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Abstract 

Molecular mechanisms of coagulation across physiological and injury states 

Chih-Jen Yang 

Department of Biomedical Engineering 

School of Medicine 

Oregon Health & Science University 

February 2026 

Thesis Advisor: Owen J. T. McCarty, Ph.D. 

 

Coagulation is a tightly regulated biological process essential for maintaining hemostasis while 

preserving uninterrupted blood perfusion to vital organs. Dysregulation of this delicate balance 

contributes to several leading causes of morbidity, including cardiovascular disease, trauma, and 

stroke. Beyond clot formation, the coagulation system is also intricately linked to inflammation and 

immune responses, interacting with platelets, endothelial cells, biological surfaces, and damage-

associated molecular patterns. The goal of this work is to define how coagulation is modulated across 

physiological and pathological contexts, and to identify mechanisms by which thrombosis and 

inflammation can be selectively targeted without compromising hemostasis. 

The first chapter focuses on the contact pathway of coagulation, specifically investigating the 

interaction between activated factor XI (FXIa) and high-molecular-weight kininogen (HK). Both FXI 

and prekallikrein bind to HK and form stable complexes in the circulation. While HK cleavage by 

kallikrein is a well-established source of the proinflammatory mediator bradykinin, the fate of HK 

following FXI activation has remained poorly defined. Using biochemical assays, proteomic analyses, 

and monocyte-based inflammatory signaling studies, we demonstrate that FXIa cleaves HK in a 
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manner distinct from kallikrein and generates bradykinin more slowly, while preferentially releasing 

domain 5, a HK fragment that is implicated in monocyte activation, lipopolysaccharide spreading, and 

lymphocyte chemotaxis. Importantly, polyphosphates, an established molecule from bacteria and 

activated platelets in triggering contact pathway, bind to domain 5 of HK and selectively enhance 

FXIa-mediated HK cleavage within domain 5, suggesting a mechanism by which FXI-driven 

inflammation may be amplified during bacterial sepsis and platelet activation. 

The second chapter extends to the characterization of the procoagulant phenotype of one of the most 

procoagulant body fluid, amniotic fluid, across gestation in human and rhesus macaque. Using 

untargeted proteomics, lipidomics, and functional coagulation assays, we show that amniotic fluid 

from both species exhibits a potent and dynamic procoagulant activity throughout gestation. This 

procoagulant activity is largely phospholipid-dependent, providing mechanistic insight into the wide-

spread coagulation activation and consumptive coagulopathy observed in amniotic fluid embolism. 

The third chapter examines how pathological conditions reshape the coagulation phenotype, focusing 

on post-trauma hypercoagulability. We identify skeletal muscle myosin as a previously 

underappreciated modulator of post-trauma coagulation. Skeletal muscle myosin has been shown to 

exert procoagulant activity by enhancing prothrombin activation. However, despite being released 

during tissue injury, circulating myosin levels paradoxically decrease after trauma. We demonstrate 

that skeletal muscle myosin binds directly to fibrin and becomes sequestered within the forming fibrin 

clot. This entrapment increases clot resistance to fibrinolysis and explains reduced plasma myosin 

levels, highlighting a novel mechanism contributing to post-trauma hypercoagulability. 

Together, these three chapters establish a continuum from physiological regulation and pathological 

dysregulation of coagulation, highlighting how the coagulation system functions within a complex 

biological environment and plays essential roles in both health and disease.   
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 Introduction to Coagulation 

1.1 Overview 

Blood coagulation is a tightly regulated biological process that plays a central role in maintaining 

vascular integrity following injury. Under physiological conditions, coagulation activation rapidly 

generates a fibrin-rich clot that stabilizes platelet aggregates and limit blood loss, a process known as 

hemostasis. At the same time, coagulation must remain appropriately controlled to avoid pathological 

thrombus formation that can obstruct blood flow. Achieving this balance requires sophisticated 

coordination among plasma coagulation factors, surrounding molecules, and blood cells. 

Most coagulation proteins circulate in plasma as zymogens. Upon vascular injury or exposure to 

foreign surfaces, these zymogens are sequentially activated through proteolytic cleavage, culminating 

in the generation of thrombin.1 Thrombin is a central effector of coagulation. It converts soluble 

fibrinogen into insoluble fibrin, activates platelets, and amplifies its own generation by activating 

upstream coagulation factors (Figure 1.1). The formation of stable fibrin network provides mechanical 

strength to the developing clot.2 

Traditionally, the coagulation process is described as a cascade initiated through intrinsic or extrinsic 

pathways that ultimately converge into the common pathway. While this framework remains useful for 

conceptual understanding, it is now clear that coagulation in vivo is a highly dynamic process that 

integrates signals from circulating inflammatory mediators, microvesicles, platelets, endothelial cells, 

immune cells, and even microorganism. For example, activation of coagulation enzymes leads to 

thrombin generation, which both potently converts fibrinogen into fibrin and activates platelets, 

thereby stabilizing platelet aggregates into a tightly packed clot.3 In parallel, lipopolysaccharide, a 

bacterial membrane component, can act as a regulator of contact pathway activation during infection.4 

Beyond its role in hemostasis, coagulation is closely intertwined with inflammation, innate immunity, 

and tissue repair.5 Activated coagulation proteases can signal through protease-activated receptors  on 

endothelial cells and leukocytes, thereby regulating vascular permeability, cytokine production, and 

leukocyte recruitment.6 In this context, coagulation functions not only as a hemostatic mechanism but 

also as an integral component of host defense, a process often referred to as immunothrombosis.7,8 

Fibrin formation and localized thrombin generation can help confine pathogens and inflammatory cells 

within the vasculature, limiting microbial spreading and coordinating immune responses. Conversely, 
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inflammatory stimuli reciprocally affect coagulation by altering endothelial anticoagulant function, 

suppressing fibrinolysis, and enhancing procoagulant tissue factor expression on immune cells. 

Subsequent sections will describe the coagulation cascade in greater detail, including the intrinsic, 

extrinsic, common pathways, fibrinolysis, platelet-coagulation interactions, and the interplay between 

coagulation and inflammation. Together, these concepts establish the foundation for understanding 

how coagulation functions in health and how its dysregulation contributes to disease.

 

 

1.2 Coagulation in morbidity and mortality 

Coagulation plays a central role in many of the leading causes of death worldwide and is a major 

determinant of both mortality and long-term morbidity.9 Approximately one in three deaths is 

attributed to conditions such as heart disease, trauma, or stroke.10 These conditions are closely linked 

to dysregulated coagulation, which bring a tremendous burden on the healthcare system. Current 

antithrombotic therapies target key enzymes in the coagulation cascade, such as thrombin and 

activated factor Xa (FXa), and have been highly effective in the prevention and treatment of 

 
Figure 1.1 Schematic of coagulation cascade. Created with BioRender.com. 
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thrombotic disease.11 However, as these coagulation enzymes are also essential for normal hemostasis, 

their inhibition is inherently associated with an increased risk of bleeding which might lead to severe 

and life-threatening hemorrhage. Although newly developed direct oral anticoagulants offer improved 

safety profiles compared with older therapies, clinically significant bleeding remains common and 

limits their use in many patients.12 These challenges highlight the need for anticoagulant strategies that 

more precisely separate antithrombotic efficacy from bleeding risk.13 

 

1.3 Coagulation Cascades 

Blood coagulation is traditionally described as distinct pathways that ensure a rapid but regulated 

hemostatic response to vascular injury. 

 

1.3.1 Extrinsic pathway 

The extrinsic pathway of coagulation is initiated by the exposure of tissue factor (TF), a 

transmembrane glycoprotein that forms a complex with circulating factor VII/VIIa (FVII/FVIIa) to 

trigger thrombin generation following vascular injury.14 Under physiological conditions, TF is 

expressed by cells in the subendothelial layer of the vessel wall and is physically separated from the 

circulation by endothelium. 1 %-4 % of FVII already circulates in plasma in the active form FVIIa 

ready to serve coagulation when TF is exposed.15 Following endothelial injury, exposure of TF leads 

to formation of the TF-FVIIa complex, which initiates coagulation by activating both factor X (FX) 

and factor IX (FIX), resulting in the generation of trace amounts of thrombin. This initial thrombin 

production ignites the fuse of amplification phase by activating the cofactors factor V (FV) and factor 

VIII (FVIII), increasing thrombin generation by several orders of magnitude (Figure 1.2). In the 

presence of calcium and phospholipid surfaces, the tenase and prothrombinase complexes are 

subsequently assembled. The tenase complex, composed of activated FIX (FIXa), FX, and activated 

FVIII (FVIIIa), accelerates further activation of FX.16  FXa then associates with prothrombin and 
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activated FV (FVa) to form the prothrombinase complex, which efficiently converts prothrombin into 

thrombin and drives robust clot formation.3 

 

A hallmark of the extrinsic pathway coagulation enzymes is that they are vitamin K-dependent. 

Vitamin K is required for a post-translational γ-carboxylation reaction that converts specific glutamate 

(Glu) residues to γ-carboxyglutamate (Gla) residues within these coagulation enzymes.17 This 

modification is essential for the formation of the Gla domain, which enables vitamin K-dependent 

coagulation factors to bind negatively charged phospholipid surfaces, such as phosphatidylserine (PS) 

to achieve optimal enzymatic activity.18 The vitamin K-dependent coagulation factors include 

prothrombin (FII), FVII, FIX, FX, as well as the regulatory protein C and protein S. Deficiency of 

vitamin K disrupts this process and impairs coagulation function, a phenomenon similarly observed 

during warfarin therapy. Warfarin inhibits the vitamin K epoxide reductase complex in the liver and 

consequently limits the production of functional vitamin K-dependent coagulation factors in the liver. 

 

During the amplification phase of thrombin generation, thrombin also activates factor XI (FXI), a 

component of the intrinsic pathway of coagulation. Activated factor XI (FXIa) subsequently activates 

FIX (Figure 1.2).19 In contrast to the tenase and prothrombinase complexes, FIX activation by FXIa 

does not require a phospholipid surface. FIX is a 55 kDa protein composed of a heavy chain and a 

light chain. Deficiency of FIX results in the bleeding disorder hemophilia B, whereas deficiency of the 

tenase cofactor FVIII leads to hemophilia A.20 

 

Regulation of the extrinsic pathway is primarily mediated by tissue factor pathway inhibitor, a Kunitz 

type protease inhibitor that suppresses the activity of the TF-FVIIa complex as well as FXa.21 In 

addition, FVa and FVIIIa are inactivated by activated protein C, which is generated when thrombin 

binds thrombomodulin on the endothelial surface.22 
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The ultimate function of the extrinsic pathway is the rapid formation of a hemostatic clot that limits 

blood loss following endothelial barrier disruption. Thrombin, the final enzymatic product of both the 

extrinsic and intrinsic coagulation pathways, converts fibrinogen into fibrin fibers that provide 

structural stability to the clot. Fibrinogen is a large 340 kDa hexameric homodimer that circulates in 

plasma at concentrations of 2 to 4 mg per milliliter. The structure consists of two sets of three disulfide 

linked polypeptide chains, Aα, Bβ, and γ.23 Thrombin-mediated proteolysis converts fibrinogen into 

fibrin, which is subsequently crosslinked and fortified by coagulation factor XIII.24 

 

 

1.3.2 Intrinsic pathway 

While the extrinsic pathway of coagulation triggers a rapid response and drives early fibrin formation, 

an alternative pathway can also be activated to generate FXa and thrombin. The intrinsic pathway of 

coagulation, also known as the contact pathway, is initiated by surface-dependent activation of factor 

XII (FXII), leading to activation of prekallikrein and FXI and subsequent amplification of thrombin 

 
Figure 1.2 Cell-based model of coagulation. 

