a substrate for downstream NADPH oxidase reactions 

(Segal et al. 2000). However, certain microorganisms such as S. aureus  

(Pilsczek et al. 2010) or Leishmania. donovani (Gabriel et al. 2010) are able to 

induce NETosis through ROS-independent mechanisms, suggesting that there 

may be multiple cellular pathways that culminate in NET formation depending on 

the initial stimulus. ROS generation in neutrophils also induces endoplasmic 

reticulum (ER) stress within the neutrophil and initiates autophagy pathways 

which have been show to be necessary for NETosis (Remijsen et al. 2010). The 

cellular mechanisms associated with neutrophil autophagy include an influx in 

intracellular Ca2+ levels which trigger Ca2+-dependent activation of peptidyl 

arginine deiminase 4 (PAD4), an intranuclear enzyme that citrulinates histones, 

ultimately reducing their net positive charge and facilitating chromatin 

decondensation (Rohrbach et al. 2012). Indeed, neutrophils isolated from mice 

with PAD4 deficiency are unable to generate NETs when stimulated with 

bacterial components (Li et al. 2010; Martinod et al. 2013). In addition, 

neutrophil autophagy contributes to the degradation of intracellular membrane 

components, permitting the mixing of nuclear granular contents in the cytoplasm  
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Figure 1.4 – Cellular mechanisms of NETosis. Stimulation of formyl peptide 

receptor (fMLP) or Toll-like receptors on the neutrophil cell surface with PAMPs 

and/or DAMPs results in the activation of specific G protein-coupled intracellular 

signaling events. These events potently activate NADPH oxidase, leading to 

reactive species production. In parallel, induction of NFκB drives autophagy and 

consequently induces PAD4 activation and subsequent chromatin 

decondensation. Similarly, stimulation of neutrophils with phorbol 12-myristate 

13-acetate (PMA) also results in protein kinase C (PKC) activation and induction 

of autophagy to initiate NETosis (adapted from Medina 2013).    
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prior to NET release (Remijsen et al. 2010). Figure 1.4 summarizes the key 

signaling events known to potentiate NETosis.     

Despite their protective and bactericidal functions, the release of NETs 

can also be detrimental to the host and as a result, NETosis is considered by  

many to be a ‘last resort’ measure for neutrophils. The externalization of NETs 

and granular contents has been associated with a wide range of cytotoxic 

effects and collateral damage to host tissue (Smith 1994; Saffarzadeh et al. 

2012; Cui et al. 2012). Furthermore, the release of NETs has been implicated in 

autoimmune disorders such as systemic lupus erythematosus and rheumatoid 

arthritis, both disorders characterized by the formation of autoantibodies against 

chromatin (Villanueva et al. 2011). 

  

1.8.3 Role of the neutrophil in (immuno)thrombosis 

Many neutrophil effector functions are known to modulate the 

procoagulant activities associated with immunothrombosis. Unlike with 

monocytes, the role of TF in neutrophil-driven thrombosis remains a highly 

contested area of research. Expression of TF on neutrophils was first described 

more than 40 years ago, and more recently it was demonstrated that neutrophils 

may synthesize and express functional TF following stimulation with P-selectin 

(Maugeri et al. 2006). Similarly, exposure to immunoglobulin (Ig) G obtained 

from patients with antiphospholipid syndrome induces functional TF expression 
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by neutrophils (Ritis 2012). In contrast, several reports have demonstrated that 

isolated neutrophils fail to produce TF when stimulated with LPS or PMA 

(Osterud et al. 2000). Though trace amounts of TF activity was detected in these 

experiments, the authors attributed this to the presence of contaminating 

monocytes. Unlike monocytes, neutrophils do not support the  assembly of 

tenase on their cell surface (McGee and Li 1991). Furthermore, an in vivo study 

utilizing a murine sepsis model demonstrated clusters of TF-positive 

granulocytes infiltrating the spleen. However, even though these neutrophils 

expressed TF on their cell surface, they did not possess TF mRNA (de Waard et 

al. 2006). Here the authors hypothesized that neutrophils uptake TF from other 

cells, possibly in the form of MPs. This was later confirmed by Egorina and 

colleagues who demonstrated that neutrophils acquire preformed monocyte-

derived TF rather than derive it through de novo synthesis themselves (Egorina 

et al. 2007). Together this evidence suggests that neutrophils, though potentially 

a source of trace amounts of functional TF, are unlikely to be a major contributor 

of extrinsic pathway-mediated thrombosis.  

NET formation represents an entirely new mechanism by which 

neutrophils modulate coagulation and several NET components have been 

examined in isolation for their ability to induce coagulation reactions. In a 

baboon model of DVT, the DNA component of newly formed NETs provided a 

template for fibrin deposition and stabilized the developing thrombus (Fuchs et 
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al. 2010). Similarly, in a murine DVT model, NETs were demonstrated to promote 

thrombus formation by binding and activating FXII (Bruhl et al. 2012). Neutrophil 

depletion or administration of DNase to degrade potential NET formations 

abrogated thrombus development.  

The histone component of NETs is also known to modulate coagulation 

through several mechanisms. In murine models of endotoxemia, NET formation 

within the vasculature was associated with the entrapment and subsequent 

activation of platelets, which culminated in endothelial injury and impaired blood 

flow (Clark et al. 2007). It was later revealed that the histone component of NETs 

(specifically histone subunits H3 and H4) were responsible for platelet activation 

through engagement of platelet TLR2 and 4 (Xu et al. 2011). Histones also 

promote a procoagulant phenotype through auto-activation of prothrombin to 

thrombin (Barranco-Medina et al. 2013), as well as inducing PS exposure on red 

blood cells (Semeraro et al. 2014). In addition, histones have also been 

implicated in the impairment of endogenous anticoagulant pathways by 

impairing TM-mediated binding and subsequent activation of PC (Ammollo et al. 

2011) and interfering with AT-mediated thrombin inhibition (Varju et al. 2015). 
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1.9       Introduction to Sepsis 

1.9.1 Sepsis as a Clinical Challenge 

Sepsis is a devastating condition that is best characterized as a systemic 

infection with concomitant pathologic thrombus formation, often described as 

“blood poisoning,” and is the result of invasion by pathogenic organisms that 

subsequently disseminate within the host’s circulation. Despite advances in 

management and treatment, sepsis remains the leading cause of morbidity and 

mortality in non-coronary intensive care units (ICUs) in North America (Zeerleder 

et al. 2003; Angus et al. 2001; Margraf et al. 2008; Dwivedi et al. 2012). In the 

United States during the late 1970s, it was estimated that 164 000 cases of 

sepsis occurred annually (Martin et al. 2003). Recent estimates are higher with 

more than 650 000 cases of sepsis reported each year, and this trend continues 

to be observed in both Canada and European countries as well (Angus et al. 

2001; Harrison et al. 2006; Husak et al. 2010).  

Risk factors for sepsis include a combination of the patient’s 

predisposition to infection as well as likelihood of developing organ dysfunction. 

There are many risk factors of infections that are known to precipitate severe 

sepsis, including chronic conditions such as cancer, HIV/AIDS, chronic 

obstructive pulmonary disease, as well as the use of immunosuppressive agents 

(Angus et al. 2001). The growing proportion of multidrug-resistant infections 

makes antibiotic policy more difficult and may also increase the incidence of 

sepsis (Esper and Martin 2009). The risk factors for organ dysfunction among 
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patients that do develop infections are less well studied but include the 

causative organism, the genetic composition of the patient, the underlying health 

status of the patient and preexisting organ function, as well as the timeliness of 

therapeutic intervention (Angus and Wax 2001). Age, sex, and ethnicity all 

influence the incidence of severe sepsis, which is higher in infants and the 

elderly, higher in males than females, and higher in African Americans 

compared to Caucasians (Angus et al. 2001; Mayr et al. 2010). 

The clinical features associated with sepsis are extremely heterogeneous, 

and often vary depending on the origin of infection, the causative pathogen, 

degree and location of organ dysfunction, the medical case history of the 

patient, as well as the delay between the onset of sepsis and the initiation of 

treatment (Remick 2007; Levy et al. 2003). Symptomatic manifestations in sepsis 

are often nuanced and non-specific, making a diagnosis of sepsis difficult to 

discern. The most recent international consensus guidelines provide a list of 

clinical features characteristic of incipient sepsis (Table 1.2).  

One similarity among patients with sepsis is the increased risk of 

developing multiple organ dysfunction syndrome (MODS), which results in 

cumulative alterations in organ function and ultimately terminal organ failure. 

Sepsis-associated mortality increases exponentially in accordance with the 

degree of organ dysfunction. In one early study, case fatality figures for sepsis, 

severe sepsis, and septic shock were 16, 20, and 46 per cent, respectively  
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Table 1.2. Diagnostic criteria for sepsis, severe sepsis, and septic shock. Data 

adapted from Levy et al. (2003) 
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Sepsis (suspected or confirmed infection with ≥2 of the following) 
General variables 
     Fever (>38.3°C) 
     Hypothermia (<36°C) 
     Elevated heart rate (>90 beats per min.) 
     Tachypnea 
     Altered mental status 
     Substantial edema or positive fluid balance (>20ml/kg of body weight) 
     Hyperglycemia (>120mg/dl plasma glucose) 
Inflammatory variables  
     Leukocytosis (>12 000/mm3 leukocytes) 
     Leukopenia (<4000/mm3 leukocytes) 
     Normal white-cell count with >10% immature forms. 
     Elevated plasma C-reactive protein (>2 SD above normal range) 
     Elevated plasma procalcitonin (>2 SD above normal range) 
Hemodynamic variables 
     Arterial hypotension (systolic <90mmHg; arterial <70mmHg) 
     Elevated venous oxygen saturation (>70%) 
     Elevated cardiac index (>3.5 L/min/m2 of body-surface area) 
Organ dysfunction variables 
     Arterial hypoxemia  
     Acute oliguria (urine output, <0.5ml/kg/hr or 45ml/hr for 2h) 
     Increased creatinine (>0.5mg/dl) 
     Coagulation abnormalities (INR >1.5; APPT >60s) 
     Paralytic ileus 
     Thrombocytopenia (<100 000/mm3 platelet count) 
     Hyperbilirubinemia (>4mg/dl) 
Tissue perfusion variables 
     Hyperlactatemia (>1mmol/l) 
     Decreased capillary refill or mottling 
Severe sepsis (sepsis with organ dysfunction) 
Septic shock (sepsis with hypotension)	
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(Rangel-Frausto et al. 1995). Similar trends have also been reported within 

several retrospective analyses examining septic patient mortality, where sepsis-

associated mortality ranges between 27 to 59 per cent (Martin et al. 2003; 

Padkin et al. 2003). 

Treatment strategies for sepsis can be as heterogeneous as the disease 

itself. The fundamental principles of sepsis management are largely supportive 

in nature, and consist of cardiorespiratory resuscitation, and to mitigate the 

immediate threat of uncontrolled infection (Dellinger et al. 2007). Resuscitation 

often mandates intravenous fluids and vasopressor administration, along with 

oxygen therapy and mechanical ventilation if required. Specific guidelines for 

resuscitation strategies remain the subject of ongoing debate, with the type and 

volume of fluid, intensity of hemodynamic monitoring, and selection of 

vasoactive agents currently left up to the discretion of the attending healthcare 

team (Dellinger et al. 2007). Similarly, the selection of antibiotic therapy varies 

depending on the site of infection, the setting in which the infection developed, 

and the patient’s medical history (Dellinger 2003). Drotrecogin Alfa 

(Xigris/recombinant APC), the only approved drug for sepsis indication, was 

withdrawn from market in 2012 following a failure to demonstrate a survival 

benefit during the landmark PROWESS-SHOCK trial (Ranieri et al. 2012). As a 

result, identification of new therapeutic targets in sepsis remains the subject of 

intense investigation. 
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1.9.1 Sepsis Pathophysiology  

Though sepsis is initiated by microbial invasion, the observed clinical 

phenomena cannot be fully explained by a diagnosis of infection. Despite the 

development of modern antibiotics, patients with sepsis continue to die despite 

successful elimination of the offending pathogen. As a result, current research 

identifies that it may be the host response to the pathogen – not the pathogen 

itself – that drives the pathophysiology of sepsis (van der Poll and Opal 2008; 

Medzhitov 2008).  

The onset of sepsis is invariably associated with coagulation 

abnormalities that promote a hypercoagulable state (Remick 2007; Levi et al. 

2003; Stief et al. 2007). During sepsis, coagulation activation is ubiquitous and 

induced by PAMPs such as LPS and exotoxins released by offending 

pathogens. Activation of innate immune defense mechanisms, triggered by 

microbial PAMPs, results in a generalized proinflammatory, procoagulant state. 

Sepsis-related coagulopathies range from mild laboratory alterations to severe 

DIC, resulting in the formation of microvascular thrombosis, hypoperfusion, and 

ultimately MODS and death (Levi et al. 2013). Moreover, these damaged tissues 

continue to release additional DAMPs into the extracellular environment which 

activate circulating leukocytes to perpetuate a cycle of continuous tissue injury 

(Rittirsch et al. 2008). The activation of coagulation, reinforced by the 
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downregulation of anticoagulant and fibrinolytic pathways, plays a crucial role in 

the progression of sepsis pathophysiology.  

Conventionally, the initiation of coagulation in sepsis is thought to be TF-

dependent and this has been demonstrated in numerous sepsis models. 

Generation of thrombin in humans injected with a low dose of LPS was preceded 

by an increase in TF mRNA levels and TF expression on circulating monocytes, 

and the release of TF-containing MPs (Aras 2004; Franco et al. 2000). Similarly, 

baboons infused with a lethal dose of E. coli and patients with severe bacterial 

infection express sustained TF activity on the surface of peripheral blood 

monocytes. Furthermore, mice with an almost complete absence of TF had 

reduced coagulation, inflammation, and mortality relative to control mice 

following infusion of LPS (Pawlinski 2003). However, several groups have 

reported that sepsis patients display no signs of systemic hypercoagulability 

when evaluated with the thrombin generation assay, even in the early stages of 

sepsis. Importantly, thrombin generation in these studies was analyzed in 

platelet-poor plasma triggered with relipidated TF (Picoli-Quaino et al. 2013; 

Petros et al. 2012; Collins et al. 2006; Seo et al. 2009). Thus, previous studies 

may have overlooked the importance of the intrinsic pathway of coagulation in 

the hypercoagulable state observed in sepsis.  

In addition to enhanced coagulation, several anticoagulant pathways are 

impaired during sepsis progression. Markedly lower plasma levels of AT are 
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found in sepsis due to diminished protein synthesis and enhanced consumption 

due to sustained thrombin generation (van der Poll and Opal 2008). Following 

exposure to proinflammatory cytokines, the synthesis of glycosaminoglycans by 

endothelial cells is reduced (Kobayashi et al. 1990), impairing the inhibitory 

potential of AT. TFPI, PC, and its cofactor protein S are also found in lower 

circulating concentrations in septic patients, and their rapid depletion is 

associated with poor prognosis (Asakura et al. 2001; Tang et al. 2007; Liaw 

2004; Shorr et al. 2006). In addition, elevated levels of soluble plasma TM and 

EPCR has been consistently observed in sepsis, suggesting that endothelial 

damage resulting from exposure to inflammatory mediators occurs, resulting in 

the shedding of both anticoagulant participants in vivo (Semeraro et al. 2010; 

Levi 2010).  

There is also evidence of impaired fibrinolytic activity in sepsis as a result 

of increased PAI-1 synthesis and secretion from cytokine-activated vascular 

endothelial cells (Yipp and Kubes 2013; Levi et al. 2003; Brinkmann et al. 2004; 

Semeraro et al. 2012; Fuchs et al. 2012). Increased circulating PAI-1 levels have 

been shown to correlate with disease severity and poor outcome in patients with 

sepsis (Lorente et al. 2014; Madoiwa et al. 2006; Dofferhoff et al. 1992). Previous 

studies in which LPS was administered to human (van Deventer et al. 1990; 

Cadena et al. 1996) or nonhuman primates (Biemond et al. 1995) demonstrated 

that endotoxemia results in a transient increase in tPA activity and activation of 
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fibrinolysis that is followed by a robust elevation in PAI-1 levels, ultimately driving 

a hypofibrinolytic state. Interestingly, activation of plasminogen by tPA and 

subsequent fibrinolytic activity in sepsis patients has been shown to remain 

ongoing despite increases in PAI-1 as determined by plasma levels of plasmin-

antiplasmin complexes and D-dimer (Hesselvik et al. 1989; Raaphorst et al. 

2001; Madoiwa et al. 2006). Therefore, while the inhibitory effects of elevated 

PAI-1 may contribute to impaired fibrinolysis in sepsis, there are likely other 

critical anti-fibrinolytic mechanisms involved.  

 

1.8.3 Diagnostic and Prognostic Biomarkers in Sepsis 

The most significant disappointment in sepsis management has been the 

failure to translate our understanding of sepsis pathophysiology into successful 

clinical therapies. This is due, in part, to an inability of clinical studies to 

incorporate a vastly diverse sepsis patient population into the study design 

(Marshall 2014). For example, most sepsis clinical studies utilize blanket 

enrollment criteria (outlined in Table 1.2), and pharmacologic interventions are 

usually given on the basis of a standard dosing formula for a small duration of 

time. There is seldom any information collected on how an intervention impacts 

the host response or host-pathogen interactions, and the primary endpoint of 

these studies is typically death from any cause. This over-simplistic approach to 

clinical study design in sepsis has been criticized for its inability to distinguish 
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patients most likely to benefit from a particular therapy, a refusal to adjust a 

given therapy based on changes in patient response, as well as disguising 

potential important effects on non-fatal outcomes (Marshall 2014). As a result, 

there is an obvious need to assess patient-to-patient variability and employ 

strategies that consider and incorporate individual patient information.  

Biological markers (biomarkers) are critical to this process. Biomarkers 

are defined as alterations to biochemical or molecular constituents found 

normally in the biological environment, including tissues and fluids and provide 

us with an approach to observe and understand the dynamic state of a disease 

(Biomarkers Definitions Working Group. 2001). In sepsis, various biomarkers 

have been evaluated in their potential to guide antibiotic therapy, differentiate 

between causative pathogens (i.e: Gram-negative versus Gram-positive), gauge 

patient response to a given therapy, or predict sepsis-related complications 

(such as organ dysfunction) (Marshall and Reinhart 2009; Venteluoto 2008; The 

Surviving Sepsis Campaign Guidelines Committee including The Pediatric 

Subgroup et al. 2013). Several biomarkers have demonstrated modest 

prognostic utility to stratify septic patients into high- or low-risk groups and 

predict overall mortality, including TNF-α (Calandra et al. 1990), IL-6 (Miguel-

Bayarri et al. 2012), procalcitonin (Meng et al. 2009), IL-8 (Harbarth et al. 2001), 

APC (Fourrier et al. 1992), and C-reactive protein (CRP) (Meng et al. 2009).  
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Recently, we have identified plasma levels of CFDNA as a useful 

prognostic biomarker in sepsis. Levels of CFDNA in plasma at the onset of 

admission to the ICU had better prognostic utility than did MODS or the acute 

physiology and chronic health evaluation (APACHE) II scores, or other 

biomarkers evaluated in this study. The area under the receiver operating 

characteristic (ROC) curves for CFDNA to predict ICU mortality is 0.97 and to 

predict hospital mortality is 0.84. Furthermore, CFDNA had a sensitivity of 88% 

and specificity of 94% for predicting ICU mortality compared to APACHEII or 

MODS scores alone (Dwivedi et al. 2012). This pilot study suggested that 

incorporating plasma levels of CFDNA into sepsis risk-stratification systems may 

be clinically valuable for assessing disease severity in sepsis patients.  
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2.0 Hypothesis and Objectives 

2.1 Rationale and Hypothesis 

Mortality in sepsis is not attributed to the presence of infection itself, but 

rather the result of an exaggerated innate immune response directed towards 

the invading pathogen. The recent discovery of NETs has established an 

important link between innate immunity, coagulation, and inflammation. Elevated 

levels of NET-derived components, namely CFDNA and histones, have been 

found in various prothrombotic, pathologic disease states and are a hallmark of 

the immune response to proinflammatory processes. Furthermore, we have 

recently identified levels of CFDNA as a valuable prognostic marker in sepsis 

patients, suggesting that elevated levels of CFDNA may contribute to the 

progression of sepsis pathophysiology. Therefore, the overall aim of the 

research performed for this thesis is to identify the mechanisms by which 

CFDNA/histones modulate coagulation in sepsis.  

We hypothesize that elevations in levels of CFDNA and histones drive a 

procoagulant state in sepsis by (A) promoting contact pathway-mediated 

coagulation in a platelet-dependent and platelet-independent manner; (B) 

modulating fibrin clot structure and impairing fibrinolysis via interactions with 

fibrinogen and plasmin; and (C) by functioning as endogenous circulating 

DAMPs, resulting in the induction of TF expression in circulating peripheral blood 

monocytes.  
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To test our hypotheses, we measured the effects of CFDNA and histones, 

both purified and in the form of NETs, on thrombin generation and clot lysis 

times in a plasma environment. We also quantified TF activity, expression, and 

global procoagulant potential of monocytic cells. Finally, we confirmed our in 

vitro findings in plasmas obtained from patients with severe sepsis, and 

examined the ability of various DNA/histone inhibitors to modulate their 

procoagulant effects.  

 

2.2 Objectives 

 Our specific objectives were as follows: 

1. To determine the procoagulant potential of intact NETs released from 

activated neutrophils, and to assess the relative contributions of CFDNA 

and histones to thrombin generation.  

2. To investigate the relationship between CFDNA levels and fibrinolytic 

activity in sepsis, and determine the mechanisms by which CFDNA may 

modulate fibrinolysis. 