A cell-based model of coagulation has three distinct phases: initiation, amplification and propagation.  

Adapted from Becker. Factor Xa inhibitors: critical considerations for clinical development and testing. J Thromb Thrombolysis 

(2021). Reprinted with permission. 

Initiation

Amplification

Propagation
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generation.13,25 Although long considered dispensable for normal hemostasis given the absence of 

spontaneous bleeding in FXII deficiency and only mild bleeding phenotype associated with FXI 

deficiency, growing evidence demonstrates that this pathway plays an indispensable role in 

pathological thrombosis.26,27 Contact pathway components can be activated on a variety of biologically 

relevant surfaces, including foreign biomaterials, activated platelets, neutrophil extracellular traps, 

extracellular nucleic acids, bacterial products, and polyphosphates, enabling coagulation to be 

triggered in inflammatory and infectious settings.28 In parallel, activation of FXII and prekallikrein 

engages the kallikrein-kinin system, resulting in bradykinin release, vascular permeability increase, 

leukocyte recruitment, and proinflammatory cytokine production.29 These interconnected mechanisms 

establish the intrinsic pathway functions as a molecular link between coagulation and inflammation 

and contribute to thromboinflammatory disease states such as sepsis and device-associated thrombosis. 

Importantly, inhibition of contact pathway coagulation factors markedly attenuates inflammation and 

improves survival in preclinical models of sepsis. This finding identifies the intrinsic pathway as a 

promising therapeutic target in sepsis.30 The following sections of this thesis will introduce the 

individual coagulation enzymes of the contact pathway in detail. 

 

Factor XII 

FXII is a 80 kDa glycoprotein synthesized in the liver and circulates in plasma at a concentration of 

about 400 nM. Within the coagulation system, the primary function of FXII is to initiate the intrinsic 

pathway through activation of FXI. In addition to FXI, activated FXII (FXIIa) cleaves several other 

substrates, including plasma prekallikrein, plasminogen, and the complement components C1r and 

C1s, thereby linking coagulation with fibrinolytic and complement pathways.29,31,32  

 

FXII zymogen can undergo autoactivation upon exposure to negatively charged surfaces or be cleaved 

by plasma kallikrein. Proteolytic cleavage at arginine 353 generates α FXIIa which consists of a heavy 
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and light chain connected by disulfide bonds and retains the ability to support contact dependent 

coagulation.33 Further cleavage at arginine 334 produces β FXIIa, a truncated form that no longer 

binds negatively charged surfaces. Although β FXIIa lacks procoagulant activity via FXI activation, it 

remains enzymatically active and promotes kallikrein generation and thus amplifies inflammatory 

signaling. In plasma, FXIIa activity is tightly regulated by C1 inhibitor and antithrombin.34 Upon 

binding to either inhibitor, FXIIa forms a stable complex that leads to loss of its enzymatic activity.31 

 

Notably, congenital FXII deficiency does not result in a bleeding phenotype, indicating that FXII is 

dispensable for physiological hemostasis. Nonetheless, dysregulated FXII activation has been strongly 

linked to inflammatory diseases. Gain of function mutations in FXII are a known cause of hereditary 

angioedema which results in excessive bradykinin generation and vascular permeability.35 In sepsis, 

FXII holds a critical upstream position in the contact pathway where it can be triggered by bacterial 

surfaces, polyphosphates, extracellular nucleic acids, and damaged host cells.4,36,37 Experimental 

models of sepsis demonstrate that FXII driven-contact activation contributes to thrombin generation, 

proinflammatory cytokine release, hypotension, and organ injury, whereas inhibition or genetic 

deletion of FXII attenuates inflammation and improves survival without increasing bleeding risk.32  

 

Factor XI 

FXI is a structurally unique protease zymogen that circulates as a homodimeric glycoprotein of 

approximately 160 kDa.19 FXI shares ~60% sequence homology with plasma prekallikrein (PK), 

reflecting its evolutionary origin from duplication of the KLKB1 gene during mammalian evolution, 

which distinguishes FXI from other coagulation proteases (Table 1.1).38,39 FXI is synthesized 

predominantly by hepatocytes and secreted into circulation. It is present at a plasma concentration of 

approximately 30 nM. Structurally, each FXI monomer consists of four N-terminal apple domains 

(A1-A4) and a C-terminal serine protease domain, with the two subunits covalently linked via a 



10 

disulfide bond at Cys321, forming a stable homodimeric complex (Figure 1.3).40,41 The apple domains 

serve as platforms for protein-protein interactions, mediating binding to substrates, cofactors, and 

cellular surfaces, while the catalytic serine protease domain contains the active site required for 

proteolytic activity.42 

 

 

Activation of FXI to the active protease FXIa occurs through proteolytic cleavage at Arg369-Ile370, a 

process that induces significant conformational rearrangements within the dimer.38 In plasma, the 

majority of FXI circulates in complex with high-molecular-weight kininogen (HK), which facilitates 

localization to negatively charged surface and cellular interface, thereby promoting efficient 

activation.43 Upon conversion to FXIa, it dissociates from HK and initiate downstream substrate 

activation. Functionally, FXI plays a central role in the amplification phase of thrombin generation.44 

FXI can be activated by FXIIa within the intrinsic pathway or by thrombin generated through the 

extrinsic pathway, a process referred as the FXI-thrombin feedback loop.45 Through these activation 

mechanisms, FXI serves as a molecular link between coagulation initiation and propagation (Figure 

1.2).13 The principal physiological substrate of FXIa is FIX; however, FXIa has also been shown to 

activate FX in vitro, enhance thrombin generation through activation of the cofactors FV and FVIII, 

and promote coagulation by proteolytic inactivation of TFPI, linking intrinsic and extrinsic 

pathways.46-48 

 
 

Figure 1.3 & Table 1.1 Structure of contact pathway proteins PK and FXI. Comparison of sequences in different domains 

between PK and FXI 

There is 60% sequence homology between FXI and PK. Both consists of 4 apple (A) domains combined with a catalytic domain. 

However, FXI zymogen circulates in circulation as a dimer. Protein sequence data were obtained from UniProt, and sequence 

alignments were performed using the NIH BLAST database. 
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Clinically, FXI deficiency is named hemophilia C.49,50 In contrast to hemophilia A or B, FXI 

deficiency is associated with a relatively mild bleeding diathesis and spontaneous bleeding being 

uncommon.51 Instead, bleeding typically manifests following surgical or traumatic challenges, 

particularly in tissues with high fibrinolytic activity, such as the nasal mucosa, oral cavity, and urinary 

tract.51,52 This clinical phenotype underscores the concept that FXI is also dispensable for baseline 

hemostasis but becomes increasingly important for thrombin amplification and clot stabilization under 

hemostatic stress.13 

 

Beyond hemostasis, growing evidence implicates FXI as a mediator of thromboinflammation during 

sepsis, a pathological state of excessive activation of coagulation and inflammation that culminates in 

organ dysfunction.7,8 In experimental models of sepsis, pharmacological inhibition of FXI or FXIa 

attenuates coagulation activation and inflammatory injury, improving survival and reducing organ 

damage in preclinical sepsis models without causing significant bleeding.27 These findings support the 

concept that targeting FXI may provide a safer antithrombotic and anti-inflammatory strategy in sepsis 

with the potential to selectively suppress pathological coagulation and inflammation while preserving 

physiological hemostasis.53,54 

 

It is also worth noting that recent studies have associated FXI with cardiac homeostasis and heart 

failure.55,56 Preclinical studies in murine models of heart failure suggest that FXI may play a 

cardioprotective role. In contrast, large-scale human genetic and Mendelian randomization analyses do 

not support a causal association between reduced FXI levels and an increased risk of heart failure.57 

These findings are reassuring for the development of FXI-targeted therapies, yet the potential cardiac 

effects of pharmacologic FXI inhibition, particularly in older patients or those with established heart 

failure, warrant further clinical evaluation. 
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1.3.3 The Kallikrein-Kinin system  

As discussed previously, the contact pathway is closely linked to inflammatory processes and 

contributes to host defense as well as pathological inflammation.8,29 The kallikrein-kinin system 

constitutes another major inflammatory arm of the contact pathway and the generation of the well-

recognized proinflammatory peptide bradykinin (BK).58 BK is produced through reciprocal activation 

of FXIIa and plasma kallikrein (PKa), with PKa cleaving HK to release BK (Figure 1.4A). 

Structurally, HK serves as a multifunctional scaffold in the contact system, with domain 6 of HK 

binding FXI and PK to form stable plasma complexes, while domain 5 mediates HK binding to 

negatively charged cellular or extracellular surfaces, facilitating the assembly and localization of 

contact pathway components.59 Bradykinin signals through two G protein-coupled receptors, B2R and 

B1R, expressed primarily on the endothelial surface and immune cells.60 The activity of bradykinin is 

tightly regulated by rapid enzymatic degradation by angiotensin-converting enzyme (Figure 1.4B). 

Dysregulated bradykinin generation is a hallmark of hereditary angioedema, characterized by recurrent 

episodes of localized mucosal and cutaneous edema.61,62 Although HK is primarily cleaved by PKa, 

other proteases, including plasmin, FXIa, thrombin, and mannose-binding lectin-associated serine 

protease-1have also been reported to cleave HK.63-65 
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1.3.4 Fibrinolysis 

Once a hemostatic plug has formed, it is essential to appropriately dissolve the clot to restore vascular 

patency and initiate wound healing after the initial vascular breach has been repaired.66,67 The 

fibrinolytic system is responsible for fibrin clot remodeling and lysis, with plasmin serving as its 

central effector enzyme (Figure 1.5).68,69 Plasmin is produced from its zymogen plasminogen, through 

proteolytic activation by tissue-type plasminogen activator (tPA) and urokinase-type plasminogen 

activator (uPA), as well as PKa and FXIIa.70 Localization of plasminogen to the fibrin surface 

markedly enhances plasmin generation, thus confining fibrinolysis to sites of clot formation.71,72 

 

As mentioned above, the principal function of plasmin is degradation of fibrin, which maintains 

vascular patency and prevents excessive clot persistence. In addition, plasmin degrades components of 

the extracellular matrix and basement membrane, contributing to tissue remodeling and wound 

repair.73,74 Given its broad proteolytic activity, plasmin is tightly regulated to prevent excessive tissue 

damage. Once generated, plasmin is rapidly inhibited and cleared from the circulation by α2-

(A)                                                    (B) 

                
 

Figure 1.4 Kallikrein-kinin system. 

Generation of the vasoactive peptide bradykinin (BK) is mediated by the proteolytic conversion of HK by PKa. The reciprocal 

activation between FXII and PK will lead to PKa. (A) was from Ponczek et al., The evolution of factor XI and the kallikrein-

kinin system. Blood advances (2020). (B) was from Schmaier. The plasma kallikrein-kinin system counterbalances the renin 

angiotensin system. J Clin Invest (2002). Reprinted with permission. 
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antiplasmin and α2-macroglobulin.75,76 In parallel, upstream modulation of plasmin is achieved 

through inhibition of tPA and uPA by plasminogen activator inhibitor-1 and -2, providing an 

additional layer of regulation over fibrinolytic activity (Figure 1.5).77 Dysregulation of this finely 

balanced system can lead to either hyperfibrinolysis, contributing to bleeding, or fibrinolysis 

shutdown, which promotes pathological thrombosis.78,79 

 

 

1.4 Platelet Biology Overview 

Besides the coagulation system, platelets are also 

a key component of the hemostatic response and 

contribute to inflammatory and thrombotic 

processes.80,81 Platelets are small, anucleate 

fragments derived from bone marrow 

megakaryocytes that rapidly accumulate at sites of 

         
 
Figure 1.5 Overview of the fibrinolytic system and its regulation. 

Plasminogen (Plg) is converted to the active enzyme plasmin (Pln) through cleavage by tPA or uPA. This activation step is 

regulated by plasminogen activator inhibitor-1 (PAI-1), the primary physiological inhibitor, as well as plasminogen activator 

inhibitor-2 (PAI-2). Plasmin degrades crosslinked fibrin into fibrin degradation products that are cleared from the circulation. 

Plasmin activity is further controlled by α2-antiplasmin (α2AP), which inhibits plasmin through formation of an inhibitory 

complex. Activated thrombin-activatable fibrinolysis inhibitor (TAFIa) suppresses fibrinolysis by removing C-terminal lysine 

residues required for plasminogen binding to fibrin. Boxes indicate additional roles of fibrinolytic components in immune 

regulation. From Whyte et al. All tangled up: interactions of the fibrinolytic and innate immune systems. Frontiers in Medicine 

(2023). Reprinted with permission. 

 
Figure 1.6 Static adhesion of platelets. 

Platelets were then immobilized on fibrinogen- or 

collagen-coated coverslip surface. 

 



15 

vascular injury.82 In primary hemostasis, platelets adhere to exposed subendothelial matrix proteins, 

aggregate to form a platelet plug, and provide a membrane surface that supports coagulation reactions, 

thereby stabilizing the developing clot (Figure 1.6).83,84 Although traditionally viewed mainly in 

bleeding control, platelets are now recognized as active regulators of immune and inflammatory 

responses.85,86 

 

Platelet activation is initiated by endothelial disruption and exposure of extracellular matrix 

components such as collagen and von Willebrand factor.87 Adhesion and aggregation are mediated by 

platelet surface receptors, including GPIbα and integrins, followed by cytoskeletal reorganization and 

granule secretion.88,89 Activated platelets then externalize phosphatidylserine, creating a procoagulant 

membrane that supports assembly of the tenase and prothrombinase complexes and promotes thrombin 

generation.90,91 Through these mechanisms, platelets not only limit blood loss but also enhance fibrin 

formation and clot stability.71 

 

In addition to their hemostatic function, platelets participate directly in inflammatory and immune 

responses. The multifunctional roles of platelets have evolved under selective pressures to protect 

against hemorrhage and infection.92 Organisms with circulatory systems face the dual challenge of 

preventing blood loss while limiting microbial invasion following tissue injury. Despite lacking a 

nucleus, platelets retain immune sensing and effector capabilities.93,94 Platelets express pattern 

recognition receptors that enable detection of microbial components and signals associated with tissue 

damage.95 Upon activation, they release bioactive mediators, including chemokines, cytokines, growth 

factors, and antimicrobial peptides.96 Platelets also interact with leukocytes and endothelial cells 

through adhesion molecules such as P-selectin, facilitating leukocyte recruitment and modulating 

vascular inflammation.97,98 
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The coordinated activation of platelets, coagulation factors, and immune cells underlies 

immunothrombosis, a condition where localized thrombus formation contributes to host defense by 

limiting pathogen spreading.8,99 While protective when the pathogens are restricted, excessive or 

dysregulated platelet activation can promote pathological thrombosis, disseminated intravascular 

coagulation, and organ dysfunction, particularly in severe infection and sepsis.7,8,100 

 

1.5 Coagulation-inflammation crosstalk 

Inflammation is a core component of the innate immune response and represents the body’s earliest 

reaction to tissue injury or infection.101 Through coordinated changes in vascular permeability, 

leukocyte recruitment, and the release of soluble mediators, inflammation contains damage, eliminates 

pathogens, and supports tissue repair.102,103 When properly regulated, these responses remain localized 

and resolve once the inciting stimulus is removed. In contrast, excessive or sustained inflammation, 

such as that seen in severe infection or trauma, disrupts endothelial function, impairs microvascular 

perfusion, and contributes to organ dysfunction.104 In this context, inflammatory responses function in 

concert with other vascular regulatory systems to optimize host protection.7,105 

 

A key molecular link between inflammation and coagulation lies in the contact activation system.32 

Rather than being driven mainly by tissue injury, this system responds to danger-associated signals 

associated with infection, cellular damage, or exposure to foreign surfaces.106 Once activated, it 

couples coagulation and inflammation by driving thrombin generation while simultaneously promoting 

inflammatory signaling through bradykinin release.29,58 The resulting increase in vascular permeability, 

leukocyte recruitment, and cytokine production directly links coagulation initiation to inflammatory 

amplification.61 Beyond this initial interaction, inflammation and coagulation further reinforce one 

another through bidirectional feedback mechanisms. Pro-inflammatory cytokines such as tumor 

necrosis factor-α and interleukin-6 shift the hemostatic balance toward coagulation by increasing tissue 
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factor expression, weakening endogenous anticoagulant pathways, and limiting fibrinolysis.7,107 At the 

same time, coagulation proteases, including thrombin and FXa, signal through protease-activated 

receptors on endothelial cells, platelets, and leukocytes, promoting endothelial activation, cytokine 

release, and leukocyte adhesion.6,108 Together, these processes form a self-amplifying cycle that 

increases the risk of pathological thrombosis during systemic inflammation (Figure 1.7).109,110 

 

Platelets represent another critical interface between inflammation and coagulation, acting not only as 

mediators of hemostasis but also as active participants in innate immunity.8 In addition to forming the 

primary hemostatic plug, platelets express pattern-recognition receptors, directly interact with 

microbial components, and regulate leukocyte recruitment.111 Interactions between platelets and 

neutrophils promote the formation of neutrophil extracellular traps, which contribute to pathogen 

containment while providing a procoagulant scaffold that enhances thrombin generation.112,113 From an 

evolutionary standpoint, similar to coagulation system, this dual functionality of platelets reflects an 

adaptation that enables platelets to address the concurrent challenges of bleeding and infection. 
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The pathological impact of coagulation-inflammation crosstalk is evident in sepsis and critical illness, 

where contact pathway activation, platelet consumption, endothelial dysfunction, and cytokine release 

drive disseminated intravascular coagulation and organ failure.7,109 Studies in murine and nonhuman 

primate models show that inhibition of FXI or FXII reduces inflammatory cytokine production and 

consumptive coagulopathy while improving survival without a significant bleeding risk, suggesting 

that the intrinsic pathway contribute more to pathological inflammation than to essential 

hemostasis.27,114 

Together, these observations highlight coagulation as an active regulator of inflammation and support 

therapeutic strategies aimed at limiting pathological thrombosis and inflammation while preserving 

physiological hemostasis (Figure 1.7). 

 

Figure 1.7 Natural history of coagulation during infection and potential therapeutics.  

Early infection is characterized by adaptive haemostasis, with increased platelet counts and fibrinogen production, mild thrombin 

generation, shortened PT/aPTT, reduced natural anticoagulants, and suppressed fibrinolysis with low D-dimer levels; With 

sustained thrombin generation and anticoagulant consumption lead to a prothrombotic, organ failure–associated DIC state marked 

by platelet and fibrinogen consumption, impaired fibrin stabilization, and increased D-dimers. In late stages, global consumption of 

coagulation factors and platelets results in fibrinolytic DIC, with prolonged PT/aPTT, severe hypofibrinogenemia, marked 

hyperfibrinolysis, and bleeding. From Delabranche et al. Immunohaemostasis: a new view on haemostasis during sepsis. Ann. 

Intensive Care (2023). Reprinted with permission. 
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1.6 Coagulation disorders & anticoagulant therapies 

Congenital coagulation disorders 

Congenital coagulation disorders comprise a heterogeneous group of inherited conditions that alter 

hemostatic balance through quantitative or qualitative abnormalities in coagulation factors, regulatory 

proteins, or their functional interactions. These conditions disrupt the finely regulated coagulation 

system, leading to either bleeding or thrombotic phenotypes depending on the affected component, the 

nature of the defect. As a result, congenital coagulation disorders provide important clinical and 

biological insight into the individual role of coagulation cascade. 

 

The most prevalent congenital bleeding disorders are hemophilia A and hemophilia B, caused by 

deficiencies of FVIII and FIX, respectively.115,116 Impaired downstream FX function that further leads 

to spontaneous bleeding, hemarthroses, and excessive hemorrhage following trauma or surgical 

procedures. In contrast, deficiencies of other intrinsic pathway components, such as FXI, are typically 

associated with a milder and more variable bleeding phenotype, often becoming clinically apparent 

only under hemostatic stress. Notably, deficiency of FXII does not result in a bleeding tendency 

despite marked prolongation of laboratory coagulation assays, emphasizing the discrepancies between 

in vitro clotting measurements and in vivo hemostatic requirements.26,66 

 

Congenital disorders affecting common pathway factors, including FII, FV, FX, and fibrinogen, are 

rare but associated with severe bleeding due to their central roles in thrombin generation and fibrin 

formation.117,118 Disorders of fibrinogen may present as afibrinogenemia, hypofibrinogenemia, or 

dysfibrinogenemia, with clinical manifestations ranging from life-threatening hemorrhage to 

paradoxical thrombosis.119 In contrast, inherited defects in natural anticoagulants such as protein C, 

protein S, and antithrombin predispose individuals to venous thrombosis, highlighting the importance 

of regulatory pathways in limiting excessive coagulation.120-122 
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Beyond factor deficiencies, prothrombotic congenital disorders also include gain-of-function mutations 

such as factor V Leiden, which confers resistance to activated protein C, and the prothrombin 

G20210A variant, which increases prothrombin levels and thrombin generation.123 These genetic 

alterations shift the hemostatic balance toward a hypercoagulable state and contribute to inherited 

thrombotic risk (Table 1.2).124 

Disorder Primary defect Pathophysiology laboratory findings Clinical phenotype 

Hemophilia A Factor VIII deficiency Impaired intrinsic 

pathway → reduced 

thrombin generation 

↑ aPTT, normal PT; 

↓ FVIII 

Severe bleeding, 

hemarthrosis 

Hemophilia B Factor IX deficiency Impaired intrinsic 

pathway 
↑ aPTT, normal PT; 

↓ FIX 

Severe bleeding 

Hemophilia C Factor XI deficiency Impaired thrombin 

amplification 
Mild ↑ aPTT; ↓ FXI Mild-moderate  

post-surgical bleeding  

von Willebrand disease Quantitative/qualitative 

VWF defect 

Impaired platelet 

adhesion & FVIII 

reduction 

↑ aPTT; abnormal 

VWF assays 

Mucocutaneous bleeding 

Congenital 

hypofibrinogenemia 

Fibrinogen deficiency Impaired clot 

formation 
↑ PT, ↑ aPTT; 

↓ fibrinogen 

Bleeding, poor wound 

healing 

Factor XIII deficiency FXIII deficiency Impaired fibrin cross-

linking 

Normal PT/aPTT; 

↓ FXIII 

Delayed bleeding,  

poor clot stability 

Antithrombin deficiency Reduced AT activity Impaired inhibition of 

thrombin/FXa 

Normal PT/aPTT; 

↓ AT 

Venous thrombosis 

Protein C deficiency Reduced APC activity Impaired FVa/FVIIIa 

inactivation 

Normal PT/aPTT; 

↓ protein C 

Venous thrombosis 

Protein S deficiency Reduced APC cofactor Impaired 

anticoagulant 

pathway 

Normal PT/aPTT; 

↓ protein S 

Venous thrombosis 

Factor V Leiden APC-resistant factor V Prolonged FVa 

activity 

Normal PT/aPTT  

 ↑APC resistance 

Venous thrombosis 

Prothrombin G20210A 

mutation 

Increased prothrombin 

levels 

Excess thrombin 

generation 

Normal PT/aPTT; 

↑ thrombin 

Venous thrombosis 

 

Table 1.2 Congenital coagulation disorders 

Overview of inherited deficiencies or functional abnormalities of coagulation factors, fibrinolytic proteins, or natural 

anticoagulants. PT: prothrombin time; aPTT: activated partial thromboplastin time; VWF: von Willebrand factor. 
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Acquired coagulation disorders 

Acquired coagulation disorders arise from pathological conditions that interfere with normal 

hemostatic regulation rather than inherited defects in coagulation proteins. These disorders commonly 

develop secondary to systemic illness, inflammation, organ dysfunction, or pharmacologic 

intervention. Of note, disseminated intravascular coagulation (DIC) is characterized by widespread 

activation of coagulation, leading to excessive thrombin generation and fibrin deposition within the 

microvasculature.109 Continued coagulation activation results in consumption of platelets and clotting 

factors, which predisposes patients to bleeding despite widespread ongoing thrombus formation. DIC 

most frequently occurs in conditions such as sepsis, severe trauma, burn injury, heatstroke, 

malignancy, and obstetric complications, where inflammatory signaling further amplifies coagulation 

activation and contributes to organ dysfunction.109,125 

 

Other acquired coagulation disorders include vitamin K deficiency, liver disease, and the presence of 

circulating anticoagulants or factor inhibitors, emphasizing the close relationship between coagulation 

function and overall health (Table 1.3). 