3. To investigate the ability of CFDNA and histones to modulate the 

procoagulant potential of monocytic cells, and examine the effects of 

septic plasmas to induce a procoagulant phenotype on peripheral blood 

monocytes. 
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3.0 Neutrophil Extracellular Traps promote thrombin 
generation through platelet-dependent and –independent 

mechanisms 
 
Travis J. Gould1,2; Trang Vu,1,2; Laura L. Swystun1,2; Dhruva Dwivedi2; Jeffrey I. 
Weitz2,3; and Patricia C. Liaw2,3. 
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and Atherosclerosis Research Institute; and the 3Department of Medicine, 
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Foreword: In Chapter 3, we investigate the procoagulant activities of cell-free 
DNA (CFDNA) and histones in the context of intact neutrophil extracellular traps 
(NETs). We demonstrate that intact NETs promote thrombin generation in 
platelet-poor plasma and that (1) thrombin generation is triggered via the 
intrinsic pathway, and (2) thrombin generation in platelet-poor plasma is 
attenuated with DNase but not RNase. Thrombin generation in PRP containing 
intact NETs was further enhanced with DNase addition, an effect that was 
abolished with anti–Toll-like receptor antibodies. This suggests that degradation 
of CFDNA in the NET scaffold increases histone-mediated, platelet-dependent 
thrombin generation. Our studies also implicate a role for CFDNA–mediated 
activation of the intrinsic pathway of coagulation in the pathogenesis of sepsis. 
We observed a direct correlation between plasma CFDNA levels and indices of 
thrombin generation in patients with sepsis, implicating that CFDNA may 
contribute to coagulation abnormalities typically observed in sepsis.        
 
Running title: NETs enhance thrombin generation 
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3.1 Abstract 

Objective - Activation of neutrophils by microbial or inflammatory stimuli results 

in the release of neutrophil extracellular traps (NETs) which are comprised of 

DNA, histones, and antimicrobial proteins. In purified systems, cell-free DNA 

(CFDNA) activates the intrinsic pathway of coagulation whereas histones 

promote thrombin generation through platelet-dependent mechanisms.  In this 

study, we examined the procoagulant potential of intact NETs released from 

activated neutrophils.  

Approach and Results - NETs released from phorbyl myristate (PMA)-activated 

neutrophils enhance thrombin generation in platelet-poor plasma (PPP). This 

effect was DNA-dependent (confirmed by DNase treatment) and occurred via 

the intrinsic pathway of coagulation (confirmed with FXII- and FXI-depleted 

plasma). In platelet-rich plasma treated with corn-trypsin inhibitor, addition of 

PMA-activated neutrophils increased thrombin generation and shortened the lag 

time in a TLR-2- and TLR-4-dependent mechanism. Addition of DNase further 

augmented thrombin generation, suggesting that dismantling of the NET 

scaffold increases histone-mediated, platelet-dependent thrombin generation. In 

PPP plasma samples from septic patients, we found a positive correlation 

between endogenous CFDNA and thrombin generation, and addition of DNase 

attenuated thrombin generation.  
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Conclusions - These studies are the first to examine the procoagulant activities 

of CFDNA and histones in the context of NETs. Our studies also implicate a role 

for the intrinsic pathway of coagulation in sepsis pathogenesis.   

	
	
3.2 Introduction 

Sepsis is the leading cause of morbidity and mortality in non-coronary 

intensive care units in the Western world (Angus et al. 2001). Severe sepsis, 

defined as sepsis associated with at least one dysfunctional organ, afflicts 

approximately 750 000 individuals in the United States annually, with an 

estimated mortality rate of 30 to 50% (Angus et al. 2001). Sepsis is often initiated 

by release of microorganisms and/or microbial toxins into the circulation 

(Wheeler and Bernard 1999a; Hotchkiss and Karl 2003). Under these conditions, 

morbidity and mortality are the result of uncontrolled activation of inflammatory 

and coagulation pathways, which leads to microvascular thrombosis and 

subsequent multiple organ dysfunction syndrome (MODS).  

Although many clinical trials have explored the utility of agents designed 

to attenuate inflammatory and/or coagulation pathways, all have failed and the 

outcome of patients with severe sepsis remains poor (Ulloa et al. 2009; The 

Surviving Sepsis Campaign Guidelines Committee including The Pediatric 

Subgroup* et al. 2013).  Thus, a better understanding of the pathogenesis of 

sepsis is needed.  Recently, cell-free DNA (CFDNA) has emerged as an 
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important link between innate immunity, coagulation, and inflammation (Yipp and 

Kubes 2013; Brinkmann et al. 2004; Fuchs et al. 2012).  When activated by 

microbial or inflammatory stimuli, neutrophils release web-like structures known 

as neutrophil extracellular traps (NETs), which are comprised of CFDNA, 

histones, and antimicrobial proteins (Brinkmann et al. 2004).  These structures 

bind to microorganisms, prevent them from spreading, and ensure a high local 

concentration of neutrophil granule enzymes to kill bacteria. 

CFDNA is the major structural component of NETs, as shown by the 

ability of DNA-intercalating dyes to stain NETs and by the ability of 

deoxyribonuclease (DNase) to dismantle NETs (Brinkmann et al. 2004).  

However, CFDNA might also have deleterious effects on the host.  CFDNA 

triggers the intrinsic pathway of blood coagulation (Swystun et al. 2011), and 

elevated levels of CFDNA are found in patients with deep vein thrombosis (DVT) 

(Fuchs et al. 2012).  It has been proposed that the presence of CFDNA and 

platelet-neutrophil interactions in the microcirculation results in microvascular 

thrombosis, leading to tissue hypoxia and endothelial damage (Clark et al. 2007; 

Gupta et al. 2010).  

Histones, the other principal component of extracellular traps, are 

important contributors to the bacteriocidal and cytotoxic properties of NETs 

(Kawasaki and Iwamuro 2008). Histones are cationic nuclear proteins that 

associate with DNA to form nucleosomes, the repeating units of chromatin. 
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When injected into mice, histones result in death due to an extreme 

prothrombotic response including diffuse microvascular thrombosis, fibrin 

deposition, platelet aggregation, and thrombocytopenia (Xu et al. 2009). Histone 

H4 is cytotoxic towards endothelial cells, and blocking histone-mediated 

cytotoxicity protects mice from endotoxemia (Xu et al. 2009). In purified systems, 

histones H3 and H4 directly induce platelet aggregation through interactions 

with Toll-like receptors 2 and 4 (Xu et al. 2011). 

Many of the studies on the procoagulant/proinflammatory properties of 

CFDNA and histone proteins have examined these components in isolation. 

However, the majority of CFDNA in plasma is likely histone-bound. Thus, the 

overall procoagulant effects of CFDNA/histone complexes as part of intact NETs 

released from activated neutrophils are unknown. Importantly, the interaction 

between CFDNA and histones may shield many of the pathophysiological 

effects observed when components are examined in isolation. To address this 

possibility, we (a) identified the cells responsible for release of CFDNA in blood, 

(b) compared the capacity of NETs released from activated neutrophils to 

promote thrombin generation in platelet-poor and platelet-rich plasma, and (c) 

determined the relative contribution of CFDNA and/or histones to thrombin 

generation in plasma from septic patients and non-septic controls 
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3.3 Materials and Methods 

3.3.1 Materials 

Factor VII-, XI-, FXII-deficient plasmas, human FVII, FXI, FXII, and corn 

trypsin inhibitor (CTI) were from Haematologic Technologies (Essex Junction, 

VT). Bovine DNase and RNase were from Promega (Madison, WI). Heparin was 

purchased from Leo Pharma (Thornhill, ON). Lipopolysaccharide (LPS), 

lipoteichoic acid (LTA), peptidoglycan, phorbol 12-myristate 13-acetate (PMA), 

bovine alkaline phosphatase (AP), and protamine sulfate (PS) were from Sigma-

Aldrich (St Louis, MO). Sytox Green and DAPI were purchased from Invitrogen 

(Burlington, ON).  Blocking mAbs against human TLR2 (clone T2.5), TLR4 

(HTA125), and isotype control (IgG2a) were all purchased from eBiosciences.  

 

3.3.2 DNA isolation and quantification  

To isolate DNA from plasma or cell supernatants, samples were 

subjected to centrifugation at 10 000 x g for 10 min to sediment cellular debris 

and DNA in the supernatant was then isolated using the QIAMP DNA blood mini 

kit (QIAGEN, Mississauga, ON) according to the manufacturer’s instructions. 

CFDNA was isolated from 200 μL plasma or supernatant and eluted into 200 μL 

elution buffer (10mM Tris-Cl, 0.5mM EDTA, pH 9.0). The concentrations of 

isolated DNA was determined by spectrophotometry by measuring absorbance 

at 260 nm using a BioPhotometer Plus spectrophotometer (Eppendorf, 
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Mississauga, ON) and purity was confirmed by calculating the ratio of 

absorbance determined at 260 and 280 nm.  

 

3.3.3 Neutrophil isolation          

Blood was collected from the antecubital veins of drug- and caffeine-free 

healthy volunteers into heparin (10 UmL-1). Neutrophils were isolated as 

previously described (Oh et al. 2008). Briefly, whole blood layered onto 

lympholyte poly cell separation media (Cedarlane, Burlington, ON) was 

subjected to centrifugation for 40 min at 500 x g at 22°C. The neutrophil layer 

was harvested and residual red blood cells were lysed using RBC lysis buffer 

(Roche Applied Science, Basel, Switzerland). Neutrophils were then washed 

and re-suspended in HBSS containing CaCl2 MgCl2 (Gibco Invitrogen, Carlsbad, 

CA) and 2% human serum albumin (Canadian Blood Services, Ottawa, ON).  

 

3.3.4 Stimulation of whole blood and neutrophils by bacterial components 

Increasing concentrations of LPS (0.1μg/mL or 1μg/mL) or LTA (10μg/mL 

or 30μg/mL) co-incubated with peptidoglycan (30μg/mL) were added to whole 

blood or purified neutrophils obtained from healthy volunteers at a concentration 

of 1 x 106 cells/mL. Whole blood or purified neutrophils were incubated for 

varying lengths of time at 37°C after which the cells were pelleted, the plasma 

was collected (by centrifugation at 1500 x g), and the CFDNA was quantified. 
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3.3.5 Visualization of NETs 

Isolated neutrophils seeded onto glass coverslips at 1 x 107 cells/mL were 

incubated with 100 nM PMA for 30min at 37°C. PMA was chosen as our NET-

stimulator for this and subsequent experiments due to its consistent induction of 

NET formation and limited capacity to activate platelets (compared to LPS). After 

washing five times with 1x PBS, total DNA was stained with 5µM DAPI (which 

passes through intact cell membranes), whereas extracellular DNA was stained 

with 1µM Sytox Green (which does not cross cell membranes) as previously 

described (Brinkmann et al. 2010). Fluorescent images were acquired using an 

Olympus BX41 fluorescent microscope fitted with an Olympus DP72 camera and 

analyzed using Slidebook software v.5.0. 

 

3.3.6 Thrombin generation assays   

To prepare platelet-poor plasmas (PPP), peripheral venous blood was 

collected from healthy volunteers into 3.8% trisodium citrate. PPP was prepared 

by centrifugation at 1500 x g for 10 minutes at room temperature. 

Simultaneously, platelet-rich plasma (PRP) was prepared by collecting venous 

blood into citrate supplemented with 50µg/mL CTI. PRP was prepared 

immediately by centrifugation at 180 x g for 10 minutes at room temperature. To 

40µL aliquots of PPP or PRP in wells of a 96-well black Costar plate were added 

1 x 105 neutrophils. Where indicated, PPP or PRP was pretreated for 30 minutes 

with the following enzymes or inhibitors before the addition of neutrophils: bovine 
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DNase (20µg/mL), RNase (20µg/mL), protamine sulfate (PS; 50µg/mL), anti-

TLR2, anti-TLR4, or IgG2a mAbs (50 µg/mL), or bovine AP (10 U/mL).  After 

incubation with 100nM PMA for 30 min at 37°C undisturbed, 15 mM CaCl2 and 

1mM Z-Gly-Gly-Arg-AMC (Bachem, Bubendorf, Switzerland) were added and 

thrombin generation was monitored using the Technothrombin TGA thrombin 

generation assay (Technoclone, Vienna, Austria) as previously described 

(Bunce et al. 2011). Thrombin generation profiles were analyzed using 

Technothrombin TGA software (Technoclone). 

3.3.7 Quantification of circulating DNA/histone complexes 

DNA-histone complex levels were quantified using the Cell Death 

Detection ELISA Plus kit from Roche Applied Science according to the 

manufacturer’s instructions. 

 

3.3.8 Gel Electrophoresis 

Extracted DNA was prepared in DNA loading buffer (Thermo Scientific, 

ON) and 20µL were added to 1.5% agarose gels for electrophoresis. After 

staining with ethidium bromide, gels were photographed using UV 

transillumination. 

3.3.9 Patient plasma samples 

Frozen plasma samples from patients with severe sepsis were collected 

as part of our ongoing DYNAMICS Study (DNA as a Prognostic Marker in ICU 
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Patients Study; ClinicalTrials.gov Identifier: NCT01355042), an investigator-

initiated multi-center prospective observational study that was undertaken to 

validate CFDNA as a prognostic biomarker in patients with severe sepsis. 

Patients with severe sepsis, as defined as previously described (Dwivedi et al. 

2012), were recruited between September 2010 and January 2013 from tertiary 

care ICUs in Hamilton, Ontario. Blood samples were collected within 24 h of 

enrollment and processed within 2 h.  Briefly; 9 mL blood was collected from 

indwelling venous catheters and transferred into 15-mL polypropylene tubes 

containing 0.5mL of 0.105M buffered trisodium citrate (pH 5.4). After 

centrifugation at 1500 x g for 10 min at 20°C, plasma was harvested and stored 

in aliquots at -80°C. The study was approved by the Research Ethics Board of 

McMaster University and Hamilton Health Sciences, Hamilton,(REB approval 10-

532). Signed informed consent was obtained from all patients or substitute 

decision-makers) or from the healthy controls before blood collection. 

 

3.3.10 Plasma samples from healthy volunteers 

Using the same methods, plasma samples were obtained from 10 healthy 

adult volunteers who had been free of medication for at least 48 h. No attempt 

was made to age or sex match controls with cases.  
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3.3.11 Statistical analyses    

Statistical analysis was performed on experiments with an n = 3 or 

greater. Values are expressed as means ± standard error. Significance of 

differences was determined by one-way ANOVA and Tukey’s pair-wise 

comparisons or by t-tests using SIGMAPLOT Software (San Jose, CA, USA). 

	
	
3.4 Results 

3.4.1 Neutrophils are the major source of plasma CFDNA released from 

activated whole blood  

Previously, we reported that high levels of CFDNA in plasma predicts 

poor clinical outcome in patients with severe sepsis (Dwivedi et al. 2012).  DNA-

sequence analyses and studies with Toll-like receptor 9 (TLR9) reporter cells 

suggest that the circulating CFDNA from sepsis patients is host-derived 

(Dwivedi et al. 2012).  In this study, we determined whether neutrophils are the 

major source of circulating CFDNA released from activated whole blood. 

Incubation of whole blood with LPS (Fig. 3.1A) or LTA+PG (Fig. 3.1B) produced 

a rapid increase in plasma CFDNA.  Likewise, incubation of purified neutrophils 

with LPS (Fig. 3.1C) or LTA+PG (Fig. 3.1D) also resulted in a rapid increase in 

plasma CFDNA. The amount of CFDNA released by activated neutrophils was 

similar to that released by activated whole blood, suggesting that neutrophils are 

the primary source of CFDNA when whole blood is incubated with LPS or 

LTA+PG.   
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To visualize the released CFDNA, neutrophils mounted on coverslips 

were imaged after stimulation with increasing concentrations of PMA.  As shown 

in Fig 3.2A, extracellular chromatin was observed in neutrophils stimulated with 

PMA, but not in resting neutrophils.  Similar results were observed when 

neutrophils were stimulated with LPS or LTA+PG (data not shown).   

 

3.4.2 NETs enhance thrombin generation through the intrinsic pathway. 

To date, there have been no studies that have examined plasma thrombin 

generation in the presence of intact NETs released from activated neutrophils. 

To study the effects of NETs on thrombin generation, neutrophils isolated from 

healthy volunteers were added to PPP and the plasma was then incubated for 

30 min in the absence or presence of PMA prior to recalcification and 

quantification of thrombin generation. In the presence of PMA, the lag time and 

time to peak thrombin were shorter, and peak thrombin and total thrombin (AUC) 

were higher compared with those measured in the absence of PMA, findings 

consistent with a procoagulant effect (Fig. 3.2B; Table 3.1).  This activity was 

diminished with DNase I, but not with RNase (data not shown), findings that 

suggest that the procoagulant activity is mediated by CFDNA.  
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Figure 3.1: CFDNA release from activated neutrophils. Human whole blood 

was stimulated for varying lengths of time with increasing concentrations of 

lipopolysaccharide (A) or lipoteichoic acid/peptidoglycan (B), and levels of 

CFDNA were measured. Isolated human neutrophils were treated with 

increasing doses of lipopolysaccharide (C) or lipoteichoic acid/peptidoglycan, 

and levels of CFDNA were measured. (n = 4 independent experiments). * (P < 

0.05) and ** (P < 0.01) indicates significance relative to untreated conditions.  
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Figure 3.2. PMA-stimulated neutrophils released NETs which enhance 

thrombin generation via the intrinsic pathway. Human neutrophils were 

incubated with 100nM PMA for 30min and stained with DAPI (blue) and Sytox 

Green (green) (A).  The effects of NETs on thrombin generation was examined 

as described in Materials and methods (B). The effects of NETs on thrombin 

generation were also measured in FXI- (C) and FXII-deficient (D) plasma. A 

summary of coagulation parameters for NET release in normal plasma is 

described in Table 1. Thrombograms shown are representative of 4-6 

independent experiments.  
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Although similar results were obtained in FVII-deficient plasma, when 

thrombin generation was quantified in FXII- or FXI-deficient plasma, incubation 

with PMA-activated neutrophils had little effect. The results suggest that the 

procoagulant activity of CFDNA is mediated via the intrinsic pathway. This 

concept is supported by the observations that (a) supplementation of FXII- or 

FXI-deficient plasma with FXII and FXI, respectively, restores procoagulant 

activity (Fig. 3.2C, 3.2D), and (b) addition of CTI, a potent and specific inhibitor 

of FXIIa, to control plasma abolishes procoagulant activity (Table 3.2). 

 

3.4.3 NETs enhance thrombin generation in a platelet-dependent manner 

Purified histones have been reported to enhance thrombin generation in 

platelet-rich plasma (PRP) through a polyphosphate-dependent mechanism 

(Semeraro et al. 2011). However, it remains unclear whether the platelet-

activating effects of histones are shielded when in complex with CFDNA and 

other NET components. To determine whether platelets enhance thrombin 

generation when neutrophil-containing plasma is incubated with PMA, results in 

PRP were compared with those in PPP.  In the presence of neutrophils, 

incubation of PRP with PMA shortened the lag time by half and increased peak 

thrombin compared with the lag time and peak thrombin determined in PPP.  We 

induced thrombin generation in corn trypsin inhibitor (CTI)-inhibited PRP in the 

absence or presence of PMA-activated neutrophils.  In this system, CTI prevents 
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Table 3.1. The effect of NET release on thrombin generation in platelet-poor 

plasma. Summary of coagulation parameters for NET release in CTI-

supplemented PPP. Results reflect the mean ± SE of at least 3 determinations.  

Asterisks denote p < 0.05 compared with platelet-poor plasma. 

 
 
 
 
 
 
 

 Lag time 
(min) 

Peak IIa (nM) Peak time 
(min) 

AUC 

PPP only 28 ± 4 58 ± 17 41 ± 5 1188 ± 375 
Neutrophils 24 ± 2 62 ± 6 42 ± 4 1375 ± 140 
NETs 13 ± 1 * 225 ± 23 * 20 ± 2 * 2898 ± 383 * 
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Table 3.2. The effect of NET release on thrombin generation in platelet-rich 

plasma. Summary of coagulation parameters for NET release in CTI-

supplemented PRP. Results reflect the mean ± SE of at least 3 determinations.  

Asterisks denote p < 0.05 compared with platelet-rich plasma. 

 
 
 
 
 
 
 

 Lag time 
(min) 

Peak IIa (nM) Peak time 
(min) 

AUC 

PRP 81 ± 3 109 ± 11 101 ± 4 2648 ± 378  
Neutrophils 73 ± 1 85 ± 3 94 ± 2 2695 ± 243 
NETs 37 ± 2 * 203 ± 13 * 46 ± 2 3608 ± 324 * 
DNase 32 ± 2 * 234 ± 10 * 40 ± 2 * 3631 ± 329 * 
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CFDNA-mediated FXII activation and subsequent thrombin generation but is 

unable to inhibit platelet-mediated (polyphosphate-dependent) FXII activation 

(Semeraro et al. 2011). The addition of PMA to PRP caused a modest increase in 

thrombin generation (consistent with the known platelet-activating effects of 

PMA)(Elzagallaai et al. 2000), whereas the addition of PMA-activated neutrophils 

significantly exacerbated this effect. Compared to PMA-treated PRP, the 

addition of PMA-activated neutrophils to PRP resulted in a 50% decrease in lag 

time, accompanied by a significant increase in peak and total thrombin (Fig. 

3.3; Table 3.2). The enhanced procoagulant effect was attenuated with bovine 

alkaline phosphatase, platelets. Thrombin generation in PRP was further 

enhanced with DNase addition, but not with RNase addition. These findings 

suggest that dismantling of the DNA network of NETs with DNase releases more 

procoagulant material (presumably histones) (Table 3.2). Addition of TLR2- 

and/or TLR4-directed inhibitory antibodies attenuated this enhancement (Fig. 

3.4), whereas a control IgG had no effect. Taken together, these findings 

suggest that digestion of the DNA network of NETs with DNase exposes the 

platelet-activating functions of histones. 

 

3.4.4 DNA-histone complexes in plasma from patients with severe sepsis 

enhance thrombin generation. 

To determine the physiological relevance of our in vitro studies, we 

measured plasma levels of DNA-histone complexes in septic patients.  
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Figure 3.3. Effect of intact NETs on platelet-mediated thrombin generation. 

Thrombin generation induced by NETting neutrophils in CTI-inhibited PRP with 

or without DNase I (20ug/mL) treatment to degrade NET structures. 