Disorder Primary cause Pathophysiology Laboratory findings Clinical phenotype 

Liver disease-associated 

coagulopathy 

Reduced synthesis of 

clotting factors & 

inhibitors 

↓most coagulation 

factors & inhibitors 

↑ PT/INR, ↑ aPTT, 

↓ fibrinogen 

Bleeding or thrombosis 

Vitamin K deficiency Impaired γ-carboxylation ↓ FII, FVII, FIX, FX ↑ PT > aPTT Bleeding 

Disseminated 

intravascular coagulation 

Systemic coagulation 

activation 

Consumptive 

coagulopathy 
↑ PT, ↑ aPTT, ↓ 

platelets, ↑ D-dimer 

Bleeding + 

microthrombosis 

Antiphospholipid 

syndrome  

Anti-phospholipid 

antibodies 

Endothelial & 

coagulation activation 
↑ aPTT (LA); positive 

aPL 

Arterial & venous 

thrombosis 

Acquired hemophilia A Autoantibodies to FVIII Neutralization of 

FVIII 
↑ aPTT not corrected 

by mixing 

Severe spontaneous 

bleeding 

Heparin-induced 

thrombocytopenia 

Anti-PF4 antibodies Platelet activation → 

thrombosis 

↓ platelets; positive 

PF4 Ab 

Thrombosis 

 

Table 1.3 Acquired coagulation disorders 

Overview of Acquired coagulation disorders arising from immune-mediated, inflammatory, metabolic, or consumptive processes. 

PT: prothrombin time; aPTT: activated partial thromboplastin time; aPL: antiphospholipid antibodies. 
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Anticoagulant therapies 

Anticoagulant therapy is a fundamental strategy in the prevention and treatment of thromboembolic 

disease and has substantially reduced morbidity and mortality across a wide range of cardiovascular 

conditions.67,126 Traditional anticoagulants include vitamin K antagonists such as warfarin, which 

reduce hepatic synthesis of multiple coagulation factors, and heparin, which enhances antithrombin-

mediated inhibition of thrombin and FXa.127 More recently, direct oral anticoagulants that selectively 

inhibit thrombin or FXa have become widely adopted because of their predictable pharmacokinetics, 

fewer food and drug interactions, and lower need for routine laboratory monitoring.11,128,129 These 

agents have simplified anticoagulation management and expanded access to anticoagulant therapies. 

Despite their proven efficacy, all currently available anticoagulants interfere with key components of 

hemostasis and therefore carry an inherent risk of bleeding (Table 1.4).130,131 

 

Concern over bleeding complications remains a major factor influencing clinical decision-making.132 

Fear of serious hemorrhagic events, particularly intracranial or other vital organ bleeding, often forces 

clinicians to prescribe reduced doses, shorten treatment duration, or avoid anticoagulation even in 

patients with a clear indication for therapy.133,134 This risk-benefit dilemma is especially pronounced in 

older, those with renal impairment, a prior history of bleeding, or concomitant antiplatelet therapy.135 

As a result, anticoagulant therapy remains suboptimally prescribed in routine practice, leaving a 

substantial proportion of patients inadequately protected from thrombotic events.136 

 

These limitations have driven ongoing efforts to identify new alternative anticoagulant targets that are 

more selective to pathological thrombosis while preserving normal hemostasis. In this context, FXI has 

emerged as a promising candidate.13 FXI functions primarily as an amplification factor within the 

intrinsic pathway, sustaining thrombin generation during clot propagation rather than initiation.19 

Epidemiological studies suggest that congenital FXI deficiency is associated with a reduced risk of 
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venous thromboembolism and ischemic stroke.137,138 Based on these observations, several FXI-directed 

anticoagulant strategies, including antisense oligonucleotides, monoclonal antibodies, and small-

molecule FXIa inhibitors, are under active development for indications such as venous 

thromboembolism prophylaxis following orthopedic surgeries, ischemic stroke and atrial 

fibrillation.139 Early clinical studies suggest that FXI inhibition may provide effective antithrombotic 

protection with a lower risk of bleeding in selected clinical settings.54,140 

 

Class Drug name Year Mechanism of action Clinical indications 

Unfractionated heparin Heparin 1930s 
Antithrombin-mediated 

inhibition of FXa & thrombin 

Acute VTE, ACS, 

perioperative anticoagulation, 

dialysis 

Low-molecular-weight heparins  Enoxaparin 1987 
Antithrombin-mediated 

inhibition of FXa 

VTE treatment and 

prophylaxis, ACS 

 Dalteparin 1985 
Antithrombin-mediated 

inhibition of FXa 

VTE, cancer-associated 

thrombosis 

Synthetic pentasaccharide Fondaparinux 2001 
Antithrombin-mediated 

inhibition of FXa 
VTE, HIT  

Vitamin K antagonists Warfarin 1954 

Inhibits vitamin K epoxide 

reductase → ↓ thrombin, FVII, 

FIX, FX 

AF stroke prevention, 

mechanical valves, VTE 

Direct thrombin inhibitors 

(parenteral) 
Argatroban 2000 Directly inhibits thrombin HIT 

 Bivalirudin 2000 Direct thrombin inhibition PCI, HIT 

Direct thrombin inhibitors (oral) Dabigatran 2010 Direct thrombin inhibition AF, VTE 

Direct FXa inhibitors (DOACs) Rivaroxaban 2008 Direct FXa inhibition AF, VTE, CAD/PAD 
 Apixaban 2012 Direct FXa inhibition AF, VTE 
 Edoxaban 2015 Direct FXa inhibition AF, VTE 
 Betrixaban 2017 Direct FXa inhibition Extended VTE prophylaxis141 

FXI/XIa inhibitors (emerging) Abelacimab ~2020s Blocking FXI/FXIa VTE prevention (trials)142 
 Asundexian ~2020s Oral FXIa inhibition Stroke, AF (trials)143 
 Milvexian ~2020s Oral FXIa inhibition VTE, AF (trials)139 

 

Table 1.4 Overview of Anticoagulant Therapies 

Overview of anticoagulant therapies, ranging from conventional agents to emerging FXI/XIa inhibitors. VTE: venous 

thromboembolism; ACS: acute coronary syndrome; HIT: heparin-induced thrombocytopenia; AF: atrial fibrillation; PCI: 

percutaneous coronary intervention 
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1.7 Thesis Overview  

This thesis explores how the coagulation system interacts with its surrounding biological environment 

to shape hemostatic and thrombotic outcomes. Coagulation has long been viewed primarily as a 

mechanism for prevention of blood loss and vascular repair, but growing evidence indicates that 

coagulation factors also actively participate in regulating inflammatory signaling, vascular 

permeability, and immune responses. These functions place coagulation at the intersection of 

hemostasis and innate immunity. When this balance is disrupted, dysregulated coagulation contributes 

to thromboinflammatory disease states, including sepsis, trauma-induced coagulopathy, and even 

obstetric complications. The studies presented in this dissertation focus on identifying cofactors of 

coagulation activation and defining how intrinsic pathway components and tissue-derived factors 

influence clot formation and associated inflammatory responses. 

In Chapter 2, the reagents, experimental systems, and analytical methods used throughout this 

dissertation are described. In Chapter 3, we investigate the role of FXIa-mediated HK cleavage as a 

mechanistic link between coagulation and inflammation. Using purified protein systems, plasma-based 

assays, and biochemical analyses, we characterize the capacity of FXIa to process HK and engage in 

kinin system. Importantly, HK cleavage by FXIa generates cleaved HK fragments that can activate 

immune cells. These studies demonstrate that FXIa extends beyond its established role in thrombin 

amplification to regulate kinin system, providing insight into how intrinsic pathway activation 

contributes to vascular dysfunction in inflammatory conditions such as sepsis. 

In Chapter 4, we examine the procoagulant properties of amniotic fluid and its effects on plasma 

coagulation using a combination of proteomic analyses and functional biological assays. Our results 

demonstrate that amniotic fluid possesses strong procoagulant activity, which is predominantly driven 

by phospholipid components. These findings provide mechanistic insight into the severe hemostatic 
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disturbances observed in amniotic fluid embolism and suggest potential therapeutic strategies aimed at 

targeting common pathway in this setting. 

In Chapter 5, we look into the contribution of skeletal muscle-derived myosin to trauma-induced 

coagulopathy by examining its interaction with fibrin. Although tissue injury releases muscle 

components into the circulation, their effects on coagulation remain incompletely understood. Using 

samples from clinical trauma patients, animal injury models, and in vitro biochemical assays, we show 

that circulating skeletal muscle myosin levels are paradoxically reduced after injury despite increased 

myoglobin release. Mechanistically, we demonstrate that skeletal muscle myosin binds directly to 

fibrin and becomes incorporated into fibrin clots, thereby enhancing clot stability and resistance to 

fibrinolysis. These findings provide a mechanistic explanation for the reduced plasma levels of skeletal 

muscle myosin observed after trauma and identify this muscle-derived protein as an active contributor 

to the altered coagulation phenotypes following tissue injury. 

 

Taken together, the studies presented in this thesis define a continuum linking molecular-level 

interactions to complex coagulation phenotypes observed in inflammatory and traumatic disease states. 

By elucidating how intrinsic pathway proteases, physiological body fluid, and tissue-derived 

components shape coagulation and inflammation, this work advances our understanding of 

thromboinflammation and highlights potential therapeutic strategies aimed at selectively targeting 

pathological coagulation while preserving hemostasis. 
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 General Materials and Methods 

2.1 Overview 

To investigate the complex interplay in coagulation, this dissertation employs multi-faceted 

experimental approaches that evaluate how contact pathway components and tissue-derived factors 

influence coagulation across various biological contexts. While each subsequent chapter addresses a 

distinct biological question, they share a foundational common toolkit of reagents, biological samples, 

and analytical techniques. This chapter summarizes the standardized procedures used throughout the 

studies, ranging from fundamental biochemical analyses, such as western blotting and functional 

assessments of clot dynamics, including recalcified clotting time, thromboelastography, fibrin 

generation assay, and platelet activation measurements. These core methodologies provide the 

technical framework necessary to address the specific research aims, while other unique, experiment-

specific procedures are detailed within their respective chapters. 