Thrombograms shown are representative of three independent experiments. A 

summary of coagulation parameters for NET release in normal plasma is 

described in Table 2. Thrombograms shown are representative of 4 independent 

experiments.  
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Compared with plasma from healthy controls, plasma from patients with severe 

sepsis contained increased levels of DNA-histone complexes (Fig. 3.5), 

suggesting that CFDNA circulates in complex with histones.  Next, we 

investigated if there is a correlation between plasma CFDNA levels and plasma 

thrombin generation.  Plasma samples from severe sepsis patients were divided 

into those that contained low, intermediate or high levels of CFDNA as arbitrarily 

defined as CFDNA levels less than 5µg mL-1, 5.0-14.9 µg mL-1, and over 15µg 

mL-1, respectively. Thrombin generation in these samples was then determined  

in the absence or presence of DNase. In the absence of DNase, there was a 

direct correlation between CFDNA levels and total thrombin as determined by 

AUC (r = 0.6; Fig. 3.6F) and an inverse correlation between CFDNA levels and 

lag times (r = 0.56; Fig. 3.6G). Likewise, higher CFDNA levels were associated 

with shorter lag times (Fig. 3.6B) and times to peak (Fig. 3.6C), higher peak 

thrombin values (Fig. 3.6D), as well as greater AUC (Fig. 3.6E) relative to 

control. Incubation with DNase (confirmed by gel electrophoresis; data not 

shown) attenuated thrombin generation in septic plasma and DNase addition to 

control plasma reduced thrombin generation to undetectable levels (Fig. 3.6). 

The addition of protamine sulfate, which is a small cationic protein that binds 

and precipitates DNA, also reduced thrombin generation to undetectable levels 

(Figure 6A). In addition, although CTI inclusion resulted in an abrogation of 

thrombin generation, no effect was seen when tissue factor–inhibitory antibody  
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Figure 3.4. NET-induced platelet activation is partially mediated through 

TLR2 and TLR4. Thrombin generation induced by NETting neutrophils in CTI-

inhibited PRP with inhibitory mAbs against TLR2, TLR4, control IgG, or bovine 

phosphatase (Psp). Thrombograms shown are representative of three 

independent experiments. A summary of coagulation parameters for NET 

release in CTI-supplemented PRP is described in Table 3. Thrombograms 

shown are representative of 4 independent experiments. * indicates p < 0.05 

relative to NETting neutrophil only conditions. 
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Table 3.3. The effect of TLR inhibitors on NET-induced thrombin generation. 

Summary of coagulation parameters for NET release in CTI-supplemented PRP. 

Results reflect the mean ± SE of at least 3 determinations.  Asterisks denote p < 

0.05 compared with stimulated neutrophils. 

 

 

 

 

 Lag time 
(min) 

Peak IIa (nM) Peak time 
(min) 

AUC 

PRP 56 ± 2 63 ± 1 69 ± 2 2730 ± 224 
NETs 36 ± 1 192 ± 5 46 ± 3 4939 ± 451 
TLR2 41 ± 1 133 ± 6 * 48 ± 1 3219 ± 594 
TLR4 46 ± 2 * 174 ± 8 54 ± 4 3831 ± 1076 
TLR2&4 51 ± 2 * 140 ± 14 * 59 ± 1 * 3644 ± 1117 
IgG 35 ± 2 202 ± 18 44 ± 4 5226 ± 278 
AP 89 ± 2 * 3 ± 1 * 111 ± 6 * 22 ± 14 * 
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Figure 3.5: Increased levels of nucleosomes correspond with increases in 

CFDNA in sepsis. DNA was isolated from the plasma of healthy volunteers and 

septic patients (A). Nucleosome analysis was performed using the Cell Death 

Detection ELISA PLUS from Roche Diagnostics (B); (n = 10 for all conditions). 
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HTF-1 was added to septic plasmas, suggesting negligible contributions by 

tissue factor to this system (Table 3). Taken together, these data suggest that 

elevations in plasma CFDNA levels result in a hypercoagulable state. 

	
3.5 Discussion 

Cell-free DNA (CFDNA) is acellular deoxyribose nucleic acid fragments that 

circulate within peripheral blood. CFDNA circulates at low levels in healthy 

individuals, with elevated levels observed in an array of clinical conditions 

including trauma (Lo et al. 2000), cancer (Swystun et al. 2011), stroke (Rainer et 

al. 2003), and myocardial infarction (Chang et al. 2003). In a previous study, we 

demonstrated that CFDNA appears to have high discriminative power to predict 

ICU mortality in patients with severe sepsis (Dwivedi et al. 2012). Patients with 

higher plasma concentrations of CFDNA are more likely to face severe 

complications, such as organ dysfunction/failure, and death. As a prognostic 

indicator of mortality in septic ICU patients, CFDNA alone appears to possess 

the greatest predictive power, even when combined with existing clinical scoring 

systems such as MODS and APACHEII scores (Dwivedi et al. 2012).   

In this study, we identified neutrophils stimulated with LPS or LTA+PG as 

a likely source of CFDNA in whole blood. We demonstrated that intact NETs 

promote thrombin generation in PPP and that (a) thrombin generation is 

triggered via the intrinsic pathway, and (b) thrombin generation in PPP is 

attenuated with DNase, but not RNase.  Conversely, thrombin generation in PRP  
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Figure 3.6. Effects of elevated levels of CFDNA in septic plasmas on 

thrombin generation. Plasmas obtained from patients with severe sepsis was 

recalcified to initiate coagulation and thrombin generation was measured as 

described in Materials and methods (A). Patients were categorized based on 

CFDNA concentrations: low CFDNA levels (○) <5ug/mL; intermediate CFDNA 

levels (▼) 5.1-14.9ug/mL, and; high CFDNA levels (△) >15ug/mL. DNase (+/-) 

indicates the presence or absence of a 4h DNase pre-treatment prior to initiating 

thrombin generation. Lag time (B), time to peak (C), peak thrombin (D), and 

AUC (E) analysis was performed with Technothrombin TGA software. Correlation 

curves for AUC and CFDNA levels (F) as well as lag time and CFDNA levels (G). 

* (P < 0.05) and ** (P < 0.01) indicates significance relative to plasma only. ND = 

no thrombin generation detected. Thrombograms shown are representative of 5 

independent experiments (n = 5 for all subgroups).   
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was further enhanced with DNase addition, an effect that was abolished with 

anti-TLR antibodies, suggestive of histone-induced platelet activation. Finally, we 

showed a direct correlation between CFDNA levels and indices of thrombin 

generation in plasma from sepsis patients. 

For many years, the hemostatic abnormalities in sepsis have been 

described as an initial hypercoagulable phase driven by aberrant expression of 

tissue factor, downregulation of endogenous anticoagulant pathways, and 

impairment of fibrinolysis due to elevations in plasminogen activator inhibitor-1 

(PAI-1) (Wheeler and Bernard 1999a; Hotchkiss and Karl 2003; Ulloa et al. 

2009).  Currently, the thrombin generation assay is one of the most extensively 

used global hemostatic assays used in hemostasis research (Hemker et al. 

2006). However, several groups have reported that patients with sepsis present 

no signs of systemic hypercoagulability when evaluated with the thrombin 

generation assay, even in the early stages of sepsis (Picoli-Quaino et al. 2013; 

Petros et al. 2012; Collins et al. 2006; Massion et al. 2012; Seo et al. 2009). It 

should be noted that thrombin generation in previous studies was analyzed in 

PPP triggered with relipidated tissue factor (ie. via the extrinsic pathway) rather 

than with CaCl2 as was done in the current study. Our study is the first to 

demonstrate elevations in indices of thrombin generation in plasma samples 

from septic patients, and implicates an important role of the intrinsic pathway of 

coagulation in the pathogenesis of sepsis.   
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Given that CFDNA is a potent activator of coagulation, lowering levels of 

CFDNA may be beneficial to the host in disease states. In humans and in mouse 

models, there is precedence for the therapeutic efficacy of DNase. For example, 

in patients with cystic fibrosis, a condition often associated with P. aeruginosa 

infection of the lung epithelium, inhalation of recombinant human DNase I 

reduces the viscosity of purulent sputum and inhibits bacterial biofilm formation 

(Hodson and Shah 1995). In a mouse model of systemic lupus erythmatosus 

(SLE), an autoimmune disease characterized by high circulating DNA levels, 

intraperitoneal injection of recombinant mouse DNase interferes with the disease 

process (Macanovic et al. 1996). In the current study, we observed that addition 

of DNase to NETs actually results in increases in thrombin generation in PRP, 

suggesting that removal of the CFDNA component of NETs may be detrimental 

to the host.  Consistent with this finding, Meng et al. showed that digestion of 

NETs by DNase in a mouse model of sepsis results in advanced sepsis 

progression accompanied by an increase in mortality (Meng et al. 2012). Thus, it 

is possible that digestion of NETs with DNase exposes histones that are potent 

activators of platelets and are cytotoxic to vascular endothelial cells. In addition, 

dismantling of NETs may also impair their bacteriocidal capabilities (Brinkmann 

et al. 2004). 

Since histones are presumably exposed when the CFDNA scaffold is 

degraded by DNase, the absence of thrombin generation in PPP incubated with 
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PMA/DNase-treated neutrophils suggests that histones themselves do not 

trigger the intrinsic pathway of coagulation. It also suggests that neutrophil 

granular enzymes do not trigger the intrinsic pathway. However, it is possible 

that neutrophil enzymes promote coagulation by inactivating endogenous 

anticoagulants. Neutrophil elastase (NE) has been shown to degrade 

antithrombin, and both elastase and cathespin G (both released during 

neutrophil degranulation) proteolyze tissue factor pathway inhibitor (TFPI) 

(Higuchi et al. 2003; Massberg et al. 2010).  

Semeraro et al. have recently demonstrated that purified histones activate 

platelets through TLR2 and TLR4, inducing the secretion of inorganic polymer 

polyp (Semeraro et al. 2011). When thrombin generation was performed in the 

presence of NETs in CTI-treated PRP (which inhibits CFDNA-mediated but not 

polyphosphate-mediated contact activation) there was a robust reduction in lag 

time coupled with an increase in peak thrombin, suggesting that, similar to 

purified histone proteins, intact NETs are able to activate platelets. This effect 

was platelet-dependent as no thrombin generation was detected when CTI-

inhibited PPP was used. However, platelet activation in the presence of NETs 

was not completely abrogated with TLR2 and TLR4-blocking antibodies, 

suggesting that alternative mechanisms may also regulate platelet activation in 

the presence of NETs. Histones have been shown to increase membrane 



Ph.D. Thesis – Travis Gould                   McMaster University – Medical Sciences 

	 104 

permeability of cells, which contribute to their cytotoxic effects (Kleine et al. 

1995; Xu et al. 2009).  

In addition to histones, platelet polyP may be another therapeutic target in 

sepsis.  Recent studies have suggested a therapeutic use for alkaline 

phosphatase (AP) in the treatment of sepsis-associated organ dysfunction 

(Peters et al. 2012). Two phase II studies demonstrated that parenteral 

administration of the dephosphorylating enzyme AP to ICU patients with sepsis 

and associated acute kidney injury improved kidney function and reduced 

markers of inflammation and kidney injury (Heemskerk et al. 2009; Pickkers et al. 

2012). The therapeutic efficacy of AP has been attributed to AP-mediated 

dephosphorylation/detoxification of LPS, and dephosphorylation of ATP, a 

proinflammatory energy molecule released by inflamed renal tissue (Peters et al. 

2012). In the current study, we have shown that the addition of AP abolished 

thrombin generation in PRP, suggesting that AP may also exert beneficial effects 

by impairing platelet polyP-dependent activation of coagulation.  

In summary, these studies are the first to examine the procoagulant 

activities of CFDNA and histones in the context of intact NETs. Our studies also 

implicate a role for CFDNA-mediated activation of the intrinsic pathway of 

coagulation in the pathogenesis of sepsis. Our findings support the concept that 

NET components may be important therapeutic targets for the treatment of 

sepsis. 
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4.0 Cell-free DNA modulates clot structure and impairs 
fibrinolysis in sepsis 
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Foreword: In Chapter 4, we examine the interplay between CFDNA and sepsis 
pathophysiology by (i) investigating the relationship between CFDNA levels and 
fibrinolytic activity in sepsis, and (ii) determining the mechanisms by which 
CFDNA modulates fibrinolysis. We demonstrate that elevated levels of CFDNA 
correlate with impaired fibrinolytic activity in the plasma of severe sepsis 
patients, and that this effect can be reversed upon the addition of DNase. The 
changes in fibrinolytic activity in septic plasmas correlated with changes in clot 
morphology, a phenomenon that appears to be mediated by increases in 
thrombin generated by CFDNA itself. In a purified system, CFDNA delays 
fibrinolysis and does not impact tPA-mediated plasmin generation. Our studies 
also show that CFDNA is able to bind both plasmin and fibrin to form a non-
productive ternary complex that inhibits plasmin-mediated fibrinolysis.  
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4.1 Abstract 

Objectives: Sepsis is characterized by systemic activation of inflammation and 

coagulation in response to infection. In sepsis, activated neutrophils extrude 

neutrophil extracellular traps comprised of cell-free DNA (CFDNA) that not only 

trap pathogens, but also provide a stimulus for clot formation. Although the 

effect of CFDNA on coagulation has been extensively studied, much less is 

known about the impact of CFDNA on fibrinolysis. To address this, we (a) 

investigated the relationship between CFDNA levels and fibrinolytic activity in 

sepsis; and (b) determined the mechanisms by which CFDNA modulates 

fibrinolysis. 

Approach and Results: Plasma was collected from healthy and septic 

individuals and CFDNA was quantified. Clot lysis assays were performed in 

plasma and purified systems and lysis times were determined by monitoring 

absorbance. Clot morphology was assessed using scanning electron 

microscopy. Clots formed in plasma from septic patients containing >5µg mL-1 

CFDNA were dense in structure and resistant to fibrinolysis, a phenomenon 

overcome by DNase addition. These effects were recapitulated in control 

plasma supplemented with CFDNA. In a purified system, CFDNA delayed 

fibrinolysis, but did not alter tPA-induced plasmin generation. Using surface 

plasmon resonance, CFDNA bound plasmin with a Kd value of 4.2 ± 0.3 µM and 

increasing concentrations of CFDNA impaired plasmin-mediated degradation of 
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fibrin clots via the formation of a non-productive ternary complex between 

plasmin, CFDNA, and fibrin.   

Conclusions:  Our studies suggest that increased levels of CFDNA in sepsis 

impair fibrinolysis by inhibiting plasmin-mediated fibrin degradation, thereby 

identifying CFDNA as a potential therapeutic target for sepsis treatment. 

 
4.2 Introduction 

Sepsis is initiated by the release of microorganisms and/or microbial 

toxins into the circulation, though infection itself is rarely the cause of death in 

these patients (Rainer et al. 2003; Wheeler and Bernard 1999a; Hotchkiss and 

Karl 2003). Rather, mortality in septic patients is attributed to irreversible organ 

failure from prolonged, uncontrolled activation of inflammatory and coagulation 

pathways within the microcirculation. Despite many recent advances in 

management and treatment, sepsis remains the leading cause of morbidity and 

mortality in non-coronary intensive care units (ICUs) in North America (Zeerleder 

et al. 2003; Angus et al. 2001; Margraf et al. 2008; Dwivedi et al. 2012). Severe 

sepsis, defined as sepsis associated with at least one dysfunctional organ, 

affects approximately 750,000 individuals in the United States annually (Levi et 

al. 2003; Angus et al. 2001; Gando 2010). Sepsis-induced mortality remains 

high, ranging from 18-30%, and is further increased if disseminated 

intravascular coagulation (DIC) occurs (Levi et al. 2003; Angus et al. 2001; 

Semeraro et al. 2012; Kaukonen et al. 2014). 
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Clinical management of patients with sepsis is challenging and largely 

limited to supportive therapies, which is in part related to a limited 

understanding of the underlying pathophysiology (Ulloa et al. 2009; The 

Surviving Sepsis Campaign Guidelines Committee including The Pediatric 

Subgroup* et al. 2013). Recently, cell-free DNA (CFDNA) has emerged as an 

important link between innate immunity, coagulation, and inflammation (Yipp and 

Kubes 2013; Brinkmann et al. 2004; Fuchs et al. 2012). Furthermore, we have 

previously demonstrated that plasma levels of CFDNA have high discriminative 

power to predict ICU mortality in patients with severe sepsis (Dwivedi et al. 

2012). Patients with higher plasma concentrations of CFDNA are more likely to 

face severe complications such as organ dysfunction/failure, and death. This 

evidence suggests that CFDNA may not simply be an innocuous biomarker of 

disease severity, but may itself exert pathological effects in sepsis. 

CFDNA is released through various cellular processes including 

apoptosis, necrosis, or by neutrophils as a component of neutrophil extracellular 

traps (NETs) (Stroun et al. 2001; Atamaniuk et al. 2012; Jiang 2003; Margraf et 

al. 2008; Fuchs et al. 2010; Choi et al. 2004). NETs are comprised of 

extracellular DNA, histones, and neutrophil granular proteins. CFDNA, either in 

the presence or absence of histones, has been shown to modulate several 

procoagulant pathways. CFDNA circulates at low levels in health individuals 

(0.02 – 1.7µg mL-1) (Arnalich et al. 2013; Diaz et al. 2013; Dwivedi et al. 2012), 
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but elevated circulating CFDNA levels (0.1 – 5µg mL-1) (Saukkonen et al. 2008; 

Dwivedi et al. 2012; Moreira et al. 2010) have been detected in a variety of 

disease states, including sepsis. Elevated levels of CFDNA in septic patients 

increase thrombin generation by activating the intrinsic pathway of blood 

coagulation (Gould et al. 2014), while DNA-histone complexes trigger platelet 

activation and aggregation by signaling through Toll-like receptors (TLR)-2 and 

TLR-4 (Gould et al. 2014; Xu et al. 2009; Xu et al. 2011). In addition, recent 

evidence suggests that fibrin, along with von Willebrand factor (vWF) and 

chromatin, form a co-localized network within the thrombus that provides a 

scaffold for localized coagulation activation coupled with platelet and red blood 

cell adhesion, thereby promoting thrombus formation (Fuchs et al. 2012; Brill et 

al. 2012; Fuchs et al. 2010).  

While the contributions of CFDNA to coagulation activation and thrombus 

formation have been well characterized, studies on the influence of CFDNA on 

the fibrinolytic system are limited. NETs have previously been shown to 

intercalate with fibrin to form a structural network that is resistant to lysis by 

tissue plasminogen activator (tPA) or degradation by DNase (Fuchs et al. 2010). 

Conversely, CFDNA has been shown to facilitate the recruitment of pro-

fibrinolytic enzymes such as tPA, urokinase plasminogen activator (uPA), 

plasminogen, and plasmin, as well as their endogenous inhibitors, plasminogen 

activator inhibitor-1 (PAI-1) and alpha 2-antiplasmin (α2AP)(Komissarov et al. 
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2011). Thus, while CFDNA may augment fibrinolytic activity by enhancing fibrin-

independent plasminogen activation, it may also suppress fibrinolysis by 

increasing the susceptibility of fibrinolytic enzymes to inhibition (Komissarov et 

al. 2011).  

Levels of CFDNA are elevated in patients with severe sepsis. 

Consequently, samples from septic patients provide an opportunity to examine 

the influence of CFDNA on fibrinolysis in the plasma milieu. Therefore, in this 

study, we (a) measured fibrinolysis in plasma samples from septic patients and 

examined the influence of endogenous CFDNA on this process; (b) investigated 

the impact of CFDNA on the structure of plasma clots, and (c) defined the 

mechanisms by which CFDNA modulates fibrinolytic activity. 

 
 
4.3 Materials and Methods 

4.3.1 Materials 

Human alpha-thrombin (IIa), unfractionated, FXIII-free fibrinogen, and 

Glu-Plasminogen were from Enzyme Research Laboratories (South Bend, IN, 

USA). Plasmin and fluorescein-labeled FPR-chloromethylketone (PPACK) were 

from Haematologic Technologies Inc. (Vermont, USA). Recombinant human 

DNase I (Pulmozyme® dornase alpha) and alteplase (recombinant single-chain 

tPA) were from Genentech (San Francisco, CA, USA). RNase was from Promega 

(Madison, WI, USA). The PAI-1 inhibitory antibody MA-55F4C12 was purchased 

from Hycult Biotech (Plymouth, PA, USA). Sequencing grade trypsin was 
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purchased from Roche Diagnostics GmbH (Mannheim, Germany). Heparin was 

purchased from Leo Pharma (Thornhill, ON). H-D-Val-Leu-Lys-p-nitroaniline-

dihydrochloride, the plasmin-directed chromogenic substrate S-2251 was from 

Chromogenix (Bedford, MA, USA). Batroxobin and streptavadin were purchased 

from Sigma Aldrich (St. Louis, MO, USA). PHOTOPROBE kit (long arm) biotin for 

nucleic acid labeling was purchased from Vector Laboratories (Burlingame, CA, 

USA). HOOK-sulfo-NHS-LC-biotin was purchased from G-Biosciences (St. Louis, 

MO, USA). Plasma levels of D-dimer, PAI-1, and fibrinogen were quantified by 

immunoassay using kits from Ray Biotech, Inc. (Norcross, GA, USA), Abcam 

(Cambridge, MA, USA), and Affinity Biologicals (Ancaster, ON), respectively.  

 

4.3.2 Human Sample Collection               

Frozen plasma samples were obtained from an available biobank that 

contains samples from 400 patients with severe sepsis (DYNAMICS Study, 

ClinicalTrials.gov Identifier: NCT01355042). The patients were recruited between 

September 2010 and January 2013 from tertiary care ICUs from 9 centers 

across Canada. Patients with severe sepsis were identified using the inclusion 

and exclusion criteria previously described by (Dwivedi et al. 2012). The study 

was approved by the Research Ethics Boards of all participating centers. 

Patient blood samples, which were collected within 24 hours of meeting 

the inclusion criteria for severe sepsis, were processed within 2 hours. Briefly, 
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9mL of arterial blood was withdrawn from an indwelling catheter and transferred 

into 15mL polypropylene tube containing 0.5mL of 0.105M buffered trisodium 

citrate (pH 5.4). After centrifugation at 1500 x g for 10 min at 20°C, platelet poor 

plasma was harvested and stored in 200µL aliquots at -80°C until used. 

Control plasma samples were obtained via venipuncture from 10 healthy 

adult volunteers who were not receiving any medication at the time of blood 

collection. There was no attempt to match controls with cases. The blood was 

processed as described above, and plasma was pooled and stored in aliquots 

at -80°C until used. 

 

4.3.3 DNA isolation and quantification  

  To isolate DNA from plasma or buffy coat, samples were subjected to 

centrifugation at 1500 x g for 10 min to sediment cellular debris and DNA in the 

supernatant was then isolated using the QIAMP DNA blood mini kit (QIAGEN, 

Mississauga, ON) according to the manufacturer’s instructions. CFDNA was 

isolated from 200μL plasma or supernatant and eluted into 200μL elution buffer 

(10mM Tris-Cl, 0.5mM EDTA, pH 9.0). Concentrations of isolated DNA were 

determined by measuring measuring absorbance at 260 nm using a 

BioPhotometer Plus spectrophotometer (Eppendorf, Mississauga, ON) and 

purity was confirmed by calculating the ratio of absorbance determined at 260 

and 280 nm. Integrity of isolated DNA was confirmed by gel electrophoresis on 
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2% agarose gels. To generate DNA fragments, genomic DNA was subjected to 

sonication using an M220 Focused-ultrasonicator™ (Covaris, Woburn, MA) 

according to instrument instructions.  

 

4.3.4 Plasma Clot Lysis Assays   

Clot formation and lysis times were determined in plasma from septic 

patients or healthy controls in the absence or presence of 20µg mL-1  

DNase/RNase or 20nM of inhibitory PAI-1 antibody MA-55F, which were pre-

incubated at 37°C for 4 or 1 h, respectively. Where indicated, ‘ctrl’ refers to 

control plasma obtained from pooling platelet-poor plasma from 10 healthy 

volunteers. After adding 50µL of plasma to wells of a flat-bottomed 96-well plate 

maintained at 37°C, 50µL of a solution containing 1nM tPA and 30mM CaCl2 in 

20mM Tris, pH 7.0 was added. Absorbance was monitored at 405nm for up to 5 

h in a SpectraMax M5e plate reader (Molecular Devices, Sunnyvale CA, USA) 

and clot formation and lysis times were determined as the time to half maximal 

increase and decrease in absorbance, respectively, as calculated using the 

instrument software. Where indicated, complete clot lysis was defined as a given 

sample reaching the half maximal decrease in absorbance during the 5-hour 

period of observation. 
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4.3.5 Clot Lysis Assays in Buffer Systems    

The effect of CFDNA on clot formation and lysis was also examined in a 

purified system. Aliquots of 10nM thrombin and 1nM tPA were placed separately 

in wells of a 96-well plate prior to addition of a solution containing 5µM 

fibrinogen, 1µM Glu-plasminogen, and 2mM CaCl2 in 20mM Tris-pH 7.0 in the 

absence or presence of CFDNA up to 50µg mL-1. In some experiments, 1nM 

plasmin or 5µM trypsin was added in place of tPA and Glu-plasminogen. In all 

cases, absorbance was monitored at 405nm for up to 2 h and the clotting and 

lysis times were determined as described above.  

 

4.3.6 Evaluation of Plasma Clot Structure using Scanning Electron Microscopy 

After adding 15mM CaCl2 to 50µL aliquots of plasma from either healthy or 

septic individuals, 30µL aliquots were removed, deposited on etched glass 

slides, and incubated for 2 hours at 37°C. Clots were then gently washed 5 

times with PBS and submerged and fixed overnight at 4°C in 2% glutaraldehyde. 

Clots were imaged digitally in 3 different areas using a Tescan Vega II scanning 

electron microscope (Tescan, USA, PA) at a magnification of 20 000X. Fibrin 

fiber diameter was determined using ImageJ software (v.1.6). Individual fibers 

from 10 random areas were measured per image. Fibrin clot porosity was 

quantified by calculating the number of black pixels relative to total pixels in a 

given image using Adobe Photoshop CS5 software. For these determinations, a 
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‘black pixel’ was defined as 75% pixel grayscale pixel intensity, with 0% being 

equal to white and 100% being equal to completely black. 

 

4.3.7 SDS-PAGE Analysis of Fibrin Degradation               

Clots were formed and fibrinolysis initiated by incubating 5µM fibrinogen 

with 5nM thrombin and 1nM plasmin in HEPES-buffered saline (HBS), pH 7.0, 

containing 0.005% Tween-20 in the absence or presence of DNA up to 50µg  

mL-1. At various intervals, reactions were stopped and clots were solubilized by 

the addition 0.1M acetic acid. Aliquots containing 5µg of protein were added to 

the sample preparation buffer [final concentrations of 1% DodSO4, 0.05M Tris–

HCl (pH 8.0), 0.025M EDTA (pH 8.0), 0.05mg mL-1 1 bromophenol blue,10% β-

mercaptoethanol and 5% glycerol, 20µL total], and degradation products were 

resolved by SDS–PAGE using 4–15% gradient gels (Bio-Rad, Mississauga, ON, 

USA). Gels were stained with Bio-safe Coomassie G-250 stain (Bio-Rad), 

digitally scanned, and band density was quantified using Image Lab™ Software 

v.4.1 (Bio-Rad). Band identity was determined by apparent molecular weight 

(Kim et al. 2007). 

 

4.3.8 Plasminogen Activation Assay       

The effect of CFDNA on plasminogen activation by tPA was assessed by 

incubating 1µM Glu-plasminogen with 400nM S-2251 at 37°C in wells of a 96-

well flat-bottom plate in the absence or presence of CFDNA up to 50µg mL-1. 
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After adding 50nM tPA, S-2251 hydrolysis was monitored at 405nm for 1h. 

Turbidity was corrected for substrate hydrolysis by subtracting the absorbance 

measured at 450nm. Corrected absorbance values were then plotted against 

time-squared and plasminogen activation rates were determined from the linear 

portions of the plots using the specific activity of plasmin for S-2251, which was 

determined in a separate experiment to be 1.64 mOD/min/nM. Values in the 

presence of varying concentrations of CFDNA were then normalized relative to 

that measured in its absence.  

 

4.3.9 Surface Plasmon Resonance     

Binding interactions were studied by surface plasmon resonance (SPR) 

using a Biacore T200 (GE Healthcare, Piscataway, NJ). FXIII-free fibrinogen in 

10mM sodium acetate, pH 5.5, was covalently linked to carboxyl groups on a 

CM4 sensor chip (GE Healthcare) using an amine coupling kit (GE Healthcare) 

at a flow rate of 5µL/min until 5000 response units (RU) were attained. Where 

indicated, immobilized fibrinogen was converted to fibrin by injecting 500nM 

thrombin in HBS containing 10mM CaCl2 and 0.005% Tween-20 at a flow rate of 

5µL/min for 60 min. This step was repeated until no further reduction in RU was 

detected, indicating complete release of fibrinopeptide A (Fp) A and/or FpB. 

Genomic DNA (isolated from buffy coat of healthy volunteers) was diluted in 

HBS-Tw and injected at a flow rate of 20 µL/min for 1 min. Flow cells were then 



Ph.D. Thesis – Travis Gould                   McMaster University – Medical Sciences 

	 118 

washed with HBS-Tw to monitor dissociation. Between runs, flow cells were 

regenerated with HBS containing 1M NaCl, 10mM EDTA and 0.005% Tween-20.  

Alternatively, biotinylated genomic DNA was immobilized to streptavidin-

coated flow cells. Flow cells were then washed with 0.02M HEPES, 1M NaCl, 

2mM CaCl2, pH 8.0 (HBS) containing 0.005% Tween-20 (Tw). Glu-plasminogen 

or plasmin diluted in HBS-Tw (pH 8.0) were injected at a flow rate of 20 µL/min 

for 1 min and flow cells were then washed with HBS-Tw to monitor dissociation. 

Between runs, flow cells were regenerated with HBS containing 1M NaCl, 10mM 

EDTA and 0.005% Tween-20, pH 8.0. For each condition, RU values at 

equilibrium were determined by subtracting the RU values obtained in the 

control flow cell containing unmodified carboxymethyl-dextran (for 

fibrinogen/fibrin binding studies) or streptavidin (for DNA binding studies). 

Equilibrium values were then plotted against the starting concentrations of 

fibrinogen/fibrin/DNA and data were fit to a rectangular hyperbola using 

SigmaPlot v.11.0 software (San Jose, CA, USA) to determine the affinity (Kd) 

values.  

 

4.3.10 Determination of plasmin binding to DNA-containing clots   

To study the effects of CFDNA on the plasmin-fibrin interaction, a 

fluorometric displacement assay was used. Plasmin was active site labeled by 

incubation with a 10-fold molar excess of fluorescein-labeled FPR-
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chloromethylketone (f-PPACK) for 2h at 25°C. After dialysis against phosphate 

buffered saline (PBS) pH 7.4 four times for 2h at 25°C to remove unincorporated 

f-PPACK, the material was incubated with S-2251 to confirm complete absence 

of activity.  

The affinity of FITC-labeled plasmin for DNA/fibrin was determined by 

measuring unbound plasmin in supernatants of clots. Briefly, 3µM fibrinogen, 

9µM f-PPACK-inhibited plasmin, and increasing concentrations of genomic DNA 

(0-500nM) were added to 1.5mL Eppendorf tubes, mixed carefully, and 

incubated at room temperature for 10min. After adding 10nM thrombin to initiate 

clotting, clots were incubated for 1 h at 25°C. Fibrin clots were then dislodged 

from the tubes by vortexing, and collapsed by centrifugation at 16 000 x g. The 

supernatant from each tube was collected and 100µL of each sample was 

added to wells of a 96-well black Costar plate. The fluorescent intensity of the 

samples was determined using a SpectraMax M5e plate reader (Molecular 

Devices, Sunnyvale, CA, USA) with excitation and emission wavelengths of 

495nm and 520nm, respectively.  

 

4.3.11 Statistical analyses        

Values are expressed as mean ± standard error. Significance of 

differences was determined by one-way ANOVA and Tukey’s pair-wise 
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comparisons or by t-tests using SigmaPlot software. For all analyses, p values 

less than 0.05 were considered to be statistically significant.   

 

4.4 Results 

4.4.1 Elevated levels of Endogenous CFDNA impairs fibrinolysis in septic 

patient plasma. 

To study the effects of elevated endogenous CFDNA levels on fibrinolysis, 

plasma samples from 60 patients with severe sepsis and 10 healthy donors were 

examined. The baseline (day 1) characteristics of the 60 severe sepsis patients 

are shown in Table 4.1. CFDNA was quantified, and based on levels, plasma 

samples were arbitrarily categorized into ‘low’ (0-4.9µg mL-1), ‘intermediate’ (5-

9.9µg mL-1), and ‘high’ (>10µg mL-1) CFDNA subgroups. 

Plasma samples were supplemented with 1nM tPA and clotting was 

initiated by addition of CaCl2. Clots formed in plasma samples from healthy 

controls (n = 10) and patients with low levels of endogenous CFDNA (n = 20) 

underwent complete lysis. In contrast, of the clots formed in plasma samples 

containing intermediate or high levels of CFDNA, only 35% and 10%, 

respectively, underwent complete lysis during the 5-hour period of observation 

(Fig. 4.1A). The delay in clot lysis correlated with decreased plasma levels of D-

dimer, consistent with reduced fibrin degradation (Table 4.2). No significant 

differences were observed between other potential mediators of fibrinolysis,  
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Table 4.1. Baseline characteristics of 60 patients with severe sepsis.  
 
 
 
 
 
 
 
 
 
 
Characteristic Value 
Age, years                                            
Mean ± SEM (min, max) 

61.33 ± 2.2 (22, 93) 

Gender, % female (no./total) 45 (27/60) 
APACHE II score                            
Mean ± SE (min, max). 

26.47 ±1.11 (7, 52) 

MODS score                                                
Mean ± SE (min, max). 

7.25 ± 0.47 (1, 17) 
 

Positive cultures, % positive (no./total) 70 (42/60) 
Infection type, % 
(no./total) 

Gram-positive 21.4 (9/42) 
Gram-negative 31 (13/42) 
Fungal 16.7 (7/42) 
Viral 28.6 (12/42) 
Mixed 2.4 (1/42) 
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including thrombin activatable fibrinolysis inhibitor (TAFI) or α2-antiplasmin 

(Table 4.2). 

To determine the contribution of CFDNA to the reduced fibrinolysis, 

plasma samples were pre-incubated with 20µg mL-1 DNase I. RNase and the 

PAI-1 inhibitory antibody MA-55F (which was first confirmed to be effective in 

inhibiting PAI-1 activity in a plasma environment; data not shown) were used as 

controls. Neither pre-incubation with RNase nor MA-55F affected clot lysis. In 

contrast, pre-treatment with DNase partially restored fibrinolytic activity in 

samples containing intermediate and high levels of CFDNA (Fig. 4.1A). In the 

absence of tPA, DNase alone exerted no fibrinolytic activity (data not shown). 

Collectively, these results suggest that the presence of elevated levels of 

CFDNA in septic patient plasmas impairs fibrinolytic activity. 

 

4.4.2 Evidence of altered structure of clots formed in plasmas from septic 

patients with elevated levels of CFDNA. 

Turbidity, as determined by spectrophometric absorbance, is indicative of 

fibrin clot structure – thick fibers and dense clot morphology results in an 

increase in final turbidity (Wolberg and Campbell 2008). Although maximum 

absorbance values in samples with low levels of CFDNA were similar to those in 

control samples, maximum absorbance values were 3-and 2-fold higher in 
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Figure 4.1. CFDNA in septic plasmas impairs fibrinolysis and modulates 

clot structure. Plasmas from patients with severe sepsis were classified as 

having ‘low’ (0 – 4.9µg mL-1 ), ‘intermediate’ (5 – 9.9 µg mL-1 ), or ‘high’ (10µg mL-

1  or above) concentrations of CFDNA. Where indicated, plasmas were treated 

with 20µg mL-1  of DNase or RNase for 4 hours, or 20nM MA-55F4C12 (PAI-1 

inhibitory antibody) for 1h at RT. Clotting was initiated by the addition of 15mM 

CaCl2 supplemented with 1nM of tPA and clot formation and clot lysis was 

observed for up to 5 hours. Clot lysis times were assessed by observing turbidity 

at A450. Lysis time was taken as the time required for absorbance to reach the 

midpoint between clot formation and clot lysis (A). Changes in clot structure in 

septic patient plasmas as indicated by plasma turbidity were also quantified (B). 

Changes in clot structure were confirmed by scanning electron microscopy in 

control plasma (C) and in septic patient plasmas containing low (D), 

intermediate (E), and high (F) levels of CFDNA.  

 

 

 

 

 

 

 



Ph.D. Thesis – Travis Gould                   McMaster University – Medical Sciences 

	 124 
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Table 4.2. Levels of CFDNA, D-dimer, fibrinogen, and PAI-1 in healthy control 

and septic patient plasmas. (n = 10 for healthy controls; n = 20 for septic 

subgroups). Asterisks (*) denote p < 0.05 compared with healthy control 

plasma.   

 

 

 

Cohort CFDNA      
(µg mL-1) 

D-dimer     
(µg mL-1) 

Fibrinogen 
(µg mL-1) 

PAI-1         
(ng mL-1) 

α2-AP          
(% of 

control) 

TAFI    
(ng mL-1) 

Control 2.45 ± 
0.233 

61.2 ± 
12.6 

4874 ± 78 4.68 ± 
2.13 

100 65 ± 2.6 

Low 1.72 ± 
0.086 

44.9 ± 
28.7 

4712 ± 136 27.23 ± 
3.16 * 

 84 ± 
7.2 

54 ± 1.8 

Intermediate 8.78 ± 
0.37 * 

49.9 ± 
15.3 

4939 ± 415 32.32 ± 
12.05 * 

97 ± 7.7 54 ± 3.2 

High 17.6 ± 
2.6 * 

20.4 ± 4.7 
* 

5000 ± 63 76.86 ± 
3.24 * 

75 ± 6.5 52 ± 3.8 
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samples with intermediate or high CFDNA levels, respectively (p < 0.001; p = 

0.004) (Fig. 4.1B). Addition of DNase but not RNase or MA-55F reduced the 

peak turbidity of the plasmas containing intermediate or high CFDNA levels (Fig. 

4.1B). This suggests that the presence of elevated CFDNA levels correspond 

with altered clot structure comprised of thicker fibers in a densely-packed fibrin 

network. 

To investigate the effect of CFDNA on clot morphology, we used scanning 

electron microscopy (SEM) to compare the clot structure of clots formed in 

plasma from septic patients with those generated in control plasma. Whereas 

clots formed in control plasmas were loosely packed and composed of thin fibrin 

fibers (Fig. 4.1C; Table 4.3), those formed in plasma from septic patients were 

more tightly packed and composed of thicker individual fibrin fibers (Fig. 4.1D, 

E; Table 4.3). Interestingly, clots formed in plasmas containing the highest 

levels of CFDNA appeared to be less dense, though the individual fibers 

remained thicker (Fig. 4.1F; Table 4.3). 

To identify potential factors that modulate clot formation or fibrinolytic 

activity, we measured levels of fibrinogen and PAI-1. Although the levels of 

fibrinogen were similar in plasma from septic patients and controls, levels of PAI-

1 were increased in plasma from septic patients containing low or intermediate 

amounts of CFDNA, and markedly elevated in samples with high levels of 

CFDNA (Table 4.2). 
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Table 4.3. Parameters of clot morphology in septic patient plasmas observed by 

SEM. Results reflect the mean ± SE of at least 3 independent determinations. 

Asterisks (*) denote p < 0.05 compared with healthy control plasma. 

 

 

 
Cohort Fiber Diameter (µm) Density (% pores) 
Control 0.132 ± 0.004 67.41 ± 1.78 

Low 0.190 ± 0.006 * 46.39 ± 2.14 * 
Intermediate 0.235 ± 0.005 * 35.04 ± 1.21 * 

High 0.277 ± 0.008 * 64.93 ± 1.80 
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4.4.3 Addition of CFDNA to normal plasma delays fibrinolysis. 

In order to determine the effects of DNA on clot turbidity and lysis, we performed 

clot lysis assays on control plasma (pooled from 10 healthy volunteers) 

supplemented with increasing concentrations of exogenous genomic DNA 

(isolated from buffy coats of healthy volunteers). Addition of 30 or 40µg  mL-1 

CFDNA to control plasma increased maximum absorbance by ~2-fold (p = 

0.017; p = 0.007, respectively) (Fig. 4.2A), consistent with formation of thicker 

fibers, and produced a 5-fold prolongation of the clot lysis time (p < 0.001) (Fig. 

4.2B). These results are in agreement with our SEM data, demonstrating that the 

presence of DNA increases clot turbidity. With CFDNA addition, clot structure 

transitioned from a loose collection of fibrin fibers to a densely-packed clot 

structure (Fig. 4.2C-F). These results suggest that DNA is responsible for the 

changes in clot structure and lysis observed in plasma from septic plasmas. 

We next sought to investigate the effects of DNA size on fibrinolysis. 

CFDNA fragments of varying sizes were generated by sonication. The size of 

CFDNA is known to be dependent on the cellular process by which it was 

liberated; apoptotic cells release a ‘ladder’ patter of DNA at ~150bp intervals 

(Nagata et al. 2003), while necrotic and NETting neutrophils release high 

molecular weight fragments greater than 10,000bp (Jahr et al. 2001a; Fuchs et 

al. 2007). Whereas CFDNA fragments comprised of 300, 1500, or 10 000bp 

significantly increased maximum absorbance and prolonged clot lysis times,  
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Figure 4.2. CFDNA impairs fibrinolysis in normal plasma. Clot lysis assays 

were performed in normal plasma supplemented with increasing concentrations 

of CFDNA in the presence of 1nM tPA (A). Changes in clot structure were 

measured by observing clot turbidity at A450 (B). Changes in clot morphology 

were subsequently confirmed by SEM in normal control plasma (C), and control 

plasma supplemented with 5µg mL-1  (D), 15µg mL-1 (E), and 40µg mL-1 (F) of 

exogenous genomic DNA. * indicates P < 0.05 and ** indicates P < 0.001. 
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CFDNA fragments of 150bp did not (Fig. 4.2A,B). This suggests that only DNA 

fragments larger than 150bp impair clot lysis. 

 

4.4.4 CFDNA alters clot structure by modulating thrombin generation. 

Thrombin concentrations are known to impact fibrin assembly and clot 

morphology (Wolberg 2007). High concentrations of thrombin promote the 

formation of fibrin clots consisting of thin, densely-packed fibrin strands. 

Previously, we demonstrated that the elevated levels of CFDNA in plasma from 

septic patients promoted thrombin generation (Gould et al. 2014). To determine 

the contribution of DNA-dependent thrombin generation to the observed 

changes in fibrinolytic activity and clot morphology, thrombin and tPA were 

added to control plasma samples and samples from septic patients and 

maximum absorbance values and lysis times were measured. The addition of 

exogenous thrombin normalized the differences in maximum absorbance values 

observed between subgroups (Fig. 4.3A), but clot lysis remained incomplete in 

samples with intermediate and high levels of CFDNA (Fig. 4.3B). These results 

were confirmed by clot lysis assays in plasmas where coagulation was triggered 

by the addition of batroxobin, a thrombin-like snake venom that only releases 

FPA (data not shown). This evidence suggests that promotion of thrombin 

generation may contribute to the more tightly-packed clot morphology, but 
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thrombin levels alone do not appear to be the sole determinant of the impaired 

fibrinolysis. 

 

4.4.5 CFDNA delays plasmin-mediated lysis of fibrin clots. 

To delineate the mechanism by which elevated concentrations of CFDNA impair 

fibrinolytic activity, studies were performed in a purified system. After clotting 

5µM fibrinogen with 5nM thrombin in the absence or presence of increasing 

concentrations of CFDNA, fibrinolysis was initiated by the addition of 1µM Glu-

Plasminogen and 1nM tPA. CFDNA significantly delayed tPA-mediated clot lysis 

times by up to 2-fold when CFDNA concentrations exceeded 20µg mL-1 (p = 

0.002) (Fig. 4.4A). Despite this delay, however, CFDNA appeared to have no 

impact on tPA-mediated conversion of plasminogen to plasmin (Fig. 4.4B).  