 

2.2 Ethical considerations 

All procedures involving human participants were conducted in accordance with the ethical standards 

of the institutional and/or national research committees and with the principles of the Declaration of 

Helsinki and its later amendments or comparable ethical standards. For studies utilizing human blood, 

written informed consent was obtained from healthy volunteers under an Oregon Health & Science 

University (OHSU) Institutional Review Board (IRB)-approved protocol, and no demographic 

information was collected. All participants provided informed consent prior to inclusion in the study. 

 

All animal studies were performed in accordance with the Guide for the Care and Use of Laboratory 

Animals and the Animal Research: Reporting of In vivo Experiments (ARRIVE) guidelines. 

Experimental protocols were reviewed and approved by the appropriate Institutional Animal Care and 

Use Committees (IACUCs) prior to study initiation. Animals were housed and cared for in AAALAC-
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accredited Category I facilities, with veterinary oversight to ensure humane treatment throughout the 

study. All experimental procedures were conducted in compliance with institutional, federal, and 

national regulations governing the ethical use of animals in research. 

 

2.3 Common reagents 

Human plasma-purified FXIa, FXI, FX, FXa, prothrombin, and α-thrombin were from Haematologic 

Technologies (Essex Junction, VT, USA). Plasma kallikrein, α-FXIIa, high molecular weight 

kininogen (HK) and fibrinogen were from Enzyme Research Laboratories, Inc. (South Bend, IN, 

USA). Chromogenic substrates S-2366, S-2302, S-2765, S-2388 were from Diapharma Group, Inc 

(West Chester, OH, USA). Tissue factor (TF; Innovin® PT reagent) was purchased from Siemens 

(Munich, Germany). Ellagic acid (aPTT reagent) was purchased from Thermo Fisher (Waltham, MA). 

Polyphosphate molecules of the size produced by bacteria (long-chain polyP, >595 phosphate units in 

length) and platelet (Short-chain polyP, 50-70 phosphate units in length) were a kind gift from Dr. 

James Morrissey of University of Michigan. Cross-linked collagen-related protein/CRP-XL was 

purchased from University of Cambridge (Cambridge, England). Thromboxane A2 analog/U46619 and 

PAR1 agonist/TRAP6 were from Tocris (Bristol, England). Fibrinogen was purchased from Enzyme 

Research Laboratories (South Bend, IN). Anti-PK function-blocking antibodies (lanadelumab) were 

purchased from MCE (Monmouth Junction, NJ). Anti-FXI function-blocking antibodies (14E11) were 

generated as described. Corn trypsin inhibitor was purchased from Enzyme Research Laboratories 

(South Bend, IN). Hirudin was purchased from Hyphen Biomed (Neuville-sur-Oise, France). Phe-Pro-

Arg-chloromethylketone (PPACK) was purchased from Santa Cruz (Dallas, TX).  

 

2.4 Blood collection 

Venous whole blood was obtained from healthy volunteers in accordance with an Oregon Health & 

Science University (OHSU) Internal Review Board (IRB)-approved protocol. After sterilization of the 
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decubitus field, blood was obtained by venipuncture with 19G butterfly needle and manually drawn 

into either empty syringe or a syringe with an appropriate anticoagulant. 

 

2.5    Plasma preparation 

Plasma was obtained by centrifugation of whole blood anticoagulated with sodium citrate (0.32% w/v) 

at 2,000 × g for 10 min at room temperature and subsequently stored at −80 °C. 

 

2.6    Washed platelet preparation 

Whole blood was collected from healthy adult donors by venipuncture into sodium citrate (0.38% 

w/v). Warmed acid-citrate-dextrose solution (85 mM sodium citrate, 100 mM glucose, 71 mM citric 

acid; 30 °C) was added to the anticoagulated blood, which was then centrifuged at 200 × g for 20 min 

to obtain platelet-rich plasma (PRP). The PRP was further centrifuged at 1,000 × g for 10 min in the 

presence of prostacyclin (PGI₂, 0.1 μg/mL) to collect platelets. Purified platelets were resuspended in 

modified HEPES/Tyrode buffer (129 mM NaCl, 0.34 mM Na₂HPO₄, 2.9 mM KCl, 12 mM NaHCO₃, 

20 mM HEPES, 1 mM MgCl₂, pH 7.3) supplemented with 5 mM glucose and 0.1 μg/mL PGI₂. 

Platelets were washed once by centrifugation at 1,000 × g for 10 min and finally resuspended in 

HEPES/Tyrode buffer at the indicated concentrations. 

 

2.7   Flow cytometry 

Platelet activation was assessed by measuring surface expression of P-selectin and activated integrin 

GPIIb/IIIa using flow cytometry. Adult whole blood anticoagulated with sodium citrate was diluted in 

modified HEPES/Tyrode’s buffer, and platelets were isolated and washed as described above. Washed 

platelets (2 × 10⁸ platelets/mL) were incubated at room temperature for 20 min with antibodies against 

P-selectin (APC-CD62P) and activated GPIIb/IIIa (FITC-PAC-1) at a 1:25 dilution, together with the 

indicated agonists or vehicle control (HEPES/Tyrode’s buffer). Reactions were stopped by fixation 
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with 2% paraformaldehyde for 10 min. Samples were then diluted in PBS, acquired on a flow 

cytometer, and analyzed using FlowJo. 

 

2.8    Clotting assays 

To measure prothrombin time (PT), 50 μL plasma was incubated with 100 μL Innovin (Thermo Fisher, 

Waltham, MA) and the time to clot formation was determined using a KC4 Coagulation Analyzer 

(Trinity Biotech, Ireland). For activated partial thromboplastin time (aPTT), 50 μL plasma was 

incubated with 50 μL aPTT reagent (Thermo Fisher, Waltham, MA) for 3 min. Clotting was initiated 

with CaCl₂ (50 μL, 8.3 mM final) and the time to clot formation was measured. For recalcified clotting 

time, 50 μL plasma was incubated with 50 μL of HBS buffer (25mM HEPES, 150 mM NaCl, pH 7.4). 

Clot formation was initiated with CaCl₂ (50 μL, 8.3 mM final) and the time to clot formation was 

recorded. 

 

2.9    Fibrin generation assay 

Pooled normal plasma (50 μL) was incubated with tested samples at different gestational time points 

followed by incubation with 50 μL of HBS for 3 minutes. CaCl2 (50 μL, 8.3 mM final) was added to 

each plasma mixture. Fibrin generation was quantified by measuring changes in turbidity at an 

absorbance of 405 nm at 30-second intervals for 30-min using an Infinite M200 spectrophotometer 

(Tecan, CH). The lag time and time to reach half of maximum turbidity were obtained. 

 

2.10    Western blot 

Protein samples were separated by SDS-PAGE and transferred onto polyvinylidene difluoride 

membranes. Membranes were blocked and then incubated with the indicated primary antibodies, 

followed by horseradish peroxidase-conjugated secondary antibodies. Immunoreactive proteins were 
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visualized using enhanced chemiluminescence and detected using ProteinSimple FluorChem and Jess 

Imaging system (Biotechne, Minneapolis, MN). 

2.11    Thromboelastography  

Viscoelastic properties of citrated whole blood were analyzed using a TEG® 5000 hemostasis analyzer 

system (Haemonetics, Boston, MA). The initiation phase of clot formation was measured as R time, 

defined as the time from test until clot formation begins. The degree of fibrinolysis was quantified as 

LY30 (%), defined as the percentage reduction in clot amplitude 30 min after reaching maximum clot 

strength. 

 

2.12  Statistical analysis  

Statistical analyses were performed using GraphPad Prism 10.0 (GraphPad Software Inc., La Jolla, 

CA) and R version 4.2.2 for proteomic and network-based analyses where indicated. Unless otherwise 

specified, data are presented as mean ± standard deviation (SD). Individual data points represent 

independent biological replicates, defined as samples derived from distinct human donors, animals, or 

independent experimental preparations. When technical replicates were performed, values were 

averaged prior to statistical analysis to avoid pseudo-replication. 

 

Data distributions were evaluated for normality using the Shapiro-Wilk test. For paired comparisons 

between two timepoints or conditions within the same biological group, the Wilcoxon signed-rank test 

was used. Comparisons between two independent groups were performed using the Mann-Whitney U 

test when data did not meet assumptions for parametric testing. For comparisons involving three or 

more groups, one-way analysis of variance (ANOVA) was applied when data were approximately 
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normally distributed. When normality assumptions were violated, the Kruskal-Wallis test followed by 

Dunn’s post hoc multiple-comparison test was used. 

 

For experiments involving multiple experimental conditions or pharmacologic inhibitors, statistical 

tests were selected based on the experimental design and data distribution and are specified in the 

corresponding figure legends. Where appropriate, post hoc corrections for multiple comparisons were 

applied to control for type I errors. All statistical tests were two-sided, and a p value < 0.05 was 

considered statistically significant. 

 

Correlation analyses were performed using Pearson correlation for normally distributed data and 

Spearman rank correlation for non-parametric data. Linear regression models were used where 

indicated to assess associations between continuous variables. For proteomic analyses, linear modeling 

and empirical Bayes moderation of standard errors were applied as described in the relevant methods 

sections. False discovery rate correction was used for enrichment analyses where applicable.  
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 Polyphosphate Enhances Activated Factor XI-Mediated Kininogen Cleavage to 

Promote Bradykinin-Independent Inflammatory Signaling 

Chih Jen Yang, Jiaqing Pang, Aleksandr Shamanaev, André L. Lira, Ashok P. Reddy, 

Keith D. Zientek, Joseph J. Shatzel, Christina U. Lorentz, Erik I. Tucker, Cristina Puy, 

Joseph E. Aslan, David Gailani, Owen J. T. McCarty 

 

3.1 Abstract  

Background: Inhibition of factor XI (FXI) reduces cytokine and inflammatory markers in sepsis 

models, but the mechanisms remain elusive. Activated FXI (FXIa) cleaves high-molecular weight-

kininogen (HK), generating bradykinin at slower rates and different cleavage sites compared to 

kallikrein. Bradykinin, released following cleavage of HK, is an established proinflammatory 

molecule. Other cleaved HK products including cleaved HK and free domain 5 are found to modulate 

immune responses. While polyphosphates (PolyP) is a potent cofactor for the proteolytic activity of 

FXIa and is implicated in inflammation during sepsis, its role in FXIa-mediated HK cleavage is less 

defined. 

Aim: To define the role of PolyP in regulating the enzymatic susceptibility of HK to contact pathway 

proteases. 

Methods: Cleavage of HK by contact pathway proteases including FXIa and kallikrein was analyzed 

by electrophoresis with Coomassie blue staining and Western blotting. Bradykinin levels were 

measured by ELISA. Cleaved HK fragment peptide sequences were identified by proteomic analysis. 

Interactions between PolyP and HK were assessed by pull-down assay. Inflammatory signaling 

pathway in THP-1 cells was detected by Western blotting. 

This work will be submitted to Arteriosclerosis, Thrombosis, and Vascular Biology or Journal of 

Thrombosis and Haemostasis. 



33 

Results: FXIa cleaved HK at different sites compared to kallikrein and proteolytically released HK 

domain 5. PolyP bound to HK domain 5 and significantly enhanced FXIa-mediated HK cleavage, 

selectively accelerating the cleavage steps within HK domain 5. This process resulted in increasing 

generation of cleaved HK and free domain 5, while having no impact on bradykinin generation. 

Conversely, PolyP did not appreciably affect kallikrein-mediated HK cleavage or bradykinin 

generation by kallikrein. FXIa-mediated HK cleavage products activated inflammatory signaling 

pathways in THP-1 cells. Inhibition of FXIa reduced the enhanced effect of PolyP on cleavage of HK. 