To explore the possibility that CFDNA impairs the catalytic activity of 

plasmin directly, experiments were repeated using 1nM plasmin or trypsin in 

place of tPA/plasminogen. Whereas CFDNA had no effect on lysis times with 

trypsin (data not shown), at concentrations of 20µg mL-1, CFDNA prolonged 

plasmin-mediated lysis times by 1.7-fold (p < 0.001) (Fig. 4.4C). To confirm that 

CFDNA impaired clot degradation by plasmin, clots were incubated with 

plasmin in the absence or presence of 40µg mL-1 CFDNA and at intervals, 

reactions were stopped and clots were solubilized by the addition of acetic acid  

 



Ph.D. Thesis – Travis Gould                   McMaster University – Medical Sciences 

	 133 

Figure 4.3. Effects of thrombin on clot formation and lysis in septic 

plasmas. Turbidity was monitored in septic plasma samples where coagulation 

was initiated by the addition of 15mM CaCl2 and 50nM thrombin (A). Clot lysis 

times in the same septic plasma samples were assessed by observing turbidity 

at A450 and the proportion of plasma clots undergoing complete lysis were 

determined (B). 
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Figure 4.4. Effects of CFDNA on clot formation and lysis in a purified 

system. (A) Fibrin clots were formed with 10µM fibrinogen and 5nM thrombin in 

the presence of 1nM tPA and 1µM Glu-plasminogen. Clot lysis times were 

assessed by observing turbidity at A450. Lysis time was taken as the time 

required for absorbance to reach the midpoint between clot formation and clot 

lysis. (B) Plasminogen activation by 1nM tPA and 1µM Glu-plasminogen in the 

presence of increasing concentrations of CFDNA as determined by plasmin-

specific chromogenic substrate (S-2251) cleavage. (C) Clot lysis times of clots 

where fibrin degradation is mediated by 6µM plasmin. Fibrin clots were formed 

with 10µM fibrinogen and 5nM thrombin. (D) Analysis of plasmin-mediated fibrin 

degradation by SDS-PAGE. Identical clots were formed with or without the 

addition of 50µg mL-1 CFDNA. Clot breakdown was halted at various time points 

by the addition of acetic acid. * indicates P < 0.05. 
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and subjected to SDS-PAGE analysis (Fig. 4.4D). Compared with plasmin-

mediated fibrin lysis in the absence of CFDNA, the addition of CFDNA reduced 

fibrin α-chain degradation ~3-fold after 60min of lysis, as determined by 

densitometry (p < 0.001). Together, this evidence suggests that CFDNA does 

not impact the ability of tPA to generate plasmin, but rather inhibits fibrinolytic 

activity by attenuating plasmin activity.  

 

4.4.6 Interaction of DNA with fibrinogen, fibrin, plasminogen, and plasmin. 

SPR was used to quantify the interaction of DNA with fibrinogen (Fig. 

4.5A) and fibrin (Fig. 5B). As shown in the sensorgrams, genomic DNA exhibits 

rapid association and slow dissociation with both fibrinogen and fibrin. Kinetic 

analysis of the on- and off-rates demonstrates that genomic CFDNA binds 

fibrinogen and fibrin with similar affinities (Kd values of 3.2 ± 0.2nM and 2.1 ± 

0.2nM, respectively). In contrast, binding of smaller CFDNA fragments (~150bp 

in size) to fibrinogen was undetectable (data not shown). 

To investigate if genomic CFDNA is able to compete with fibrinogen/fibrin 

for plasmin binding, the interaction of Glu-plasminogen or plasmin with 

immobilized biotinylated-DNA was investigated using SPR. Kinetic analyses of 

the sensorgrams show that Glu-plasminogen binds DNA with a Kd value of 4.2 ± 

0.3µM (Fig. 4.5C), whereas plasmin binds DNA with a Kd value of 3.5 ± 0.3µM  
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Figure 4.5. Binding of fibrinogen, fibrin, plasminogen, and plasmin to DNA 

as determined by SPR. (A) Fibrinogen was covalently linked to carboxyl groups 

on a CM4 sensor chip. An unmodified carboxymethyl-dextran-containing cell 

served as the reference control. Genomic CFDNA was injected into the flow cells 

for 400 seconds to assess binding, followed by buffer injection to assess 

dissociation. (B) Biotinylated fibrinogen was subsequently converted to fibrin 

after multiple injections of 500nM thrombin. Genomic CFDNA was injected to 

assess binding to Fn. (C) Biotinylated DNA was adsorbed on flow cells 

containing streptavadin, and 0-16µM of Glu-plasminogen was passed through 

the flow cells to assess binding. Following regeneration, injections were 

repeated using 0-16uM plasmin (D). Data represent the mean ± S.D. of three 

determinations. 
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(Fig. 4.5D). Therefore, DNA binds fibrin(ogen) and plasmin(ogen), and may 

interfere with plasmin-mediated degradation of fibrin clots.   

 

4.4.7 CFDNA inhibits fibrinolysis via formation of DNA/plasmin/fibrin ternary 

complex.  

Though DNA binds both fibrin and plasmin, it was unclear whether CFDNA 

impairs plasmin-mediated fibrinolysis by competing with plasmin for fibrin 

binding or if DNA is able to bind both simultaneously. To examine these 

possibilities, we performed a fluorometric microplate assay to quantify plasmin 

binding to clots formed in the presence or absence of CFDNA. The addition of 

~10kbp CFDNA fragments to fibrin clots resulted in an increase in f-PPACK-

plasmin binding, as indicated by a decrease in fluorescent intensity of the 

supernatant (Fig. 4.6). Subsequent increases in DNA concentration did not have 

any additional effect on fluorescent intensity. However, in the presence of DNA 

fragments of ~150bp in size, there was little effect on plasmin binding. 

Collectively, these data suggest that larger CFDNA fragments are able to bind 

both plasmin and fibrin simultaneously, thereby forming a ternary complex that 

hinders the enzymatic activity of fibrin. 

 

4.5 Discussion 

Levels of CFDNA have been reported to be increased in various 

coagulopathy-associated disease states, including trauma (Lo et al. 2000),  
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Figure 4.6. Effect of CFDNA on the displacement of plasmin from fibrin. 

Fluorescently labeled, active site-inhibited plasmin was incubated with 

fibrinogen and increasing concentrations of genomic DNA of various lengths. F-

PPACK-plasmin displacement was determined by quantifying fluorescent 

intensity of clot supernatant. * p < 0.05, ** p < 0.01 relative to clots formed with 

no DNA present. 
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cancer (Angus et al. 2001; Swystun et al. 2011), stroke (Angus et al. 2001; 

Rainer et al. 2003), and sepsis (Angus et al. 2001; Zeerleder et al. 2003; 

Kaukonen et al. 2014; Margraf et al. 2008; Dwivedi et al. 2012). Of particular 

interest is the ability of CFDNA to potentiate disease pathology through 

activation of coagulation via the contact pathway. In a previous study, we 

demonstrated that increased concentrations of endogenous CFDNA correlated 

with increased endogenous thrombin potential in plasmas obtained from 

patients with severe sepsis. Yet, in addition to coagulation activation and the 

down-regulation of endogenous anticoagulant pathways, impairment of the 

fibrinolytic system plays a central role in the pathogenesis of microvascular 

thrombosis and organ dysfunction in sepsis (Ulloa et al. 2009; Levi et al. 2003; 

The Surviving Sepsis Campaign Guidelines Committee including The Pediatric 

Subgroup* et al. 2013; Gando 2010). To date, the mechanisms that modulate 

fibrinolysis in sepsis remain incompletely understood. 

The present study has revealed three major findings. First, we 

demonstrated that elevations in endogenous CFDNA levels in the plasma of 

patients with severe sepsis correlate with the production of clots that are 

resistant to lysis. Only when plasma from septic patients was treated with DNase 

was fibrinolytic activity restored, thus highlighting the involvement of CFDNA in 

fibrinolysis. Second, we showed that increased CFDNA concentrations in 

plasma result in altered clot morphology, and that this effect is likely due to 
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potentiation of thrombin generation by CFDNA. Finally, we demonstrated that 

CFDNA is able to bind both fibrin and plasmin to form a non-productive ternary 

complex that results in delayed clot lysis in both plasma and purified systems.  

Impaired fibrinolysis in sepsis is well documented, and has previously 

been attributed to the increased levels of PAI-1 because of its release from 

vascular endothelial cells (Yipp and Kubes 2013; Levi et al. 2003; Brinkmann et 

al. 2004; Semeraro et al. 2012; Fuchs et al. 2012). Elevations in PAI-1 levels 

have been shown to correlate with disease severity and poor outcome in 

patients with sepsis (Lorente et al. 2014; Madoiwa et al. 2006; Dofferhoff et al. 

1992). Previous studies in which lipopolysaccharide (LPS) was administered to 

human (van Deventer et al. 1990; Cadena et al. 1996) or nonhuman (Biemond et 

al. 1995) primates demonstrated that endotoxemia produces a temporary 

increase in tPA activity and activation of fibrinolysis that is followed by a robust 

increase in PAI-1 levels that results in an anti-fibrinolytic state. Interestingly, 

activation of plasminogen by tPA and subsequent fibrinolytic activity in sepsis 

patients has been shown to remain ongoing despite increases in PAI-1 as 

determined by plasma levels of plasmin-α2-antiplasmin complexes and D-dimer 

(Hesselvik et al. 1989; Raaphorst et al. 2001; Madoiwa et al. 2006). Thus, while 

the inhibitory effects of PAI-1 may contribute to impaired fibrinolysis in sepsis, 

there are likely other critical anti-fibrinolytic mechanisms involved. In the current 

study, although levels of PAI-1 were determined to be elevated in septic 
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plasmas, inhibition of PAI-1 activity alone was not sufficient to restore fibrinolysis. 

This evidence suggests that CFDNA and PAI-1 may both contribute to the 

suppression of fibrinolytic activity observed in septic patients.  

In addition to a delay in clot lysis, we also observed significant alterations 

in clot structure when CFDNA levels were elevated. There are many factors that 

contribute to modified clot structure, including pH, ionic strength (Nair et al. 

1986), and concentrations of calcium (Carr et al. 1986), fibrinogen (Undas and 

Ariens 2011), or dextran (Sasaki and Noguchi 1959). One of the most important 

physiologic regulators of clot structure is the concentration of thrombin at the 

time of clot formation (Wolberg 2007). Sub-nanomolar concentrations of 

thrombin are capable of cleaving fibrinopeptides and catalyzing fibrin 

polymerization. Low thrombin concentrations produce clots that are composed 

of loosely-packed fibrin fibers whereas high concentrations of thrombin produce 

tightly-packed fibrin clots that are more resistant to lysis (Wolberg 2007). In our 

studies, increased CFDNA in plasmas from septic patients correlated with 

denser fibrin networks. We were able to normalize clot structure by 

supplementing the plasmas with exogenous thrombin, but this had no effect on 

clot lysis. Therefore, while CFDNA appears to modulate clot structure by 

enhancing thrombin generation, changes in clot morphology do not appear to 

contribute to fibrinolytic resistance. 
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Recent work by Varjú et al. reported on the effect of histones on clot 

structure (Varju et al. 2015). The addition of at least 250µg mL-1 of histone protein 

to a forming clot resulted in more opaque clots that correlated with thicker fibrin 

fibers.  Histones are often released into the circulation along with CFDNA, 

particularly during NETosis (Esmon 2013). We previously quantified the levels of 

circulating DNA-histone complexes in our septic patient plasmas; although the 

levels were higher than those in healthy controls, they were well below 250µg 

mL-1 (Gould et al. 2014). Therefore, the low levels of histones in our septic patient 

plasma samples are unlikely to directly influence clot morphology.   

Previous studies suggested that DNA may potentiate plasminogen 

activation by tPA and uPA via a template mechanism that is dependent on ionic 

strength (Komissarov et al. 2011). As a result, it was suggested that DNA may 

compete with fibrin for binding plasminogen and tPA to ultimately promote 

fibrinolysis. The results from our present study support the findings that DNA is 

able to bind both plasminogen and plasmin with physiologically relevant 

affinities; however, the cumulative effect of this interaction in plasma correlates 

with a decrease in clot dissolution. Similarly, Varju et al. recently demonstrated 

that DNA has a modest effect on tPA-mediated activation of plasminogen, 

despite a concurrent impairment in fibrinolytic activity (Varju et al. 2015). Our 

studies demonstrate that only large CFDNA fragments are able to bind plasmin 

and fibrin simultaneously, inhibiting clot lysis through the formation of a non-
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productive ternary complex. This observation is supported by recent work by 

Longstaff et al. who showed that the addition of exogenous DNA extended lysis 

times in a purified system (Longstaff et al. 2013). The authors concluded that 

DNA serves to bind large fibrin degradation products and stabilize the 

dismantling clot, ultimately prolonging fibrinolysis. Here, we demonstrated that 

CFDNA binds with high affinity to fibrinogen and fibrin. Therefore, it is likely that 

larger CFDNA molecules are able to associate with a forming clot and confer 

additional stability. However, as suggested by visualization of fibrin degradation 

products in our system (Fig. 4), the presence of CFDNA does not simply serve 

as an adhesive molecule for FDPs, but rather prevents fibrin from being 

degraded by plasmin. Thus, the ability of CFDNA to impair plasmin-mediated 

clot lysis coupled with its potential to stabilize the degrading fibrin scaffold may 

work in concert to delay fibrinolysis.  

Particular emphasis has been placed on the harmful effects of elevated 

levels of CFDNA in various disease states (Kessenbrock et al. 2009; Ritis 2012; 

Lu et al. 2012; Fuchs et al. 2010). Yet, it is important to consider that coagulation 

activation and subsequent deposition of fibrin at sites of infection represents a 

critical mechanism of host defense against invading pathogens (Degen et al. 

2007; Bergmann and Hammerschmidt 2007). In fact, several species of 

bacterial pathogens have evolved ways to circumvent entrapment by exploiting 

host plasmin-mediated proteolysis to facilitate their own dissemination. For 
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example, Yersinia pestis directly activates plasminogen via its surface Pla 

protease (Sodeinde et al. 1988), while several other species of bacteria 

potentiate plasmin-mediated fibrinolysis by recruiting plasminogen to their 

surface where it is subsequently activated by host tPA (Bergmann and 

Hammerschmidt 2007).  

Similarly, the release of CFDNA in the form of NETs also represents an 

evolutionarily conserved mechanism of host defense that is essential for 

infection control.  Using a cecal ligation and puncture (CLP) model of 

polymicrobial sepsis,  Meng et al. showed that the dismantling of NETs in vivo 

by DNase in the early stage of sepsis progression is deleterious, resulting in 

increased bacterial dissemination and enhanced inflammation (Meng et al. 

2012). In contrast, we have shown that delayed administration of DNase in mice 

subjected to CLP is beneficial, resulting in a reduction of CFDNA-mediated 

coagulation and a reduction in bacterial dissemination presumably because the 

bulk of the microbes are already disarmed by NETs (Mai et al. 2015). The 

findings of the present study suggest that the CFDNA component of NETs not 

only traps circulating pathogens, but may also work in tandem with fibrin to 

prevent systemic dissemination of microbes by limiting plasmin-mediated fibrin 

degradation. Thus, understanding the balance between the beneficial and 

deleterious effects of a hypofibrinolytic state in sepsis is critical to the 

development of therapeutic strategies.  



Ph.D. Thesis – Travis Gould                   McMaster University – Medical Sciences 

	 149 

In summary, our studies are the first to examine the effect of CFDNA on 

fibrinolysis in the context of sepsis. Our findings suggest that CFDNA inhibits 

fibrinolysis in septic patients by impairing plasmin-mediated fibrin degradation, 

thereby identifying CFDNA as a potential therapeutic target for sepsis. 
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5.1 Abstract  

Objectives: Sepsis is characterized by the systemic activation of inflammatory 

and coagulation pathways in response to infection. Recently, it was 

demonstrated that extracellular histones released into the circulation by 

dying/activated cells may contribute to sepsis pathology. Although the ability of 

extracellular histones to modulate the procoagulant activities of several cell 

types has been investigated, the influence of histones on the hemostatic 

functions of circulating monocytes is unknown. To address this, we (a) 

investigated the ability of histones to modulate the procoagulant potential of 

THP-1 cells and peripheral blood monocytes, and (b) examined the effects of 

plasmas obtained from septic patients to induce a procoagulant phenotype on 

monocytic cells.  

Approach and Results: Tissue factor (TF) activity assays were performed on 

histone-treated THP-1 cells and blood monocytes. Exposure of monocytic cells 

to histones resulted in increases in TF activity, TF antigen, and 

phosphatidylserine exposure. Histones modulate the procoagulant activity via 

engagement of Toll-like receptors 2 and 4, and this effect was abrogated with 

inhibitory antibodies. Increased TF activity of histone-treated cells corresponded 

with enhanced thrombin generation in plasma determined by calibrated 

automated thrombography. Finally, TF activity was increased on monocytes 



Ph.D. Thesis – Travis Gould                   McMaster University – Medical Sciences 

	 153 

exposed to plasma from septic patients, an effect that was attenuated in plasma 

from patients receiving unfractionated heparin (UFH).  

Conclusions: Our studies suggest that increased levels of extracellular histones 

found in sepsis contribute to dysregulated coagulation by increasing TF activity 

of monocytes. These procoagulant effects can be partially ameliorated in sepsis 

patients receiving UFH, thereby identifying extracellular histones as a potential 

therapeutic target for sepsis treatment.  

 

5.2 Introduction 

Sepsis is a devastating clinical condition characterized by a systemic 

inflammatory response to infection, with concomitant dysregulated pathological 

thrombus formation (Hotchkiss and Karl 2003). Although sepsis is triggered by 

the release of microorganisms and/or microbial toxins into the circulation, the 

presence of infection itself is rarely the cause of death in these patients. Rather, 

mortality in sepsis is attributed to irreversible organ damage resulting from 

prolonged, uncontrolled activation of inflammatory and coagulation pathways 

within the microcirculation. Despite recent advances in clinical management, 

treatment continues to be largely supportive in nature. As a result, sepsis 

remains the leading cause of morbidity and mortality in non-coronary intensive 

care units with mortality rates ranging from 18-30%(Angus et al. 2001). Sepsis-

induced mortality is further increased following the development of disseminated 
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intravascular coagulation, a thrombohemorrhagic state defined by a primary 

thrombotic and secondary hemorrhagic diathesis that may culminate in multi-

organ failure(Levi et al. 2003). 

Although the pathogenesis of sepsis is not precisely understood, several 

studies have suggested that the aberrant overexpression of tissue factor (TF) by 

circulating cells is involved in the pathological derangement of coagulation in 

septic patients (Pawlinski and Mackman 2004; Semeraro et al. 2010; Levi et al. 

2013). TF is the primary initiator of the extrinsic pathway of blood coagulation. 

Plasma levels of soluble TF have been demonstrated to be elevated in septic 

patients and are associated with increased concentrations of procoagulant 

biomarkers (Gando et al. 2015; Xue et al. 2015). Furthermore, impairment of the 

TF pathway of coagulation has been shown to diminish coagulation activation 

and lethality in animal models of sepsis or endotoxemia (Semeraro et al. 2010; 

Pawlinski and Mackman 2004). Circulating monocytes are considered to be the 

major source of intravascular TF (Pawlinski and Mackman 2010), and it has been 

well-established that monocytes possess the ability to modulate their levels of 

functional surface TF in response to proinflammatory stimuli such as 

lipopolysaccharide (LPS), interleukin (IL)-1β, and tumor necrosis factor (TNF-α) 

(Gregory et al. 1989; Cermak et al. 1993; Ito et al. 2007).   

Recently, intensive research has focused on investigating novel biological 

targets that are expressed or exposed in sepsis patients in an attempt to better 
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understand the pathogenic mechanisms underlying this disorder. Histones are 

highly cationic nuclear proteins that form hetero-octamers consisting of two 

copies each of histone subunits H2A, H2B, H3, and H4. Under normal 

physiological conditions, histones are localized to the nucleus and are essential 

for organizing double-stranded DNA into chromatin and chromosomes 

(Richmond and Davey 2003). However, in several proinflammatory disease 

states, histones can released into the extracellular space, and high plasma 

concentrations of histones have been detected in sepsis patients that correlate 

with disease severity (Zeerleder et al. 2003; Xu et al. 2009). Histones can be 

released passively into the circulation by necrotic or apoptotic cells (Jahr et al.  

2001b), or actively secreted during the formation of neutrophil extracellular traps 

(NETs) that are comprised of chromatin, histones, and antimicrobial molecules 

(Brinkmann et al. 2004).  

Extracellular histones have been shown to contribute to microvascular 

thrombosis and subsequent organ failure in experimental sepsis models. 

Extracellular histones have been demonstrated to induce vascular necrosis and 

are highly cytotoxic to endothelial cells (Abrams et al. 2013; Kumar et al. 2015). 

Histones activate platelets through engagement of Toll-like receptors (TLRs) to 

induce platelet aggregation and thrombocytopenia in vivo (Xu et al. 2011). 

Histones also induce a procoagulant phenotype in red blood cells through the 

externalization of phosphatidylserine (PS) (Semeraro et al. 2014). Administration 



Ph.D. Thesis – Travis Gould                   McMaster University – Medical Sciences 

	 156 

of neutralizing antibodies against histones resulted in diminished fibrin 

deposition and vascular occlusion during systemic infection, further highlighting 

the importance of histones in infection-associated thrombosis (Massberg et al. 

2010). In addition, the activity of circulating histones can also be modified by 

several anticoagulant mechanisms such as activated protein C which 

proteolytically cleaves histones (Xu et al. 2009), as well as thrombomodulin (TM) 

(Ammollo et al. 2011; Nakahara et al. 2013) and heparin (Wildhagen et al. 2013) 

which both neutralize their procoagulant activities.  

It is well characterized that circulating leukocytes including neutrophils 

and monocytes can separately modify the risk for thrombosis in sepsis via the 

release of procoagulant NETs and/or the expression of TF. Although the ability of 

extracellular histones to modulate the procoagulant activities of several 

circulating cell types has been investigated, the influence of histones on the 

hemostatic functions of circulating monocytes is currently unknown. Therefore, in 

this study, we examined the effects of histones on TF expression and activity on 

peripheral blood monocytes and a human monocytic cell line (THP-1). We also 

determined the total procoagulant potential of histone-exposed monocytes and 

THP-1 cells in a plasma system using calibrated automated thrombin 

generation, and evaluated the ability of extracellular histones in plasmas 

obtained from septic patients to enhance the procoagulant activity of 

monocytes. 



Ph.D. Thesis – Travis Gould                   McMaster University – Medical Sciences 

	 157 

5.3 Materials & Methods 

5.3.1 Materials 

Human FVIIa and FX were from Haematologic Technologies (Essex 

Junction, VT). Recombinant human histones H1, H2A, H2B, H3, and H4 were 

purchased from New England Biolabs (Toronto, ON). Blocking mAbs against 

human TLR2 (clone T2.5), TLR4 (HTA125), and isotype control (IgG2a) were all 

purchased from eBiosciences. Inhibitory TF mAb (HTF-1) was purchased from 

BD Biosciences (Mississauga, ON). Monoclonal inhibitory antibodies against 

histone H3 (MHIS1947) and histone H4 (MHIS1952) were generously provided 

by Dr. Charles Esmon (Oklahoma Medical Research Foundation, OK). Heparin 

was purchased from Leo Pharma (Thornhill, ON). RPMI 1640 growth medium 

and penicillin-streptomycin were from Invitrogen (Carlsbad, CA, USA). C-

reactive protein from human plasma was purchased from Sigma-Alrich (Oakville, 

ON). Factor Xa chromogenic substrate S-2765 was purchased from DiaPharma 

(West Chester, OH). Endotoxin-free PBS was purchased from Cedarlane 

(Burlington, ON). 

 

5.3.2 Human Sample Collection 

Frozen plasma samples were obtained from two available biobanks 

containing samples from patients with severe sepsis. The first biobank was 

obtained as part of a prospective cohort study (DYNAMICS Study, 

ClinicalTrials.gov identifier: NCT01355042). The patients were recruited between 
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September 2010 and January 2013 from tertiary care ICUs from 9 centers 

across Canada. Patients with severe sepsis were identified using the inclusion 

and exclusion criteria previously described by Dwivedi et al. (2012). All samples 

selected for the present experiments were obtained from patients with refractory 

hypotension requiring the institution of ongoing use of vasopressor agents and 

did not receive heparin for thromboprophylaxis. The study was approved by the 

Research Ethics Boards of all participating centers.  

The second biobank utilized was obtained as part of a randomized 

double-blind clinical trial (HALO study, ClinicaTrials.gov identifier: HALO 

NCT01648036). The patients were recruited between August 2012 and 

December 2013 from tertiary care ICUs from 9 centers across Canada. Patients 

with severe sepsis and septic shock were identified using the inclusion and 

exclusion criteria previously employed by Zarychanski et al. (2008) as part of a 

retrospective, propensity matched cohort study. Patients were randomized to 

receive a continuous IV infusion of UFH 18 IU/kg/hr or to usual care consisting of 

subcutaneous dalteparin at 5000 IU daily. Patient samples utilized in the present 

study were exclusively from the UFH intervention arm. The study was approved 

by the Research Ethics Boards of all participating centers. 

For both biobanks, patient blood samples, which were collected within 24 

hours of meeting the inclusion criteria for severe sepsis, were processed within 2 

hours. Briefly, 9 mL of blood was withdrawn from an indwelling catheter and 
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transferred into 15 mL polypropylene tube containing 0.5 mL of 0.105 M 

buffered trisodium citrate and 100 mM benzamidine (pH 5.4). After 

centrifugation at 1500 x g for 10 min at 20°C, platelet poor plasma was 

harvested and stored in 200 µL aliquots at -80°C until used. All plasmas 

selected for study were collected on the second day following ICU admission, 

allowing for 24 hours of UFH infusion prior to blood collection. 

 

5.3.3 Plasma samples from healthy controls    

Plasma samples were obtained via venipuncture from 5 healthy adult 

volunteers who were not receiving any medication at the time of blood collection. 

There was no attempt to match controls with cases. The blood was processed 

as described above, and plasma was stored in aliquots at -80°C until used. 

 

5.3.4 Cell culture        

 Human acute monocytic leukemia suspension cell line (THP-1) was 

purchased from American Type Culture Collection (Manassas, VA). Cells were 

maintained in RMPI 1640 medium supplemented with 10% FBS and 100 U/mL 

penicillin-streptomycin. Cultures were maintained at a concentration between 2 x 

105 and 1 x 106 cells/mL, with medium being added every 3 days. Cells were 

subcultured by total medium replacement using centrifugation at 4000xg every 

5-6 days and incubated at 37°C in a 5% CO2 humidified incubator. 



Ph.D. Thesis – Travis Gould                   McMaster University – Medical Sciences 

	 160 

5.3.5 Isolation of peripheral human monocytes from whole blood  

 Peripheral human monocytes were isolated from the whole blood of 

healthy volunteers by magnetic cell sorting (MACS) as previously described 

(Stephenson et al. 2006). Isolated monocytes were resuspended in RPMI 1640 

(10% FBS and 100 U/mL penicillin-streptomycin). Cell density of 1x106 cells/mL 

as determined by hemocytometer counting was used for monocyte culture 

experiments.  

 

5.3.6 Viability assays                         

Cell viability was assessed using propidium iodide exclusion. Following 

incubation with histones, cells were washed twice with endotoxin-free PBS and 

incubated with propidium iodide (4µM) for 1 min. Dead or dying cells were 

identified by flow cytometry based on propidium iodide uptake.  

 

5.3.7 Flow cytometric analysis of tissue factor expression and 

phosphatidylserine exposure  

Following exposure to histones, cultured blood monocytes or THP-1 cells 

were washed twice and resuspended with endotoxin-free PBS. Cells were 

incubated at room temperature in the absence of light with 2 µg/mL of FITC-

conjugated anti-human TF antibody for 30 minutes. Incubation with annexin V-

FITC was performed in annexin V-binding buffer according to the manufacturer’s 

instruction. IgG isotype antibodies were used as controls. Cell-bound 
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fluorescence was determined using a FACSCalibur flow cytometer (Becton 

Dickinson, San Jose, California) with 3500 events counted per sample in 

duplicates. Data acquisition was performed using CellQuest Pro software.  

 

5.3.8 Tissue factor activity assays      

Tissue factor activity of histone-treated cell types was measured by FVIIa-

dependent activation of FX using a modification of the method described by 

(Hoffman et al. 1995). Briefly, 1 x 106 blood monocytes or THP-1 cells were 

seeded into a 24-well dish and were exposed to purified histone protein for up to 

24 hours. Cells were pelleted by centrifugation at 4000 x g for 3 min, washed 

twice with endotoxin-free PBS, and were then resuspended in TBS containing 5 

nM FVIIa, 150 nM FX, and 0.005 mM CaCl2. Cells were incubated at 37°C for 30 

min, at which point cells were once again pelleted and the reaction mixture was 

removed and placed in a 96-well plate. To determine FXa generation, 0.2 mM 

(final concentration) of chromogenic substrate S-2765 was added and allowed 

to incubate at room temperature for 5 min. The reaction was terminated by the 

addition of acetic acid and absorbance was determined at 405 nm.    

 

5.3.9 Thrombin generation assays   

To prepare platelet-poor plasmas (PPP), peripheral venous blood was 

collected from healthy volunteers into 3.8% trisodium citrate. PPP was prepared 

by centrifugation at 1500 x g for 10 minutes at room temperature. Blood 
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monocytes or THP-1 cells, either untreated or pre-treated for 24 hours with 100 

µg/mL unfractionated histones, carefully washed 3 times with endotoxin-free 

PBS, and were added at a final concentration of 5 x 104 cells to 40 µL aliquots of 

PPP in wells of a 96-well black Costar plate.  Where indicated, cells were 

pretreated for 30 min with the following inhibitors before being added to plasma: 

anti-TLR2 (50 µg/mL), anti-TLR4 (50 µg/mL), IgG2a (50 µg/mL), or HTF-1 (10 

µg/mL) monoclonal antibodies. Also where indicated, 200 µg/mL each of C-

reactive protein (CRP), unfractionated heparin (UFH), or anti-histone H3 and H4 

inhibitory antibodies were added at the same time as histone or plasma 

application. Coagulation was initiated by the addition of 15 mM CaCl2 and 1mM 

Z-Gly-Gly-Arg-AMC (Bachem, Bubendorf, Switzerland) and thrombin generation 

was monitored using the Technothrombin TGA thrombin generation assay 

(Technoclone, Vienna, Austria) as previously described (Bunce et al. 2011). 

Thrombin generation profiles were analyzed using Technothrombin TGA 

software (Technoclone). 

5.3.10 Quantification of circulating DNA/histone complexes 

DNA-histone complex levels in patient plasma samples were quantified 

using the Cell Death Detection ELISA Plus kit from Roche Applied Science 

according to the manufacturer’s instructions. 
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5.3.11 Statistical analyses    

Statistical analysis was performed on experiments with an n = 3 or 

greater. Values are expressed as means ± standard error. Significance of 

differences was determined by one-way ANOVA and Tukey’s pair-wise 

comparisons or by t-tests using SIGMAPLOT Software (San Jose, CA, USA). 

 

5.4 Results 

5.4.1 Histones enhance TF activity, antigen, and phosphatidylserine exposure 

on THP-1 and human blood monocytes. 

To study the procoagulant effects of histones on monocytic cells, 

increasing concentrations (0-200 µg/mL) of unfractionated bovine histones were 

incubated for 24 hours with human acute monocytic leukemia suspension cell 

line (THP-1) or peripheral blood monocytes immediately after isolation from 

healthy volunteers. TF activity was determined by the conversion of factor X to 

factor Xa in the presence of factor VIIa and Ca2+. As shown in Figure 1A, 

exposure of THP-1 cells to histones upregulated TF activity in a dose-dependent 

fashion. Similarly, treatment of blood monocytes with increasing concentrations 

of histones resulted in increased TF activity (Figure 1B). Both THP-1 cells and 

monocytes exhibited increased surface TF activity in as little as 6 hours following 

exposure to 100µg/mL of histones (Figure 1C). In contrast, no changes in TF 

activity were observed when THP-1 cells or monocytes were exposed to 

histones subjected to heat denaturation (data not shown). The cytotoxicity of 
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histones towards monocytes was also determined by propidium iodide 

exclusion. Monocytes incubated with up to 100µg/mL of histones for 24 hours 

demonstrated >75% viability, which was not significantly different (p = 0.51) 

from untreated cells.          

 It is well established that increases in tissue factor activity may be a result 

of increased expression of surface TF, or the result of decryption of latent TF to a 

more biologically active form in the presence of negatively-charged cell surface 

phospholipid phosphatidylserine (PS) (Bach 2005). Both THP-1 cells and blood 

monocytes exposed to histones exhibited a ~3- and ~5-fold increase in surface 

TF antigen levels, respectively (Figure 1D). In addition, incubation with histones 

resulted in a dose-dependent increase in surface PS for both THP-1 cells and 

blood monocytes alike (Figure 1E).       

 It was previously demonstrated that histone subunits H3 and H4 are the 

main contributors to histone cytotoxicity toward endothelial cells (Xu et al. 2009). 

To determine which histone subunits are responsible for the observed increase 

in TF activity, we incubated THP-1 and blood monocytes with 100 µg/mL of 

purified, recombinant histone subunits. While histone subunits H1, H2A, and 

H2B demonstrated only a modest ability to modulate TF activity, exposure to 

histone subunits H3 and H4 significantly increased TF activity on both THP-1 

cells and monocytes (Figure 1F). Collectively, these results suggest that the 

exposure of THP-1 cells and peripheral blood monocytes to histones,  
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Figure 5.1. Effects of histones on tissue factor activity, antigen, and 

phosphatidylserine exposure on THP-1 cells and blood monocytes. TF 

activity (as determined by FXa generation) was quantified on THP-1 cells (A) 

and peripheral blood monocytes (B) following exposure to increasing 

concentrations of unfractionated bovine histone protein for 24 hours. (C) Tissue 

factor activity quantified on THP-1 and monocytes exposed to 100 µg/mL of 

bovine histones for 6, 12, and 24 hours. Cell surface TF antigen (D) and 

phosphatidylserine (E) were determined by flow cytometry. (F) TF activity of 

THP-1 cells and blood monocytes following exposure to 100 µg/mL each of 

recombinant, purified histone subunits H1-H4. * indicates P < 0.05, ** indicates 

P < 0.01, and *** indicates P < 0.001 (n = 3-4 for all conditions). 
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particularly subunits H3/H4, increases surface TF activity via increased surface 

TF antigen and PS exposure. 

 

5.4.2 The procoagulant effects of histones on THP-1 and blood monocytes are 

abrogated by C-reactive protein, heparin, and Toll-like receptor blockade. 

Recently it was demonstrated that co-administration of C-reactive protein 

(CRP) or unfractionated heparin (UFH) along with LPS dampens coagulation and 

reduces mortality in sepsis models (Abrams et al. 2013; Wildhagen et al. 2013). 

To investigate whether CRP and/or heparin could diminish the procoagulant 

effects of histones, TF activity assays were performed on THP-1 cells and blood 

monocytes exposed to 100 µg/mL unfractionated histones with or without 200 

µg/mL each of CRP or heparin for 24 hours. As shown in Figure 2A, the 

presence of either CRP or heparin attenuated TF activity on both cell types. In 

accordance, we observed reduced levels of both surface TF antigen and PS 

exposure (Figures 2B and 2C, respectively).   

Histones have been shown to engage with surface TLRs on numerous cell 

types to induce procoagulant effects (Xu et al. 2011; Semeraro et al. 2014). To 

determine if histone-TLR interactions were involved in the ability of histones to 

upregulate TF activity, we repeated the previous experiments using THP-1 and 

blood monocytes pre-incubated with inhibitory antibodies directed toward TLR-2 

and TLR-4. Following exposure to histone, TF activity of these cells was partially 

attenuated (Figure 2A). Similarly, blockade of TLR-2 and 4 resulted in a  
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Figure 5.2. Mechanisms of histone-induced procoagulant activity on THP-1 

cells and blood monocytes. (A) TF activity, (B) surface TF antigen, and (C) 

phosphatidylserine exposure of THP-1 cells and blood monocytes treated with 

100 µg/mL of unfractionated histones for 24 hours. Where indicated, 200 µg/mL 

of C-reactive protein (CRP), 200 µg/mL unfractionated heparin, and 50 µg/mL of 

each TLR-2 and TLR-4 inhibitory antibodies were included for the duration of the 

incubation. *** indicates P < 0.001 compared to untreated conditions, † 

indicates P < 0.05, †† indicates P < 0.01, and ††† indicates P < 0.001 relative to 

histone-only conditions (n = 3-4 for all groups.). 
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decrease in both surface TF antigen (Figure 2B) and PS (Figure 2C). Taken 

together, these results demonstrate that histones modulate monocyte 

procoagulant activity through TLR-2 and TLR-4 interactions, and these effects 

can be attenuated by CRP- or heparin-induced inhibition. 

	
5.4.3 Histone exposure enhances thrombin generation mediated by THP-1 cells 

and blood monocytes. 

Next, we assessed the ability of histone-treated THP-1 cells and blood 

monocytes to generate thrombin using a calibrated automated thrombin 

generation assay. THP-1 cells and blood monocytes were exposed to 100 

µg/mL of unfractionated bovine histones for 24 hours. The histones were then 

removed following several washes with PBS and the cells were resuspended in 

platelet-poor plasma which was subsequently recalcified to initiate coagulation. 

Thrombin generation was measured by cleavage of a fluorogenic substrate at 

one minute intervals. 

As shown in Figure 5.3, exposure of platelet-poor plasma to untreated 

THP-1 cells or monocytes resulted in only modest changes in thrombin 

generation parameters. However, THP-1 and blood monocytes exposed to 

histones significantly decreased the lag time (Figure 5.3A) and the time to peak 

thrombin generated (Figure 5.3B). The area under the curve (AUC) which 

indicates the total amount of thrombin generated confirmed the ability of histone-

treated cells to enhance thrombin generation (Figure 5.3C).  
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To confirm the contributions of TF to the augmented thrombin generation 

parameters observed, the thrombin generation assays were repeated using 

histone-treated cells which had been blocked with an inhibitory TF antibody 

(HTF-1). Inhibition of TF abrogated the procoagulant effects of both histone-

treated THP-1 and monocytes and restored lag time, time to peak, and AUC to 

basal levels (Figures 5.3A-C). Representative thrombin generation curves of 

histone-exposed monocytes are depicted in Figure 5.3D. This data suggests 

that increases in TF activity as a result of histone exposure translates to 

enhanced thrombin generation in plasma.  

 

5.4.4 Extracellular DNA-histone complexes are elevated in septic patient 

plasma and enhance TF activity of blood monocytes. 

To explore the potential clinical relevance of our in vitro studies, we 

utilized plasma samples from two severe sepsis biobanks. Plasmas were 

obtained from patients with severe sepsis (as outlined in Materials & Methods), 

with one patient subgroup receiving prophylactic UFH while the other patient 

subgroup received usual care without UFH intervention. Patient characteristics 

from both groups are summarized in Table 5.1.  Plasma levels of DNA-histone 

complexes were quantified in both UFH and non-UFH patient plasmas. Plasmas 

from patients receiving UFH contained significantly lower (P = 0.005) levels of 

DNA-histone complexes compared to non-UFH patients (Figure 5.4A). Levels of  
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Figure 5.3. Effects of histone exposure on thrombin generation in platelet-

poor plasma by THP-1 cells and blood monocytes. THP-1 cells and blood 

monocytes isolated from healthy volunteers were treated for 24 hours with 100 

µg/mL of unfractionated bovine histone protein and thrombin generation in 

platelet-poor plasma was assessed using calibrated automated thrombin 

generation. Where indicated, histone-exposed cells were treated with 10 µg/mL 

of a TF-inhibiting antibody (HTF-1) for 30 minutes prior to the addition of cells to 

plasma. (A) Lag times, (B) time to peak, and (C) area under the curve (AUC) 

were determined for both cell lines. (D) representative thrombin generation 

profile for monocytes treated with 100 µg/mL histone protein with and without 

HTF-1. * indicates P < 0.05, ** indicates P < 0.01, and *** indicates P < 0.001 (n 

= 3-4 for all conditions). 
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DNA-histone complexes from healthy control plasmas were below the lower limit 

of detection for the assay (data not shown). 

To determine if elevated DNA-histone complexes could modulate TF activity of 

monocytes, we incubated peripheral blood monocytes with 75% septic plasma 

containing citrate and benzamidine diluted with media for 24 hours. Compared 

to control plasma, all septic plasmas enhanced TF activity of monocytes. 

However, plasmas from patients receiving UFH induced significantly lower TF 

activity compared to non-UFH patients (Figure 5.4B). In a separate set of 

experiments, monocytes were incubated with both septic plasma and a mixture 

of 100µg/mL each of histone H3 and H4 inhibitory antibodies. The addition of 

inhibitory histone antibodies significantly reduced monocyte TF activity in non-

UFH sepsis patients, decreasing TF activity levels to those observed in UFH 

patients. In contrast, the inclusion of inhibitory histone antibodies had no effect 

in UFH patient plasma (Figure 5.4B). In addition, levels of plasma DNA-histone 

complexes positively correlated with the degree of TF activity induced by these 

plasmas. Linear regression analysis demonstrated an r2 = 0.67, with a slope of 

17.06 that was significantly different from zero (P < 0.0001; Figure 5.4C). Taken 

together, this data suggests that extracellular histones found within the 

circulation of septic patients may induce a procoagulant phenotype of 

circulating monocytes, and this effect may be attenuated by inhibiting histone 

activity.  
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Table 5.1. Baseline characteristics of patients with severe sepsis with or without 

UFH administration. 

 
 
 
 
 
 
Septic Patient Subgroup Non-UFH Cohort (n = 15) UFH Cohort (n = 15) 
Characteristic Value Value 
Age, years                                            
Mean ± SEM (min, max) 

70.1 ± 3.5 (45, 93) 62.8 ± 4.1 (28, 82) 

Gender, % female (no./total) 40 (6/15) 60 (9/15) 
APACHE II score                           
Mean ± SE (min, max). 

27.2 ±1.9 (7, 36) 27.1 ± 1.2 (21, 37) 

MODS score                                                
Mean ± SE (min, max). 

6.9 ± 1.1 (1, 16) 
 

6.3 ± 0.6 (4, 14) 

Positive cultures, % positive 
(no./total) 

73 (11/15) 80 (12/15) 

Infection 
type, % 
(no./total) 

Gram-positive 18.2 (2/11) 41.7 (5/12) 
Gram-negative 9.1 (1/11) 16.7 (2/12) 
Fungal 27.2 (3/11) 8.3 (1/12) 
Viral 0 (0/11) 8.3 (1/12) 
Mixed 45.5 (5/11) 25 (3/12) 
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Figure 5.4. Effects of extracellular histones in septic plasma on TF activity 

of blood monocytes. Concentrations of circulating DNA-histone complexes 

were determined using the Cell Death Detection ELISA PLUS (A; n = 15 for each 

group). (B) TF activity of monocytes was assessed after exposure to 75% septic 

plasmas obtained from healthy volunteers, septic patients who received 

prophylactic unfractionated heparin in the ICU, and septic patients not treated 

with heparin. (C) Correlation curves for TF activity and plasma levels of DNA-

histone complexes in septic patients. * indicates P < 0.05, ** indicates P < 0.01, 

and *** indicates P < 0.001 (n = 15 patients for each group). 
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5.5 Discussion 

The underlying host response to sepsis involves the interplay of complex 

biological mechanisms and cell types that culminate in severe dysregulation of 

inflammation and coagulation. To date, over 100 randomized clinical trials have 

attempted to identify therapies that modulate the septic response and improve 

patient outcomes; however, none of these potential therapies have been 

successfully translated into the clinic (Marshall 2014). Therefore, an improved 

understanding of the molecular basis of sepsis pathophysiology, including 

interactions between inflammatory, coagulation, and fibrinolytic systems is 

needed. Recently, there has been renewed enthusiasm for the identification of 

novel therapeutic targets in sepsis, and circulating histones have emerged not 

only as a promising biomarker for assessing disease severity, but also as a 

potential target for pharmacological intervention.    

 Circulating monocytes are responsible for modulating hemostasis through 

multiple mechanisms. Among the leukocytes, monocytes have been shown to 

be unique in that their cell surface membrane serves as a template for the 

assembly and function of TF-mediated coagulation (McGee et al. 1992). While 

quiescent monocytes display limited procoagulant activity, they possess the 

ability to synthesize TF de novo and subsequently express it on the cell surface 

following exposure to bacterial components, proinflammatory cytokines, as well 

as host-derived ligands (Gregory et al. 1989; Cermak et al. 1993; Celi et al. 
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1994; Ito et al. 2007). The present study demonstrates that histones also serve 

as a potent procoagulant stimulus for monocytes, resulting in the upregulation of 

TF expression on the cell surface as well as inducing the exposure of the anionic 

phospholipid PS.          

 In addition to TF, monocytes also express several anticoagulant factors 

including endothelial protein C receptor (Galligan et al. 2001), TM (McCachren 

et al. 1991), and tissue factor pathway inhibitor (TFPI)(McGee et al. 1994). 