Conclusions: PolyP amplifies FXIa-mediated HK cleavage in a manner unrelated to bradykinin 

generation. However, the resulting cleaved HK products promote inflammatory signaling pathway 

activation in immune cells. These findings highlight a potential new mechanism by which FXIa 

contributes to inflammation. 

 

3.2 Introduction 

Despite substantial advances in antimicrobial therapy and supportive care, sepsis remains a leading 

cause of morbidity and mortality worldwide, driven largely by dysregulated inflammation and 

coagulation.144,145 Increasing evidence suggests that activation of the contact pathway coagulation is 

critical to the propagation of pathological thrombotic and inflammatory responses during sepsis.30 

Among contact pathway components, coagulation factor(F) XI has emerged as a promising therapeutic 

target. Inhibition of FXI reduces coagulopathy, inflammation, endotheliopathy, organ injury, and 

mortality in multiple preclinical sepsis models without increasing bleeding risk, indicating that FXI 

participates in sepsis pathogenesis through inflammatory mechanisms beyond thrombin 

generation.27,146-148 

 

High-molecular-weight kininogen (HK), is a multifunctional protein that serves as both a scaffold and 

a proteolytic substrate in the contact pathway. HK binds to FXI or its homolog prekallikrein (PK) and 



34 

form stable complexes in circulation.38,149,150 Altered levels of intact and cleaved HK are frequently 

observed in inflammatory disease states, including sepsis, and are consistent with sustained contact 

pathway activation.151-154 HK cleavage has classically been attributed to plasma kallikrein (PKa), 

resulting in liberation of bradykinin, a potent vasoactive and proinflammatory peptide.29 Activated FXI 

(FXIa) has been reported to cleave HK at a slower rate than PKa, producing a different cleavage 

pattern that includes release of HK domain 5 (D5) and is associated with loss of HK procoagulant 

activity.63,155 Accumulating evidence suggests that D5 is not an inert cleavage byproduct. D5 released 

from intact HK and cleaved HK have been shown to activate mononuclear cells, facilitate endotoxin 

dissemination, and promote lymphocyte chemotaxis.156-158 These observations raise the possibility that 

FXIa-mediated HK cleavage also contributes to inflammatory signaling in sepsis. 

 

Polyphosphates (PolyP), the polyanionic molecule derived from activated platelets and bacteria, is a 

potent cofactor for FXI activation and FXIa enzymatic activity.159,160 PolyP enhances FXIa-mediated 

proteolysis on several substrates and modulates inflammatory responses during sepsis.161,162 Whether 

PolyP influences FXIa-mediated HK cleavage and the generation of proinflammatory HK fragments 

have not been defined. Here, we demonstrate that PolyP directly binds D5 and selectively enhances 

FXIa-mediated cleavage within this domain, promoting generation of cleaved HK and free D5. These 

findings identify a mechanism linking FXI to inflammation and provide mechanistic insight into the 

anti-inflammatory effects of FXI inhibition in sepsis. 

 

3.3 Materials and methods 

3.3.1 Reagents 

FXIa and PKa were from Haematologic Technologies (Essex Junction, VT). Single-chain HK (intact 

HK), two-chain HK (cleaved HK), and corn trypsin inhibitor were from Enzyme Research 

Laboratories (South Bend, IN). Chromogenic substrate S-2366 was from DiaPharma (West Chester, 
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OH). Recombinant human D5 was from R&D (Minneapolis, MN). FXI-depleted plasma was from 

Affinity Biologicals (Ancaster, ON). Bradykinin ELISA kit was from Enzo (Long Island, NY). 

Lanadelumab, exopolyphosphatase, and bradykinin were from MCE (Monmouth Junction, NJ). 

Laemmli sample buffer was from Bio-Rad (Hercules, CA). Ellagic acid (APTT-XL), anti-kininogen 

light chain antibody (pa5-98322), and NeutrAvidin Agarose beads were from Thermo Fisher Scientific 

(Waltham, MA). The anti-FXI antibody, 14E11, was generated as previously described.163 Anti-HK 

antibody was from Nordic MUbio (Susteren, The Netherlands). Anti-transferrin antibody was from 

Santa Cruz Biotechnology (Dallas, TX). Anti-p65 antibody, anti-phospho-p65 antibody, and anti-

tubulin antibody were from Cell Signaling (Danvers, MA). THP-1 cell line (human monocyte) was 

from ATCC (Manassas, VA). Long chain and short chain polyphosphates (LC-PolyP and SC-PolyP), 

and biotinylated LC-PolyP were kind gifts from Dr. James Morrissey of University of Michigan. All 

other reagents were obtained from Sigma-Aldrich (St. Louis, MO). 

 

3.3.2 HK cleavage in purified system 

HK was incubated with FXIa or PKa in the presence or absence of PolyP in HBS at 37°C for 0-2 

hours. Samples were analyzed by SDS-PAGE under reducing conditions, followed by Coomassie blue 

staining. Images were captured with FluorChem E System (ProteinSimple). 

 

3.3.3 Recombinant FXI monomer 

Complementary DNAs encoding wild-type FXI containing Cys321→Ser and Leu284→Ala 

substitutions (FXI monomer) in the pJVCMV vector were expressed in HEK293 cells and purified by 

antibody-affinity chromatography as previously described.164 Recombinant FXI monomer was then 

dialyzed and further purified by gel filtration on a Superose-12 column equilibrated with 50 mM 

sodium phosphate and 150 mM NaCl. FXI monomer was adjusted to 200 nM subunits and incubated 
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with FXIIa (100 nM) overnight at 4°C. Activation was terminated by addition of corn trypsin inhibitor, 

and FXIa activity was measured using chromogenic substrate S-2366. 

 

3.3.4 Amino acid sequencing 

HK was incubated with FXIa, separated by SDS–PAGE under reducing conditions, and protein bands 

corresponding to approximately 10–15 kDa were excised from the gel, and in-gel digested with trypsin 

in 0.01% ProteaseMAX (Promega, Madison, WI) at 50°C for 3 hours. Peptides were extracted using 

Promega protocol, samples filtered w Millipore 0.22 um filters, dried, dissolved in 20 ul of 5 % formic 

acid. Protein digests were separated by liquid chromatography using a NanoAcquity UPLC system 

(Waters) and introduced into a Q Exactive HF mass spectrometer (Thermo Fisher Scientific) via 

electrospray ionization using an EasySpray ion source (Thermo Fisher Scientific). Instrument control 

and data acquisition were performed using Xcalibur software (version 4.0). 

 

Survey mass spectrometry (MS) spectra were acquired over an m/z range of 375–1400 at a resolution 

of 120,000 (at m/z 200). Data-dependent acquisition was employed to select the top 10 most abundant 

precursor ions for higher-energy collisional dissociation tandem mass spectrometry using an isolation 

width of 1.2 m/z, normalized collision energy of 30, and a resolution of 30,000. Dynamic exclusion 

was enabled, with charge states from +2 to +7 selected for MS/MS. The maximum ion injection time 

was set to 100 ms, with automatic gain control targets of 3 × 10⁶ for MS1 and 5 × 10³ for MS2. Raw 

data were analyzed using Comet (version 2016.01, rev. 3) against an April 2024 canonical FASTA 

database containing human UniProt sequences, supplemented with sequence-reversed entries for false 

discovery rate (FDR) estimation and 179 common contaminant sequences and their reversed 

counterparts.165 Searches were performed with trypsin specificity, a monoisotopic precursor mass 

tolerance of 1.25 Da, and a fragment ion mass tolerance of 1.0005 Da. A static modification of 

+45.9877 Da was applied to cysteine residues, and a variable modification of +15.9949 Da was 
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applied to methionine residues. A linear discriminant transformation was used to enhance peptide 

identification sensitivity from the Comet analysis.166,167 Separate score histograms were generated for 

matches to forward and reversed sequences for peptides of seven amino acids or longer. Reversed-

sequence matches were used to estimate peptide-level FDRs and establish score thresholds for each 

peptide class. The resulting protein-level FDR was 1.6%. 

 

3.3.5 Normal pooled plasma preparation 

Human venous blood was collected in accordance with an IRB–approved protocol. Pooled normal 

plasma was prepared by centrifuging citrated whole blood (0.32 % w/v sodium citrate) from 12 donors 

without known hematological disorders or taking any medications, at 2150 × g for 10 minutes twice. 

 

3.3.6 HK cleavage in plasma 

Normal pooled plasma preincubated with lanadelumab was treated with varying concentrations of 

ellagic acid with or without contact pathway inhibitor or anti-FXI antibody (14E11) for 2 hours. In 

alternative experiments, FXI-depleted plasma preincubated with 40 μg/mL corn trypsin inhibitor was 

supplemented with different concentrations of FXIa for 2 hours. Plasma samples were separated by 

SDS-PAGE under reducing conditions, transferred to PVDF membrane and immunoblotted with an 

anti-HK antibody followed by an HRP-conjugated secondary antibody. Transferrin was served as a 

loading control. 

 

3.3.7 Bradykinin measurement 

HK (800 nM) was incubated with FXIa or PKa at 37°C for 2 hours. Under specific conditions, 

different polyanions were added to the reaction. At various time points, 10-μL aliquots were 

transferred into 90 μL of ice-cold ethanol and stored at −80°C overnight. Samples underwent 

clarification by centrifugation at 10,000 × g for 1 hour and subsequently analyzed by ELISA. 
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3.3.8 Pull-down assay for domain 5 of HK 

Biotinylated PolyP was immobilized on NeutrAvidin agarose beads and incubated with Zn2+ and 

recombinant D5 for 2 hours at 4°C with gentle mixing. The bead mixture was then transferred to 

centrifuge columns (~30 µm pore size, Thermo Fisher Scientific) and washed three times to remove 

unbound protein. Bound proteins were eluted with 1 M NaCl and Laemmli 2X sample buffer with 

dithiothreitol, and the elution fractions were analyzed by western blotting using an anti-HK light chain 

antibody to detect D5. 

 

3.3.9 Lipopolysaccharide preparation  

Lipopolysaccharide chemotype E. coli O111:B4 (1 mg/mL) was solubilized in 20 mM HEPES buffer 

containing 150 mM NaCl, pH 7.4, and extensively vortexed for 10 minutes. The suspension was then 

sonicated in a 60°C water bath for 30 minutes and subjected to multiple temperature cycles between 

4°C and 60°C. Finally, the lipopolysaccharide aggregate suspension was incubated at 4°C for at least 

12 hours before use in experiments. 

 

3.3.10 THP-1 cell signaling pathway 

THP-1 cells (passages 5–25) were suspended in Hanks’ balanced salt solution. The cells (1.5 × 

10⁶/mL) were incubated at 37°C for selected times with HK + FXIa, D5, or LPS. After incubation, the 

cell lysates were collected for western blot analysis. 

 

3.4 Result 

3.4.1 Cleavage of HK by FXIa or PKa 

We first evaluated the proteolytic cleavage of HK by contact pathway protease FXIa and PKa. FXIa is 

known to cleave HK in a manner distinct from plasma kallikrein. Based on the SDS–PAGE under 
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reducing conditions, incubation of HK with FXIa resulted in loss of the ~110 kDa intact HK band and 

the appearance of HK fragments at 75 kDa, 65 kDa, and 45 kDa, a cleavage pattern that differed from 

kallikrein, which generated bands at 55 kDa, 55 kDa, and 45 kDa at a higher rate than cleavage by 

FXIa (Figure 3.1A). To determine whether the dimeric structure of FXIa affects HK cleavage, 

recombinant FXIa monomer was generated. Cleavage of HK was at comparable rates and similar 

cleavage patterns by wild type dimeric FXIa and monomeric FXIa. (Figure 3.2) Notably, FXIa-

mediated cleavage produced additional fragments at 15 kDa and 11 kDa that were not observed 

following PKa treatment (Figure 3.1B). Peptide sequence analysis by mass spectrometry confirmed 

that these 15 kDa and 11 kDa fragments predominantly originated from D5 (Figure 3.1C). These 

findings indicated that FXIa-mediated HK cleavage resulted in the release of free D5. A schematic 

illustration summarizing HK cleavage by FXIa and PKa is shown in Figure 3.1D. 

 

 
Figure 3.1 Cleavage of HK by FXIa or PKa. (A) HK (800 nM) was incubated with FXIa (10 nM) or PKa (2 nM) in HBS for 

selected time (0-2 hours) at 37°C. Samples were analyzed by SDS-PAGE under reducing conditions, followed by Coomassie blue 

staining. (B) HK (3 μM) was incubated with FXIa (30 nM) or PKa (5 nM) in HBS for selected time (0-2 hours) at 37°C. (C) The 

low-molecular-weight bands of the gel (11–15 kDa) were excised and subjected to mass spectrometry analysis. (D) Schematic 

presentation of distinct HK cleavage patterns mediated by FXIa and PKa. 
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3.4.2 Cleavage of HK by FXIa in plasma 

We next examined whether FXIa-mediated cleavage of HK occurs in a plasma setting. As shown in 

Figure 3.3A, intact HK progressively disappeared following contact pathway activation by ellagic acid 

in a dose-dependent manner. Notably, this assay was performed in the presence of lanadelumab, an 

antibody that inhibits the enzymatic activity of PKa. The HK cleavage was reversed by either corn 

trypsin inhibitor or the anti-FXI antibody 14E11, which inhibits FXI activation by FXIIa. Furthermore, 

supplementation of FXI-deficient plasma with FXIa resulted in loss of intact HK (Figure 3.3B). These 

findings indicate that HK could be cleaved by FXIa under plasma conditions. 

 
Figure 3.2 Recombinant FXI monomer preparation and HK cleavage by FXIa monomer. (A) SDS-PAGE analysis of wild-

type FXI and recombinant FXI monomer in both zymogen and activated forms under non-reducing and reducing conditions. (B) 

Enzymatic activities were normalized prior to substrate incubation. (C) HK was incubated with the indicated enzymes for 2 hours. 
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3.4.3 Cleavage of HK by FXIa or PKa in the presence of PolyP 

FXI contains anion-binding sites that are able to interact with polyanions such as heparin and PolyP.168 

Moreover, PolyP has been shown to enhance the enzymatic activity of FXIa for tissue factor pathway 

inhibitor and complement factor H proteolysis, as well as the FV activation.161,162,169 We then 

investigated whether PolyP increases the rate of FXIa-mediated HK cleavage. SDS-PAGE analysis of 

HK incubated with FXIa in the presence of either LC-PolyP, as found in bacteria, or SC-PolyP, as 

primarily released from activated platelets, revealed an accelerated rate of HK cleavage. Notably, 

PolyP selectively enhanced the generation of the 75 kDa fragment and the 45 kDa fragment, 

corresponding to the heavy chain plus light chain 1 and light chain 2 as depicted in Figure 3.1D, while 

having minimal effect on the appearance of the 65 kDa fragment (heavy chain alone) (Figure 3.4A). 

Moreover, PolyP also promoted the appearance of 11 kDa fragment and enhanced FXIa-mediated HK 

cleavage in a dose-dependent manner (Figure 3.4B). The enhancing effect of PolyP was abolished by 

 
Figure 3.3 Cleavage of HK by FXIa in plasma. (A) Normal human pooled plasma was preincubated with lanadelumab (1 μM) 

and then stimulated with increasing dilution ratios of ellagic acid in the presence or absence of corn trypsin inhibitor (50 µg/mL) or 

an anti-FXI antibody, 14E11 (20 µg/mL) for 2 hours. HK cleavage was analyzed by SDS-PAGE followed by Western blotting. (B) 

FXI-deficient plasma pretreated with corn trypsin inhibitor was supplemented with increasing concentrations of FXIa (0-30 nM) 

for 2 hours. HK cleavage was analyzed by SDS-PAGE and Western blotting. NPP: normal human pooled plasma. FXI(-) plasma: 

FXI-depleted plasma. 
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the serine protease inhibitor PPACK (Figure 3.4C). In contrast, the presence of PolyP did not 

significantly alter the rate of HK cleavage by PKa (Figure 3.4D). 

 

 
Figure 3.4 Cleavage of HK in the presence of PolyP. (A) HK (800 nM) was incubated with FXIa (10 nM) in the presence of 

long-chain polyphosphates or short-chain polyphosphates (10 μM) for selected time (0-2 hours) or (B) with increasing 

concentrations of long-chain polyphosphates (0-10 μM) for 30 mins, or (C) with PPACK (10 μM) followed by SDS-PAGE under 

reduced conditions and analyzed by Coomassie blue staining. (D) HK (3 μM) was incubated with FXIa (30 nM) in the presence of 

long-chain polyphosphate for selected time (0-2 hours). Only the low-molecular-weight bands of the gel (11–15 kDa) was shown. 

(E) HK (800 nM) was incubated with PKa (2 nM) in the presence of long-chain polyphosphates for selected time (0-2 hours). 
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3.4.4 Bradykinin generation from FXIa or PKa-mediated HK cleavage 

To assess bradykinin generation by contact pathway protease, HK was incubated with FXIa or PKa 

and bradykinin levels were measured at multiple time points. Bradykinin generation from FXIa-

mediated HK cleavage was markedly slower and reached lower levels than that by PKa-mediated 

cleavage. Bradykinin generation by FXIa was abolished by PPACK, indicating the bradykinin 

generation could be resulted from the proteolytic activity of FXIa (Figure 3.5A). In addition, FXIa-

mediated bradykinin generation increased in a dose-dependent manner (Figure 3.5B). However, the 

presence of polyanions, including LC-PolyP, SC-PolyP, dextran sulfate, and heparin, did not 

accelerate or increase bradykinin generation by either FXIa or PKa (Figure 3.5C–F). 

 

3.4.5 Binding of PolyP to domain 5 of HK 

Because D5 contains an anion-binding site for heparin binding and PolyP selectively enhanced FXIa-

mediated HK cleavage within D5,170,171 we examined whether PolyP directly binds to D5, thereby 

  
Figure 3.5 Bradykinin generation from FXIa-mediated HK cleavage. (A) HK (200 nM) was incubated with FXIa (10 nM) or PKa (2 

nM) in the presence or absence of PPACK (10 μM) for selected time (0-2 hours) or (B) with increasing concentrations of FXIa (0-30 nM) 

for 1 hour followed by bradykinin measurement using ELISA. (C) HK (200 nM) was incubated with FXIa (10 nM) and 10 μM of long-

chain polyphosphates, 10 μM of short-chain PolyP, heparin (10 U/mL), and dextran sulfate (10 μg/mL); or with (D) increasing 

concentrations of long-chain polyphosphates (0-100 μM), or (D) other polyanions (short-chain PolyP, heparin, and dextran sulfate). (E) HK 

(200 nM) was incubated with PKa (2 nM) in the presence of 10 μM of long-chain polyphosphates for selected time (0-2 hours). 
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facilitating FXIa-mediated proteolysis of this domain. A pull-down assay was performed using 

streptavidin-agarose beads and biotinylated LC-PolyP. As shown in Figure 3.6, D5 was detected in 

samples containing streptavidin beads with biotinylated LC-PolyP, but not in control samples 

containing beads alone or biotinylated bovine serum albumin. Addition of unconjugated LC-PolyP 

reduced D5 recovery, consistent with competitive inhibition of binding (Figure 3.6). However, 

polybrene, a positive-charged molecule, did not prevent D5 recovery. To determine whether the PolyP-

D5 interaction is primarily electrostatic or also involves hydrophobic forces, the bead-bound complex 

was first eluted with 1 M NaCl, followed by elution with 2X Laemmli sample buffer containing 

dithiothreitol. Only a trace amount of D5 was eluted with 1 M NaCl, whereas the majority of D5 was 

recovered in the Laemmli-eluted fraction, suggesting that the PolyP-D5 interaction is not driven 

primarily electrostatic, but instead likely involves hydrophobic and/or conformationally dependent 

contacts. 

 

3.4.6 Activation of immune cells by cleaved HK products 

As PKa-cleaved HK and D5 have been reported to activate mononuclear cells and induce 

proinflammatory cytokine secretion,156,172 we next examined whether FXIa-cleaved HK products exert 

similar effects. As shown in Figure 3.7A, incubation of THP-1 cells with FXIa-cleaved HK and 

recombinant D5 resulted in activation of NF-κB signaling pathways in THP-1 cells as evidenced by 

increased phospho-p65/total p65 ratios over time.  

 
Figure 3.6 PolyP directly binds to HK domain 5. (A) LC-PolyP (100 μM) was immobilized on streptavidin-agarose beads for 1 

hour, or beads alone were used as a control, prior to overnight incubation with D5 (1 μg). Bead-bound complexes were sequentially 

eluted with 1 M NaCl followed by 2X Laemmli sample buffer containing dithiothreitol. Elution fractions were analyzed by SDS-

PAGE and immunoblotting using an anti-kininogen light-chain (HK LC) antibody. (B) In selected experiments, unconjugated LC-

PolyP and polybrene was added during incubation.  
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3.5 Discussion 

Elucidating the mechanisms by which inhibition of FXI attenuates inflammation is essential for 

understanding how FXI-targeted therapies improve outcomes in sepsis. In current study, we identify a 

previously unrecognized, bradykinin-independent mechanism by which FXIa contributes to 

inflammatory signaling. Although FXIa-mediated cleavage of HK is slower than that mediated by PKa 

and is associated with loss of procoagulant activity in HK, the release of free D5 triggers 

proinflammatory signaling in immune cells. Importantly, we found that PolyP directly binds D5 and 

markedly enhances FXIa-mediated cleavage within this domain. 

 

HK is a multifunctional plasma protein that serves both as a non-enzymatic cofactor and a proteolytic 

substrate in the contact pathway of coagulation. Structurally, HK has six domains that confer distinct 

molecular functions (designated D1 to D6, respectively). D4 contains the bradykinin sequence, a well-

established vasodilatory and proinflammatory peptide that is liberated following proteolytic cleavage. 

The C-terminal D6 mediates binding to FXI and PK, enabling formation of circulating complexes.173 

In parallel, D5 functions as a surface-interacting region that bridges HK-bound FXI and HK-bound PK 

to FXIIa bound on the surface, thereby promoting activation of FXI and PK.174 While PKa is the 

principal enzyme responsible for HK cleavage within the contact system that results in bradykinin 

release,29 HK can also be cleaved by several other proteases, including FXIa, neutrophil elastase, 

 
Figure 3.7 NF-κB signaling in THP-1 cells. THP-1 cells were suspended in Hanks’ balanced salt solution and adjusted to 1.5 × 

10⁶ cells/mL. Cells were incubated at 37°C for the indicated times with HK (3 μM) plus FXIa (30 nM), D5 (800 nM), or LPS (100 

ng/mL). Following incubation, cell lysates were collected and analyzed by western blotting. 
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plasmin, and mannose-binding lectin–associated serine protease-1.63,65,175,176 Studies examining HK 

cleavage by FXIa are limited, likely due to the relatively inefficient proteolysis of HK and associated 

loss of procoagulant activity in HK following release of D5 by FXIa. However, increasing evidence 

over the past two decades indicates that D5 plays an active role beyond coagulation. Free D5 has been 

shown to stimulate mononuclear cells, facilitate lipopolysaccharide dissemination, and induce 

lymphocyte chemotaxis.156-158 These observations raise the possibility that HK fragments from FXIa-

mediated cleavage may have underappreciated immunoregulatory roles in settings involving 

concurrent contact pathway and immune activation. 