Notably, TF and TFPI are the primary regulators of coagulation initiation on the 

monocyte surface, and TF/TFPI ratios are essential for modulating the 

procoagulant activity of monocytes (Basavaraj et al. 2010). In resting 

monocytes, levels of TFPI are approximately 2-fold higher than TF, which serve 

to rapidly neutralize surface TF. However, common proinflammatory agents such 

as LPS (Basavaraj et al. 2010) result in a concurrent upregulation of TF and, to a 

lesser degree, TFPI, potentiating a hemostatic imbalance that favors TF activity. 

Furthermore, histones have been shown to associate with TM, diminishing its 

ability to bind thrombin and facilitate protein C activation (Ammollo et al. 2011). 

Similarly, our studies suggest that there is a cumulative shift to a procoagulant 

phenotype for histone-stimulated monocytes, as evidenced by a shortened 

thrombin lag phase and a net increase in the total amount of thrombin 

generated.           

 Many of the pathobiological effects exerted by histones are regulated by 
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TLR2/4 signaling including the induction of cell death in an animal model of 

kidney inflammation (Allam et al. 2012), inducing cytotoxicity during liver injury 

(Xu et al. 2011; Huang et al. 2011), and stimulating platelet activation and 

subsequent aggregation (Semeraro et al. 2011). More recently, it was 

demonstrated that histones may induce TF expression on endothelial cells and 

in a murine macrophage-like cell line, again through TLR2/4 involvement (Yang 

et al. 2016), though these studies did not explore the functional significance of 

elevated TF to modulate coagulation. Furthermore, in murine models of 

endotoxemia, reciprocal bone marrow transfer studies between normal mice and 

mice expressing ~1% human TF demonstrate that the activation of coagulation 

can be attributed to hematopoietic TF rather than vessel wall-derived TF 

(Pawlinski et al. 2010). Therefore, the contribution of histones to activating 

monocyte TF may be of greater pathophysiological relevance. The present 

results demonstrate mechanistically that TLR2 and TLR4 are the primary 

receptors for extracellular histones on human monocytes, and demonstrate that 

antagonizing the histone-TLR interactions may be an attractive target for 

modulating the procoagulant effects of histones in vivo.    

 Anti-histone treatments in various animal models of sepsis have been 

shown to confer protective effects. In particular, the administration of heparin 

has been shown to reduce the cellular cytotoxicity of histones in vitro and 

decrease mortality in animal models of LPS-induced endotoxemia and cecal 
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ligation and puncture (Saffarzadeh et al. 2012; Wildhagen et al. 2013; Iba et al. 

2015). It is hypothesized that since histones are polycationic peptides, 

negatively-charged heparins bind and inactivate circulating histones through 

high-affinity electrostatic interactions, ultimately attenuating their cytotoxicity 

(Alcantara et al. 1999; Saffarzadeh et al. 2012). In the presence of heparin, we 

observed diminished procoagulant activity of monocytes exposed to histones. 

We were able to recapitulate this effect in plasmas obtained from septic 

patients, whereby plasmas from patients receiving IV administration of UFH 

induced less procoagulant activity on monocytes compared with plasmas 

without UFH. In accordance with these results, a recent meta-analysis has 

shown that heparin therapy may be beneficial to severe sepsis patients without 

an increased risk for adverse bleeding events (Wang et al. 2014). Although the 

presence of heparin in plasma was unable to attenuate TF activity to basal 

levels, the complex proinflammatory milieu of the septic plasmas utilized for this 

study likely contain a number of mediators, including LPS and lipoteichoic acid, 

or proinflammatory cytokines such as IL-6 and TNF-α that may also contribute to 

monocyte procoagulant activity. The attenuation of TF activity by anti-histone 

antibodies in our plasma experiments demonstrates that pathophysiological 

levels of circulating histones are sufficient to induce a procoagulant phenotype 

on monocytes and that our in vitro observations were not simply a phenomenon 

initiated by supraphysiological histone concentrations.     
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 For years, hemostasis has been thought to be regulated by a coagulation 

factor cascade coupled with platelet activation. However, this conventional view 

is being challenged by mounting new evidence which suggests that leukocytes 

play an indispensable role in mediating coagulation under pathological 

conditions. During infection, the sequence of leukocyte recruitment comprises 

an initial recruitment of neutrophils to an infectious focus. Once localized to the 

site of infection, neutrophils are activated and begin to exert effector functions, 

including phagocytosis, degranulation, and NET release. In addition to bacterial 

trapping, the DNA component of NETs also serves as an initial stimulus for 

coagulation and a scaffold for clot formation (Fuchs et al. 2010). The release of 

NETs is also coupled with the externalization of granular proteins including 

azurocidin, LL37, and cathespin G which promote the secondary recruitment of 

monocytes to the site of infection (Soehnlein et al. 2008; Soehnlein and Lindbom 

2010). Indeed, not only do neutropenic septic patients have lower numbers of 

monocytes present within bronchoalveolar fluids (Mokart et al. 2008), but low 

numbers of circulating neutrophil in sepsis patients are associated with 

increased 28-day hospital mortality (Bermejo-Martín et al. 2014), highlighting the 

importance of neutrophil-monocyte cooperation to the host immune response. 

 A critical event in NET formation is the decondensation of nuclear 

chromatin which is mediated by peptidyl arginine deiminase 4 (PAD4). PAD4 

converts histone arginine residues to citrulline via a deamination process 
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(Rohrbach et al. 2012), ultimately reducing the positive charge of histones and 

leading to the uncoiling of DNA and release of free histones (Martinod et al. 

2013). The results of our present study suggest that recruited monocytes, upon 

encountering activated neutrophils and their liberated intracellular contents, are 

activated by externalized histones and adopt a procoagulant phenotype. Thus, 

the initial neutrophil response to infection may work synergistically with 

monocytic procoagulant activity to initiate and sustain coagulation following an 

infectious insult. It is also important to consider that, while thrombus formation at 

sites of infection represents a critical host defense mechanism that limits 

dissemination of dangerous pathogens, sustained activation of coagulation can 

result in pathological microthrombus formation that contributes to organ 

dysfunction and failure (Degen et al. 2007; Bergmann and Hammerschmidt 

2007). Therefore, understanding the balance between the beneficial and 

deleterious effects of a hypercoagulable state in sepsis is critical to the 

development of therapeutic strategies.       

 In summary, these studies are the first to examine the effects of histones 

on monocytic cells, specifically within the context of sepsis. Our findings 

suggest that histones potentiate a procoagulant phenotype on circulating 

monocytes, thereby establishing a novel mechanism by which extracellular 

histones modulate hemostasis and identify histones as a potential therapeutic 

target in sepsis treatment. 
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6.0     General Discussion & Future Directions 

	
6.1 General Discussion 

Sepsis is a devastating condition that is characterized by a systemic 

inflammatory response to infection, coupled with concomitant dysregulated 

pathological thrombus formation and a hypofibrinolytic state. Mounting evidence 

suggests that coagulation abnormalities in sepsis are mediated by leukocytes, 

namely circulating monocytes and neutrophils. Of particular interest are the 

formation of NETs, which are comprised of CFDNA, histones, and neutrophils 

granular proteins, and represent a newly identified link between innate immunity 

and coagulation. The main objective of this thesis was to evaluate the 

mechanisms by which CFDNA and/or histones modulate coagulation in sepsis. 

The findings presented in this thesis demonstrate that (i) neutrophil extracellular 

traps released from live, activated neutrophils promote coagulation via platelet-

dependent and -independent pathways (Chapter 3); (ii) CFDNA, the primary 

component of NETs, attenuates fibrinolysis by impairing plasmin-mediated fibrin 

degradation (Chapter 4), and; (iii) histones, the other principle component of 

NETs, induces TF activity and expression in monocytic cells (Chapter 5). Taken 

together, these studies identify novel mechanisms by which leukocytes and their 

procoagulant effector molecules potentiate a hypercoagulable and anti-

fibrinolytic state in septic patients. This work also has important implications for 

leukocyte-mediated coagulation abnormalities found in other disease states.  
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6.2 Leukocytes support antimicrobial defense via microthrombi formation 

Coagulation serves not only to prevent hemorrhage following injury, but it 

also plays a critical role in host defense during infection by limiting the spread of 

organisms. The coordinated activation of intravascular coagulation in response 

to circulating pathogens has recently been termed ‘immunothrombosis’ 

(Engelmann and Massberg 2012). During immunothrombosis, cells of the innate 

immune system employ multiple procoagulant mechanisms that include the local 

delivery of active TF, the degradation of endogenous anticoagulants, and the 

formation of a procoagulant matrix consisting of extracellular DNA and histones 

at the site of infection. Importantly, the procoagulant mechanisms that underlie 

immunothrombosis are distinct from those involved in hemostasis.  

The TF pathway is an important initiator of coagulation during instances of 

infection. Indeed, for many years, the hemostatic abnormalities in sepsis have 

been described as an initial hypercoagulable phase driven by aberrant 

expression of TF (Wheeler and Bernard 1999b; Hotchkiss and Karl 2003). During 

immunothrombosis, the primary source of intravascular TF is expressed and 

delivered by monocytes, rather than being derived from sequestered 

subendothelial stores. The initial importance of TF has been shown in 

experimental models of Gram-negative sepsis, where low myeloid TF-expressing 

mice exhibit an impaired ability to limit pathogen dissemination that is 

accompanied by an increased bacterial load and increased mortality (Luo et al. 
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2011). This evidence suggests that leukocyte-derived TF is a critical component 

in the events that precipitate immunothrombosis during infection. Moreover, the 

presence of infectious pathogens and the induction of TF are intimately linked. 

The detection of PAMPs, such as LPS, by monocytic TLRs results in the de novo 

synthesis of and expression of functional TF (Robinson et al. 1992). Similarly, 

platelets also express PRRs that are able to recognize and promote coagulation 

in response to PAMPs (Ma and Kubes 2008). Monocytes and platelets require 

only a trace amount of LPS to become fully activated, and this sensitivity 

suggests that these cells play a key role in the detection of blood-borne 

organisms. However, several studies have reported that patients with sepsis 

present no signs of systemic TF-mediated hypercoagulability, even in the early 

stages of sepsis (Petros et al. 2012; Collins et al. 2006). Our studies in Chapter 3 

support these findings, as thrombin generation in septic plasmas was not 

attenuated by the addition of TF inhibitory antibody, HTF-1. Taken together this 

evidence suggests that, while the extrinsic pathway may be involved in the 

initiation of sepsis-associated coagulation, the role of the intrinsic pathway may 

have been largely overlooked.       

 Another major contributor to immunothrombosis in sepsis is the neutrophil 

via the formation of NETs. The adhesive properties of DNA have been shown to 

trap and ensnare bacteria, limiting their ability to spread within the host 

(Brinkmann et al. 2004). Dismantling of these DNA matrices are detrimental 
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during infection, and often results in increased mortality in animal models (Meng 

et al. 2012; Mai et al. 2015). In addition to bacterial trapping, NETs also initiate 

localized coagulation to ensure the successful entrapment of pathogens. As 

demonstrated in Chapter 3, the procoagulant activity of NETs is mediated by its 

ability to activate factors XI and XII to trigger the contact pathway of coagulation. 

This is largely owing to the negatively-charged backbone of DNA, as 

dismantling of NETs with DNase abolished thrombin generation. The histone 

component of NETs further amplifies the procoagulant functions of NETs. In 

addition to robust antimicrobial activities (Brinkmann et al. 2004), histones also 

exert a wide array of procoagulant functions including platelet activation (Esmon 

2011), inhibition of endogenous anticoagulants (Ammollo et al. 2011), and, as 

demonstrated in Chapter 5, an ability to potentiate a procoagulant phenotype in 

monocytes. Furthermore, our studies also implicate NETs in the suppression of 

fibrinolysis that is frequently observed in sepsis. Although anti-fibrinolytic 

properties of NETs are currently less well-known, we have identified that the 

DNA component of NETs impairs plasmin-mediated degradation of fibrin clots, 

ultimately prolonging clot lysis (Chapter 4). Collectively, NETs serve to localize 

thrombus development following neutrophil activation by microorganisms to 

prevent systemic spread within the host. The procoagulant mechanisms of NET 

components are summarized in Table 6.1.      

 While the innate immune and coagulation systems co-exist to contain  
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Table 6.1. Procoagulant effector functions of neutrophil extracellular trap (NET) 

components. CFDNA, cell-free DNA; HMGB1, high-mobility group box 1; PS, 

phosphatidylserine; TF, tissue factor; RBC, red blood cell; PC, protein C; AT, 

antithrombin; TFPI, tissue factor pathway inhibitor. 
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Effector 
Molecule Procoagulant Activity Reference 

CFDNA 

• Contact pathway activation (FXI, FXII) 
• Modulate clot structure 
• Impair fibrinolysis 

(Gould et 
al. 2014) 

 
(Gould et 
al. 2015) 

Histone 

• Platelet activation 
• Induce PS exposure on RBCs 
• Induce TF expression on endothelial cells 
• Induce TF expression on monocytes 
• Auto-activation of prothrombin 
• Impair PC pathway 
• Impair AT activity 
• Cytotoxic to endothelial cells 

(Esmon 
2011) 

(SEMERA
RO et al. 

2014) 
(X. Yang et 
al. 2016) 

 
(Barranco-
Medina et 
al. 2013) 

(F. 
Semeraro 

et al. 2011) 
(Varju et 
al. 2015) 
(Kleine et 
al. 1995) 

Neutrophil 
Elastase 

• Activation of coagulation proteases (FV, 
FVIII, FX) 
• Degradation of anticoagulant TFPI 

(Higuchi et 
al. 2003; 
Liou and 
Campbell 

1996) 

HMGB1 

• Induce TF expression on monocytes 
• Induce NETosis 

(Ito et al. 
2007) 

 
(Tadie et 
al. 2013) 
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potentially lethal pathogens, several organisms have evolved ways to 

circumvent entrapment by exploiting mechanisms of immunothrombosis to 

facilitate their own dissemination. For example, group A, C, and G streptococci 

express streptokinase which is able to convert plasminogen to plasmin, as well 

as inhibit circulating α2-antiplasmin (Bergmann and Hammerschmidt 2007). This 

allows the bacteria to degrade a confining fibrin network and disseminate freely 

within the host. Yersinia pestis directly activates plasminogen via its surface Pla 

protease (Sodeinde et al. 1988), while several other species of bacteria 

potentiate plasmin-mediated fibrinolysis by recruiting plasminogen to their 

surface where it is subsequently activated by host tPA (Bergmann and 

Hammerschmidt 2007). In addition, several species have evolved mechanisms 

to evade entrapment by NETs. Examples include S. pyogenes (Beiter et al. 

2006) and Streptococcus pneumonia (Buchanan et al. 2006), which secrete 

bacterial DNases that dismantle the DNA scaffold of NETs and limits their 

procoagulant and antimicrobial capabilities (Table 6.2).    

 The findings of this thesis suggest that the CFDNA component of NETs 

not only traps circulating pathogens and sequesters them by inducing 

coagulation, but CFDNA may also work in tandem with fibrin and elevated PAI-1 

to prevent systemic dissemination of microbes by limiting plasmin-mediated 

fibrin degradation. Furthermore, the procoagulant phenotype of platelets and 

monocytes induced by NET-derived histones facilitates sustained thrombin  
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Table 6.2. Mechanisms by which invasive pathogens exploit coagulation and 

fibrinolysis. CLFA, clumping factor A; NET, neutrophil extracellular trap; DNase, 

deoxyribonuclease; tPA, tissue plasminogen activator; ECM, extracellular matrix. 
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Pathogen Molecular 
Mediator Mechanism Reference 

Group A, C, and 
G streptococci 

• Streptokinase • Plasmin generation  
• Inhibition of α2-antiplasmin 

(Bergmann 
and 

Hammersc
hmidt 
2007) 

Yersinia pestis 

• Pla protease • Plasmin activation on cell 
surface 
• Inhibition of α2-antiplasmin 
• Degradation of complement 
factors 

(Sodeinde 
et al. 1988) 

Escherichia coli 

• OmpT • ECM adhesion 
• Plasminogen activation 
• Degradation of cationic    
bactericidal peptides 

(Stumpe et 
al. 1998) 

Staphylococcus 
aureus 

• Staphylocoa-
gulase 
 
• CLFA 

• Activation of prothrombin, 
preventing pathogen 
clearance 
• Platelet aggregation, 
reducing pathogen 
clearance 

(A. G. 
Cheng et 
al. 2010; 

Clemetson 
2011) 

Streptococcus 
pneumoniae 

• DNase 
 

• Degradation of NETs 
 

(Buchanan 
et al. 2006) 

Streptococcus 
pyogenes 

• DNase • Degradation of NETs (Beiter et 
al. 2006) 
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generation and fibrin deposition at the infectious focus. These redundant 

procoagulant and anti-fibrinolytic mechanisms help to ensure the successful 

detainment and subsequent clearance of invading pathogens despite their 

acquired mechanisms of host exploitation. 

6.2.1 Investigating the effect of NETs on thrombolysis 

Our studies presented in Chapter 4 are the first to characterize the anti-

fibrinolytic properties of NET components in the context of sepsis. To date, the 

effects of NET components on thrombolysis in vivo remain uncharacterized. To 

examine this, mice could be subjected to the cecal ligation and puncture model 

of sepsis followed by blood collection and plasma isolation as previously 

described (Mai et al. 2015). Levels of CFDNA should be quantified and clot lysis 

assays could be performed on these samples to determine if CFDNA levels 

correspond with a delay in clot lysis times as was observed in patient plasmas in 

Chapter 4. In addition, DNase could be administered to these septic mice at 

incremental time points during the period of observation (Mai et al. 2015). Clot 

lysis time in DNase-treated mice would presumably be restored to basal levels 

and further support a role for CFDNA in impaired fibrinolysis in sepsis.     

 Furthermore,  in vitro and in vivo observations indicate that chromatin, 

fibrin, and VWF form a colocalized network within the thrombus that is similar to 

extracellular matrix (Fuchs et al. 2010; Brill et al. 2012). It is likely that each of the 

components will need to be cleaved by their own appropriate enzyme and also 
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that the presence of one component may in influence the degradation or stability 

of the other. Combinations of tPA, DNase, and/or ADAMTS13 could be 

administered to CLP-subjected mice to evaluate their effects on thrombolysis 

(Zhao et al. 2009).           

 The specific interactions between CFDNA and fibrin are also incompletely 

understood. In Chapter 4, we demonstrate that DNA is able to interact directly 

with both fibrinogen and fibrin. As described above, a final step during fibrin 

polymerization is the cross-linking and stabilization by FXIII transglutaminase. 

Whether NET components provide a substrate to Factor XIII and could be cross-

linked to fibrin is unknown. In addition, PAD4, which is eventually released from 

neutrophils during NET formation, has been shown to citrullinate fibrin in 

rheumatoid arthritis (Masson-Bessiere et al. 2001). Whether this occurs in sepsis 

and how it may affect plasmin-mediated fibrin degradation is unclear. These 

experiments would yield important insights into the interactions between CFDNA 

and fibrin and reveal potential additional mechanisms by which CFDNA and/or 

additional NET components attenuate fibrinolysis.  

	
6.3 Dysregulated immunothrombosis potentiates DIC in sepsis 

As described in Chapter 1, severe sepsis is associated with the 

development of DIC, a condition that manifests as coagulation activation and 

microvascular thrombosis formation in organ tissues (Levi et al. 2003). Similar to 
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immunothrombosis, DIC occurs in the microvasculature, is initiated in response 

to infectious stimuli, and is sustained by effector molecules such as intravascular 

TF (Pawlinski and Mackman 2010) and NET components (Ma and Kubes 2008). 

DIC is triggered when immunothrombosis becomes overwhelmed and is no 

longer able to restrict the spread of pathogens. The failure of immunothrombosis 

to contain microorganisms results in the unrestricted formation of microvascular 

thrombi and the excessive activation of inflammation, which is aggravated by the 

ability of both pathways to potentiate each other (Schouten et al. 2007). Thus, 

immunothrombosis may represent an early event in the development of DIC. 

Neutrophils and the formation of NETs represents a critical juncture 

between regulated immunothrombosis and uncontrolled, systemic coagulation. 

As discussed previously, monocytes are likely responsible for the initiation of 

coagulation reactions in response to infection via the TF pathway (Luo et al. 

2011). However, should monocyte-mediated coagulation be insufficient to 

contain the infection, neutrophils may become activated and form NETs as a 

second line of defense to control dissemination.  

NETs aggressively modulate coagulation by inducing a procoagulant 

phenotype on many different cell types, including monocytes, platelets, vascular 

endothelial cells, and even additional neutrophils. Recent evidence suggests 

that NET components (namely histones and thrombin generated via CFDNA) are 

able to potently activate platelets. These activated platelets, in turn, are able to 
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form platelet-neutrophil conjugates which stimulate additional NET release (Clark 

et al. 2007). In addition, we and others have also found that histones are able to 

induce TF expression and PS exposure on vascular endothelial cells, suggesting 

that NETs contribute to the activation of the endothelium during sepsis and 

septic shock. As depicted in Figure 6.1, co-incubation of increasing 

concentrations of histones resulted in an upregulation of TF expression, TF 

activity, and PS exposure. Similarly, histones have been found to induce a 

procoagulant phenotype via PS exposure on red blood cells (Semeraro et al. 

2014). 

Neutrophil activation during infection also results in the recruitment of 

additional leukocytes to the infectious focus. Granular contents, specifically LL-

37 and heparin-binding protein, have been shown to promote the recruitment of 

proinflammatory monocytes (Soehnlein and Lindbom 2010). In our current 

studies, we identified that the histone component of NETs is able to induce TF 

expression and activity on monocytes, resulting in enhanced thrombin 

generation in plasma. This effect may be further potentiated by neutrophil 

elastase, which has been shown to exacerbate monocyte TF activity through the 

degradation of monocyte surface TFPI (Higuchi et al. 2003). Furthermore, 

HMGB1, a nuclear DAMP that is released during NETosis, has also been shown 

to induce NET formation in resting neutrophils (Tadie et al. 2013), ultimately 

potentiating a cyclical series of immune cell activation. These effects, coupled  
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Figure 6.1. Effects of histones on tissue factor activity, antigen, and 

phosphatidylserine exposure on human umbilical vein endothelial cells. TF 

activity (as determined by FXa generation) was quantified on HUVEC (A) 

following exposure to increasing concentrations of unfractionated bovine histone 

protein for 24 hours. Cell surface TF antigen (B) and phosphatidylserine (C) 

were determined by flow cytometry. * indicates P < 0.05, ** indicates P < 0.01, 

and *** indicates P < 0.001 (n = 3-4 for all conditions). 
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with the newly-established PS-rich environment created by histone release, 

suggests that neutrophils are able to orchestrate a coordinated, procoagulant 

response to severe infection that involves numerous cell types. Thus, the 

formation of NETs during infection may ‘release the brakes’ of 

immunothrombosis, inducing a procoagulant phenotype in the key cellular 

mediators of coagulation in an attempt to contain circulating pathogens. While 

this last-ditch effort on the part of the neutrophil may result in the successful 

elimination of infectious organisms, such severely dysregulated coagulation is 

often accompanied by several deleterious (and sometimes fatal) consequences 

for the host. These events are collectively summarized in Figure 6.2.  

	
6.3.1 Investigating the mechanisms of NET clearance in sepsis 

Currently, it is unclear how NETs and NET degradation products are 

removed from circulation. Studies in healthy human volunteers demonstrate a 

rapid, transient increase in CFDNA levels following exercise that are restored to 

basal levels within minutes (Beiter et al. 2014). However, in pathological 

conditions like sepsis, CFDNA levels remain elevated over time. It is unclear 

whether these persistently elevated levels of CFDNA are the result of impaired 

clearance mechanisms or the sustained production of NETs.  

To determine clearance rates of DNA in sepsis, wild-type mice and mice 

subjected to cecal ligation and puncture could be infused with radio-labelled or 

biotinylated DNA fragments. At regular intervals, retro-orbital plasma samples  
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Figure 6.2. Modulation of coagulation and fibrinolysis by cell-free DNA and 

histones. Cell-free DNA and histones are released into the circulation through 

NETosis. DNA triggers the contact pathway of coagulation by catalyzing the 

autoactivation of FXII to FXIIa [Box 1]. Histones induce a procoagulant 

phenotype in circulating monocytes via TLR2/4 interactions which drive tissue 

factor (TF) and phosphatidylserine (PS) expression [Box 2]. Histones also bind 

to protein C and impair TM-dependent protein C activation [Box 3]. Histones 

activate inflammation and cell death pathways by direct interaction with the cell 

membrane or via TLR-2, TLR-4, and TLR-9 signaling pathways [Box 4]. Histones, 

alone or in complex with DNA, activate platelets resulting in aggregation and 

increased cell surface expression of PS, P-selectin, and FV/FVa. Activated 

platelets secrete polyphosphates which further potentiate coagulation by 

activating FXII, accelerating FXI activation by thrombin, and enhancing FV 

activation [Box 5]. NETs suppress fibrinolysis by intercalating into fibrin clots, 

which results in thicker fibers that are more stable and resistant to shear forces. 

DNA also delays fibrinolysis by accelerating the inactivation of tPA by PAI-1 and 

by competing with fibrin for plasmin [Box 6]. DNA can be degraded by DNase 1 

or neutralized by synthetic nucleic acid-binding polymers. Inhibitors of histones 

include APC, CRP, and heparin. Adapted from Gould et al. (2015). 
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could be collected and examined for labelled DNA content to determine DNA 

clearance kinetics. 

Previous animal studies suggest that it is therapeutically beneficial to 

clear NETs from the circulation. Indeed, the studies presented here demonstrate 

that removal of CFDNA from septic plasmas attenuates the procoagulant and 

anti-fibrinolytic effects. DNase is currently the most commonly utilized method of 

removing NETs within experimental sepsis models. Early in sepsis, levels of 

DNaseI is elevated, perhaps to reduce the risk of thrombosis (Meng et al. 2012). 

Future investigations should examine DNaseI knockout mice (Apostolov et al. 

2009) subjected to cecal ligation and puncture. Compared to wild-type mice, 

DNaseI knockout mice would presumably exhibit a prolonged procoagulant 

phenotype, with elevated procoagulant markers (i.e. thrombin-antithrombin 

complexes). Furthermore, monocytes and macrophages have been implicated 

in the clearance of NETs, largely owing to their ability to synthesize and release 

DNase (Farrera and Fadeel 2013). To assess the specific contributions of 

monocyte-derived DNase to NET clearance, mice may also be subjected to 

clodronate liposome injections prior to the start of experiments to deplete 

circulating monocytes. These studies would yield novel insights into the role of 

DNase in the clearance of NETs, as well as its potential as a natural 

thrombolytic.  
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6.4 Contributions of leukocytes to large vessel thrombosis 

 Though the studies conducted in this thesis maintained a sepsis focus, 

the novel procoagulant mechanisms of NET components may have important 

implications for other pathologies associated with leukocyte-mediated 

coagulation abnormalities. In particular, recent investigation has begun to 

explore the role of innate immune cells in the pathogenesis of both arterial and 

venous thrombosis.    

 

6.4.1 Contributions of leukocytes to atherothrombosis 

Atherothrombosis is characterized by the superimposition of an arterial 

thrombus over the site of a ruptured atherosclerotic plaque comprised of an 

accumulation of inflammatory cells and lipid deposits. Plaque rupture within a 

high-shear arterial environment triggers platelet adhesion, activation, and 

aggregation, and involves many of the same platelet receptors and 

subendothelial ligands involved in hemostatic clot formation (Furie and Furie 

2008; Jackson 2011). Although arterial thrombosis is initiated by platelets, the 

subsequent activation of coagulation and fibrin deposition is critical for thrombus 

stabilization and growth. While activated platelets can directly enhance 

coagulation via the release of inorganic polyphosphates (Müller et al. 2009), 

fibrin formation in arterial thrombi is primarily regulated by leukocyte 

participation. Early studies have shown that the inhibition of neutrophil and 

monocyte recruitment to the site of arterial thrombus formation results in the 
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cessation of fibrin deposition and destabilization of the thrombus (Palabrica et 

al. 1992). 

Recent evidence suggests that the procoagulant mechanisms employed 

by immune cells during immunothrombosis are similar to those involved in 

arterial thrombi formation. In particular, the contributions of monocyte-derived TF 

are central to arterial thrombus development. During atherosclerotic plaque 

formation, monocytes are recruited into the intima and subintima where they 

differentiate into macrophages and foam cells. The proinflammatory environment 

of the plaque induces TF expression and activity on these resident cells (Wilcox 

et al. 1989), as well as facilitates the shedding of PS- and TF-positive 

microparticles (Mallat et al. 1999). Following plaque rupture, the established TF-

rich microenvironment is exposed to the circulating blood, which initiates arterial 

thrombus formation (Day et al. 2005). Although this localized exposure 

precipitates atherothrombosis, the additional recruitment of  leukocyte-derived 

procoagulant material is important for regulating thrombus growth and stability 

(Chou et al. 2004). Activated platelets regulate the recruitment of peripheral 

blood monocytes and monocyte-derived MPs to the thrombotic site via the 

release of cytokines and P-selectin (Falati et al. 2003; Gross et al. 2005). 

Correspondingly, plasma levels of TF-expressing monocytes have been 

demonstrated to be elevated in conditions associated with increased arterial 

thrombogenesis in animal models (Owens et al. 2012).  
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In addition to monocytes, circulating neutrophils have recently been 

implicated in the development of atherosclerosis. Neutrophils have been shown 

to migrate into atherosclerotic plaques and, upon activation by cholesterol 

crystals, release NETs within the lesion that prime resident macrophages for 

proinflammatory cytokine release (Warnatsch et al. 2015). NETs have been 

visualized in association with the lumen overlying the atherosclerotic plaque in 

both animal models and in human plaques, suggesting that NETs may 

contribute to a localized procoagulant environment (Megens et al. 2012). A 

recent study demonstrated that NETs formed at the site of an atherosclerotic 

plaque are decorated with TF, suggesting that NETs may serve to capture and 

localize monocyte-derived TF-bearing microparticles to the arterial thrombus 

(Stakos et al. 2015). Moreover, elevated levels of extracellular nucleosomes and 

myeloperoxidase-DNA complexes, the major hallmarks of NET release, are 

independently associated with coronary artery disease, a prothrombotic state, 

and occurrence of adverse cardiac events in patients (Borissoff et al. 2013).  

The evidence presented in this thesis suggest novel mechanisms by 

which monocyte-neutrophil cooperation may contribute to arterial thrombus 

development. Following plaque rupture, the proinflammatory microenvironment 

of the atherosclerotic lesion is exposed to the circulation. The induction of 

NETosis and subsequent NET release, mediated by proinflammatory cytokines 

or localized cholesterol crystals, contributes to the procoagulant environment by 
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supporting the activation of the contact pathway of coagulation. In addition, 

exposed histones serve to reinforce monocyte-mediated TF coagulation of newly 

recruited monocytes by upregulating TF surface expression and activity. 

Histones may also contribute to a PS-rich environment by inducing PS on 

monocytes and endothelial cells. Furthermore, free or NET-associated histones 

may also serve to facilitate the growth of the platelet-rich thrombus by 

reinforcing additional localized platelet activation. Thus, targeting triggers of 

leukocyte-mediated coagulation may be beneficial to therapies that seek to 

prevent arterial thrombosis. 

	
6.4.2 Venous thrombosis 

The leukocyte-mediated procoagulant mechanisms described in this 

thesis may also contribute to the development of deep vein thrombosis (DVT). 

With an incidence of 2-3 cases per 1000 individuals, DVT and its major 

complication, pulmonary embolism, remain the third leading cause of 

cardiovascular death in the world (Goldhaber and Bounameaux 2012). Thrombi 

that form within the deep veins are typically rich in fibrin containing layers of 

platelets, red blood cells, and leukocytes. Previously, the cellular events 

contributing to DVT development have remained incompletely understood due 

to an absence of a relevant experimental model (Goldhaber and Bounameaux 

2012). However, recent findings in mice suggest that aberrant activation of 
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leukocyte-mediated coagulation is a critical event in the initiation and 

propagation of DVT. 

In particular, the formation of NETs have been demonstrated to be critical 

in DVT formation. NET components (namely DNA, histones, and neutrophil 

elastase) have been identified within venous thrombi in both murine and baboon 

models of DVT (Fuchs et al. 2010; Brill et al. 2012). In a murine stenosis model of 

DVT, PAD4 knockout mice exhibit reduced venous thrombi formation, and 

administration of DNase in wild-type mice significantly suppressed DVT growth, 

further implicating the participation of neutrophils and NETs in DVT (Martinod et 

al. 2013). Our findings suggest that the CFDNA component of NETs may not 

only promote thrombus formation by enhancing contact pathway activation, but 

CFDNA may also contribute to thrombus stability in DVT by impairing fibrinolysis 

via interactions with fibrin and plasmin. This is supported by observations that 

thrombi containing NETs are resistant to tPA-mediated fibrinolysis, an effect 

which is resolved by the co-incubation of DNase (Fuchs et al. 2012).  

Furthermore, histones, the other central component of NETs,  has been reported 

to promote DVT formation following infusion in mice (Brill et al. 2012). Although 

platelets are less frequent in venous thrombi than in arterial thrombi, they 

support leukocyte procoagulant activity via neutrophil interaction and 

subsequent induction of NETosis (Clark et al. 2007).  
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The role of TF-mediated coagulation, though perhaps less vital in DVT 

than in arterial thrombosis, has recently been implicated in DVT propagation. 

Imaging studies have revealed that DVT is initiated as sterile inflammation with a 

massive influx of neutrophils and monocytes. In addition, this study 

demonstrated that intravascular activation of the extrinsic pathway via TF 

derived from myeloid cells is indispensable for DVT formation (Bruhl et al. 2012). 

Correspondingly, mice that were deficient in myeloid TF were protected from 

DVT formation. Our findings suggest that thrombus-resident NETs may facilitate 

the upregulation of myeloid TF via histone-myeloid interactions and contribute to 

TF-driven coagulation in DVT. Thus, the cross talk between monocytes and 

neutrophils may be responsible for the initiation and amplification of DVT and for 

inducing its unique clinical features.  

	
6.4.3 Identification of signaling events in venous & arterial thrombosis 

While NET release is conventionally triggered by pathogens or microbial 

components, it remains unclear what triggers NET formation in venous and 

arterial thrombosis. Likely stimuli include the interaction of neutrophils with 

activated cells, such as platelets or the endothelium (Clark et al. 2007; 

Massberg et al. 2010; Gupta et al. 2010). This could be confirmed if the 

neutrophil receptors involved in these interactions (i.e P-selectin) were inhibited 

and tested in animal models of DVT and atherothrombosis. Alternatively, 

environmental factors including hypoxia, ROS, cytokines, or coagulation factors 
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generated in thrombosis could induce NETosis. In vitro, generation of ROS 

typically precipitates NET formation by neutrophils and eosinophils (Fuchs et al. 

2007; Yousefi et al. 2008). In addition, platelets may potentiate ROS production 

in platelet-neutrophil conjugates (Haselmayer et al. 2007), and endothelial ROS 

were shown to trigger NET formation in vitro (Gupta et al. 2010). Studies should 

move from purified neutrophils to more complex in vitro or in vivo systems which 

more accurately model DVT/atherothrombosis and include endothelium, 

platelets, and neutrophils under hypoxic and inflammatory experimental 

conditions.  

6.5 Leukocyte targets for anti-thrombotic therapies 

As discussed earlier, the procoagulant mechanisms that underlie 

pathological immunothrombosis are distinct from those that are responsible for 

hemostasis. Current strategies for the clinical management of thrombosis involve 

the use of anticoagulant therapies that target hemostatic coagulation pathways 

and are often associated with an increased bleeding risk. Recently, the role of 

leukocytes in the initiation of pathologic thrombosis has become more well-

recognized, and this has prompted the development of therapeutic strategies 

that specifically target leukocyte-mediated coagulation reactions. Throughout 

this thesis, the use of various inhibitors of NETosis, CFDNA, and histones have 

revealed several important potential therapeutic avenues for thrombosis 

management.  
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In Chapter 3, we explored the use of Cl-amidine, a non-specific inhibitor 

of peptidylarginine deiminases capable of blocking NET release from PMA-

stimulated neutrophils. We demonstrated that Cl-amidine potently reduces 

thrombin generation induced by NETting neutrophils in both platelet-rich and 

platelet-poor plasmas. In other studies, the use of Cl-amidine has been shown to 

attenuate venous thrombus development and reduces atherosclerotic lesion 

areas in murine models (Knight et al. 2013; Knight et al. 2014). However, the 

complete inhibition of NET release may have deleterious consequences during 

infection. Using a PAD4 knockout model, (Li et al. 2010) show that mice with an 

impaired ability to generated NETs are more susceptible to bacterial infection. In 

contrast, a recent report by (Martinod et al. 2015) demonstrated that PAD4 

deficiency and impaired NET formation is not associated with increased 

bacteremia in a polymicrobial sepsis model, and is in fact partially protective. 

Thus, therapeutic strategies that inhibit NET formation directly may be best 

suited for use in non-infectious pathologies.  

Our studies also explored several therapies that decrease the 

procoagulant activity of histones by themselves, including APC, heparin, and 

neutralizing antibodies. Notably, recombinant APC was previously considered 

the first-line therapy for sepsis management prior to its withdrawal from the 

market following the negative results of the PROWESS clinical trial (Ranieri et al. 

2012). In our studies, APC significantly diminished the activity of histone H3 
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towards platelets, resulting in diminished thrombin generation and 

polyphosphate release (Chapter 3). In addition, levels of circulating 

nucleosomes were markedly lower in severe sepsis patients receiving 

recombinant APC compared to those who did not (Figure 6.3). This suggests 

that, in addition to regulating thrombin generation via FVa and FVIIa inactivation, 

APC may also exert cytoprotective effects by interfering with extracellular 

histone activity.  

Next, we investigated the effects of UFH as a potential histone inhibitor in 

our experiments. In Chapter 5, we have shown that UFH largely inhibits histone-

mediated increases in TF activity on THP-1 cells and blood monocytes in vitro. 

Similarly, the plasmas of heparinated sepsis patients induced significantly less 

procoagulant activity on monocytes compared to septic plasmas without UFH. 

Heparins, namely low molecular weight heparins such as Dalteparin, are 

routinely administered to patients as part of standard thromboprophylaxis in 

sepsis. The studies performed in Chapter 5 have identified a new mechanism by 

which they exert protective effects. Though our studies utilized unfractionated 

heparin, it has recently been demonstrated that non-anticoagulant heparins 

retain their ability to bind and neutralize histones without altering coagulation 

parameters (Wildhagen et al. 2013), suggesting that heparins of various 

molecular weights are able to ameliorate histone activity.  
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Figure 6.3. Effects of APC on plasma nucleosome concentrations. 

Concentrations of circulating nucleosomes were determined in the plasma of 

healthy volunteers, sepsis patients receiving rhAPC, and sepsis patients 

receiving only standard care. Nucleosomes were determined using the Cell 

Death Detection ELISA PLUS kit from Roche Diagnostics. 
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We also impaired histone-receptor interactions through the use of TLR2 

and TLR4 inhibitory antibodies. In Chapter 3, we demonstrated that TLR2/4 

blockade impaired histone-induced platelet activation and attenuated thrombin 

generation. Similarly, inhibition of monocyte TLR2/4 (as performed in Chapter 5) 

abrogated TF activity and diminished monocyte-mediated thrombin generation. 

These results are consistent with previous findings that identify TLR2 and TLR4 

as the primary receptors for extracellular histones. However, despite promising 

preclinical findings, the use of anti-TLR strategies in patients has not been 

translated successfully to clinical practice (Rice et al. 2010; Opal et al. 2013). 

Since TLRs are known to be expressed on a multitude of cell types, and since 

histones have been documented to exert numerous differential effects, it may 

prove more efficient to target histones directly rather than attempting to 

modulate the growing number of cellular targets.   

Therapeutic use of DNase may also be a viable strategy for targeting 

NET-mediated coagulation. In humans and mouse models, there is precedence 

for the therapeutic efficacy of DNase in several disease states. For example, in 

patients with cystic fibrosis, a condition often associated with Pseudomonas 

aeruginosa infection of the lung epithelium, inhalation of recombinant human 

DNase I reduces the viscosity of purulent sputum and inhibits bacterial biofilm 

formation (Hodson and Shah 1995). In a mouse model of systemic lupus 

erythematosus, intraperitoneal injection of recombinant mouse DNase interferes 
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with disease progression (Macanovic et al. 1996). Dismantling of NETs with 

DNase is also protective in models of flow-restricted venous thrombosis, as well 

as arterial thrombosis induced by photochemical injury in a murine model of 

chronic inflammation. However, in Chapter 3 we demonstrate that dismantling of 

the DNA scaffold with DNase results in the liberation of histones, resulting in 

enhanced platelet-dependent thrombin generation. This is consistent with the 

findings of (Meng et al. 2012) and (Mai et al. 2015), who both demonstrate that 

the early digestion of NETs with DNase in a mouse model of sepsis results in 

advanced sepsis progression, altered organ pathology, accompanied by an 

increase in mortality. Moreover, a recent report demonstrated that while DNase 

is effective at eliminating the DNA component of NETs in circulation, it fails to 

remove the majority of histones from the vessel wall and only partly reduces 

injury (Kolaczkowska et al. 2015). Thus, effective therapeutic strategies should 

attempt to target both the DNA and histone components of NETs simultaneously.  

	
6.5.1 Investigating the anticoagulant effects of DNase 

The administration of DNase is currently the most commonly employed 

method of degrading NETs in vivo. Many of these studies report the resolution of 

procoagulant activity and improved mortality following DNase therapy (Fuchs et 

al. 2010; Mai et al. 2015). It is presumed that the degradation of NETs facilitates 

the clearance of procoagulant CFDNA and histones and thus confers protective 

effects. However, our preliminary findings suggest that DNase may exert non-
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specific activity towards circulating coagulation factors, namely fibrinogen. We 

incubated 20µg mL-1 of recombinant DNaseI with fibrinogen. As shown by 

Figure 6.4, co-incubation of fibrinogen with DNase results in the degradation of 

the Aα chain of fibrinogen which is integral to lateral fibrin polymerization. To 

confirm that Aα degradation is occurring, we can analyze excised protein bands 

using mass spectrometry. The identify of these fragments can be confirmed 

using peptide sequencing and, if necessary, Western blots. These studies can 

be repeated by incubating DNase with purified coagulation factors (such as FV, 

FVII, FVXI, and FXII) to determine if DNase exerts proteolytic effects towards 

these components of the coagulation cascade.    

To explore the in vivo consequences of DNase administration, plasmas 

from mice infused with DNaseI can be analyzed. Using the thromboelastography 

(TEG) functional fibrinogen assay, clot strengths of plasmas obtained from mice 

with or without DNase can be determined. In addition, tail bleeding assays may 

be performed on the same cohorts of mice to determine if DNase administration 

contributes to an increased bleeding tendency. These studies could have 

important implications for the safety and efficacy of DNase administration as a 

thrombolytic therapy. It is possible that, instead of diminishing the procoagulant 

activity of NET components directly, studies that employ DNaseI as a 

therapeutic are in fact impairing hemostatic mechanisms.  
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Figure 6.4. Effects of DNase on fibrinogen. 20µg mL-1 of DNaseI was 

incubated for up to 24h with 5µg of fibrinogen. Lane 1: fibrinogen only; 2) DNase 

only; 3) fibrinogen after 12 hours with DNase; 4) fibrinogen after 24 hours with 

DNase. Analysis of DNase-mediated fibrinogen degradation was assessed by 

SDS-PAGE.  
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7.0 Concluding remarks 

Though the activation of coagulation cascades are essential for hemostasis and 

controlling infection, dysregulation of these pathways can result in severe, often 

fatal, consequences for the host. The findings presented in this thesis reveal 

novel biological mechanisms through which CFDNA and histones contribute to 

the development of immunothrombosis. First, CFDNA augments contact 

pathway-mediated coagulation in a FXII-dependent manner. Simultaneously, 

histones augment contact-pathway mediated coagulation via the activation of 

platelets and subsequent release of polyphosphate. Second, CFDNA but not 

histones modulate clot structure and delay fibrinolysis by forming a non-

productive ternary complex comprised of fibrin, DNA, and plasmin. Finally, 

histones enhance monocyte TF activity by increasing surface TF antigen and 

phosphatidylserine exposure. These studies provide insights into the 

mechanisms that underlie coagulation abnormalities in sepsis, and identify 

CFDNA and/or histones as potential therapeutic targets in sepsis treatment. 

Furthermore, the procoagulant mechanisms that contribute to 

immunothrombosis in sepsis may also have important implications for 

pathological thrombus formation in large vessels, where growing evidence 

suggests that leukocyte-mediated coagulation activation may also play a role.  
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