 

Beyond bradykinin release, cleavage of HK generates cleaved HK, a two-chain, kinin-free form of HK 

in which the heavy chain (domains 1-3) and light chain (domains 5 and 6) remain linked by a disulfide 

bond. In contrast to the rapid degradation of bradykinin, cleaved HK persists in circulation for several 

hours, making it a useful end-point marker of contact pathway activation.177-179 Cleaved HK has been 

reported to exhibit antimicrobial, anti-angiogenic, pro-apoptotic, and anti-adhesive properties.180-182 

Furthermore, cleaved HK has been shown to activate mononuclear cells.156,172 The acquisition of these 

properties by cleaved HK, which are not observed in intact HK, can be ascribed to the conformational 

changes that expose previously buried peptide regions, particularly within D5, following cleavage.183 

 

The majority of HK circulates in complex either with FXI or PK in plasma. Despite being homologous 

proteins, FXI and PK interact differently with HK. HK D6 adopts distinct conformations upon binding 

to FXI or PK, with FXI favoring a straightened conformation and PK promoting a bent double 

configuration. These conformational differences and associated exosite interactions likely reflect the 

divergent functional relationships between HK and PK versus FXI.184 A key difference between FXI 

and PK is that FXI forms a homodimer, whereas PK exists as a monomer. The dimeric structure of 

FXI positions two HK molecules in closer proximity, potentially requiring an alternate conformation 
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of HK to accommodate binding to the dimerized FXI.184,185 However, we found that monomeric FXIa 

cleaved HK in a manner that is comparable to that observed with dimeric FXIa. Analysis of sequential 

HK fragments in purified systems suggested that FXIa preferentially cleaves HK first at proximal D5, 

followed by D4 and then distal D5, ultimately liberating D5. In contrast, PKa initially cleaves D4 

before targeting proximal D5 (Figure 3.1D). PolyP, an established molecule derived from bacteria or 

activated platelets that is integral to contact pathway coagulation, selectively enhanced FXIa-mediated 

cleavage at proximal and distal D5. This was reflected by accelerated appearance of the 75 kDa heavy 

plus light chain 1 fragment, the 45 kDa light chain 2, and the 11 kDa D5 fragment, respectively. In 

contrast, PolyP did not enhance the D4 cleavage step that produces the heavy chain (65 kDa). 

Furthermore, PolyP did not significantly affect HK cleavage by PKa. The D5-selective effect of PolyP 

on FXIa is consistent with direct D5-PolyP binding and may at least partially explain why PolyP did 

not enhance bradykinin generation by FXIa, since PolyP does not promote the D4 cleavage required 

for bradykinin release. The lack of effect of PolyP on PKa-mediated HK cleavage is not clear but may 

reflect the absence of an anion-binding site on the A3 domain of PKa or the possibility that the 

reaction already proceeds at its maximal rate. 

 

In inflammatory disease states such as sepsis, HK consumption is frequently observed and low HK 

levels are associated with poor outcomes.151-154 Modulation of HK cleavage and subsequent bradykinin 

generation may therefore influence inflammatory responses in these settings. Pharmacological 

inhibition and genetic deletion of FXI have been shown to reduce inflammation and improve outcomes 

in sepsis models.27,146-148 The underlying mechanisms are complex. Beyond effects on downstream 

thrombin generation and consumptive coagulopathy, FXIa is also implicated in regulation of the 

complement system and vascular permeability.161,186 Of note, inhibition of FXI activation in sepsis 

settings is associated with reduced HK cleavage.147 It remains unclear whether reduced HK cleavage 

results directly from inhibition of FXIa-mediated HK cleavage, from reduced feedback activation of 
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FXII by FXIa, or from other unrecognized mechanisms. Identification of HK fragments specific to 

FXIa-mediated cleavage may help clarify it. Furthermore, antibody targeting D5 has been shown to 

reduce inflammatory cytokine levels and mortality in an endotoxemia model,157 which is consistent 

with our finding that blocking FXIa-mediated HK cleavage attenuates inflammatory signaling in THP-

1 cells. This observation underscores a potential role for FXIa-mediated HK cleavage in sepsis. Given 

the complexity and heterogeneity of sepsis, the role of HK is unlikely to be uniform across all clinical 

contexts.157,187-190 A better understanding of how HK cleavage and its fragments regulate inflammation 

and coagulation may help define its overall contribution to disease pathogenesis. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.8 Schematic of conclusion. Created with BioRender.com. 
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Joseph J. Shatzel, Brian P. Scottoline, Jamie O. Lo. 

 

4.1 Abstract  

Background: Amniotic fluid (AF) plays a key role in fetal development, yet the evolving composition 

of AF and its effects of hemostasis and thrombosis are poorly understood. 

 

Objectives: Characterize the procoagulant properties of AF as a function of gestation in humans and 

non-human primates. 

 

Methods: We analyzed the proteomes, lipidomes and procoagulant properties of AF obtained by 

amniocentesis from rhesus macaque and human pregnancies at gestational-age matched timepoints. 

 

Results: When added to human plasma, both rhesus and human AF accelerated clotting time and fibrin 

generation. We identified proteomic modules associated with clotting time and enriched for 

coagulation-related pathways. Proteins known to be involved in hemostasis were highly correlated 

with each other and their intensity of expression varied across gestation in both rhesus and humans. 

Inhibition of contact pathway did not affect the procoagulant effect of AF. Blocking tissue factor 

This work was originally published by Res Pract Thromb Haemost 2025 Jan 9;9(1):102676. 

Permission is not required by the publisher for this type of use. 
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pathway inhibitor reversed the ability of AF to block the generation of activated factor X. The 

prothrombinase activity of AF was inhibited by phospholipid inhibitors. The levels of 

phosphatidylserine in AF were inversely correlated with clotting time. AF promoted platelet activation 

and secretion in plasma. 

 

Conclusions: The addition of AF to plasma enhances coagulation in a manner dependent on 

phospholipids as well as the presence of proteases and other proteins that directly regulate coagulation. 

We describe a correlation between clotting time and expression of coagulation proteins and 

phosphatidylserine in both rhesus and human AF, supporting the use of rhesus models for future 

studies of AF biology. 

 

4.2 Introduction 

While the coagulation cascade is classically viewed as a blood-restricted hemostatic system, 

accumulating evidence indicates that coagulation factors are broadly distributed beyond the circulation 

and are present in different physiological fluids. Moreover, coagulation proteases and cofactors exert 

functions that extend beyond clot formation, including roles in innate immunity, inflammation, and 

cell signaling. These observations suggest that coagulation is a more ubiquitous and pleiotropic system 

than traditionally appreciated. In this chapter, we investigate one of the most pro-coagulant fluids in 

human body, amniotic fluid (AF). AF is comprised of a complex and dynamic milieu that serves to 

support fetal development throughout gestation. Despite the ubiquitous presence of AF in gestation, 

the dynamical role of AF in physiology remains largely undefined. It has long been suspected that the 

molecular constituents of AF facilitate delivery and maternal survival by contributing to hemostasis 

during birth.191 This hypothesis gains support from the hemostatic challenge posed by delivery, as 

postpartum hemorrhage accounts for a significant portion of maternal morbidity and mortality; it 

would be natural to assume that evolution favors such a styptic.192 
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Diametrically opposed to the benefits of limiting maternal bleeding, AF induced coagulation is 

surmised to be the main driver of consumptive coagulopathy and mortality associated with AF 

embolism.193 In vitro experiments have confirmed the procoagulant nature of AF to some extent, 

affirming that AF accelerates thrombin production, shortens clotting time, and activates platelet 

aggregation when exposed to blood.194,195 AF has also been shown to contain procoagulant 

extracellular vesicles and increasing quantities of tissue factor over gestation, with data suggesting that 

extrinsic pathway proteins in AF play a role in regulating barrier function in fetal skin during 

development.196-198 

 

Beyond these initial observations however, the nature and content of AF hemostatic proteins, how they 

may change throughout gestation, and their potential role in processes such as hemostasis, postpartum 

hemorrhage prevention, and the prothrombotic phenotype of pregnancy remain poorly understood. 

There may be limited transfer of proteins from AF to the maternal circulation, in particular during 

vaginal delivery,199 but how this might contribute to thrombosis in pregnancy remains undefined, 

especially considering that thrombosis is the leading cause of maternal mortality in developed nations. 

Similarly, the role by which AF may safeguard against fetal loss, maintain the subchorionic space, and 

prevent subchorionic bleeding are unknown.200,201 

 

The study of potential biological roles of human AF has been impeded by the practical challenges 

associated with obtaining AF from human pregnancies, especially longitudinal samples throughout 

gestation, and the lack of a close and suitable animal model for AF research. We have recently shown 

that the rhesus AF proteome is very similar to the human AF proteome throughout pregnancy and have 

established a reference AF proteome across gestation.202 This work established the non-human primate 

(rhesus macaques, macaca mulatta) as a relevant model of human AF biology. 
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In this study, we examine the molecular profile of AF in both rhesus macaque and human  samples in 

order to better understand the procoagulant effects of AF across gestation.203,204 We established 

parallels between non-human primate and human AF on coagulation, and, for the first time, employed 

analysis of the defined AF proteome to quantify shifts in AF coagulation protein levels over the course 

of gestation. Ultimately, we align these findings with in vitro studies directed at furthering our 

understanding of the physiology of AF during pregnancy. 

 

4.3 Materials and methods 

4.3.1 Reagents 

Factor (F) XII depleted plasma, FXI-depleted plasma, FIX-depleted plasma, and prekallikrein-depleted 

plasma were from Affinity Biologicals (Ancaster, ON). FX, FXa, FVIIa, FVa, prothrombin, GLA-

domainless prothrombin, and α-thrombin were from Haematologic Technologies (Essex Junction, VT). 

Corn trypsin inhibitor was from Enzyme Research Laboratories (South Bend, IN, USA). Antibodies 

against tissue factor pathway inhibitor K1 and K2 domains were from MyBiosource (San Diego, CA). 

Innovin was from Siemens Healthcare Diagnostics (Deerfield, IL). Chromogenix S-2302, S-2765, and 

 

Figure 4.1 Schematic of the study design. Created with BioRender.com. 

 



53 

S-2238 were from Diapharma (West Chester, OH). Annexin V (A13201) was from Thermo Fisher 

Scientific (Waltham, MA). APC anti-human CD62P was from BioLegend (San Diego, CA), FITC 

mouse anti-human PAC-1 was from BD Biosciences (Franklin Lakes, NJ). Phosphatidylserine Assay 

Kit (ab273295) was from Abcam (Cambridge, UK). All other reagents were obtained from Millipore 

Sigma (St. Louis, MO). 

 

4.3.2 AF collection and proteomics 

Rhesus and human AF samples were obtained as previously described.202 Briefly, the rhesus sample 

group was comprised of 7 pregnant animals longitudinally sampled at 3 gestational time points (in 

days): gestational day (G)85, G110, and G135 (21 samples total, term is approximately 168 days). 

These gestational time points were matched by percentage completed gestation with 7 human samples 

at each time point (21 samples total). The comparable human gestational time point for G85 is 

approximately 20 weeks (G140), for G110 is approximately 25.5 weeks (G175), and for G135 is 

approximately 31.5 weeks (G210). Human samples were selected from pregnancies with the least 

pathological fetal indications (e.g., genetic testing with normal fetal anatomy on ultrasound). 

Determination of the overall AF proteomes at each gestational time point (rhesus G85, 110, and 135, 

and the comparable human gestational age time points: approximately 140, 175, and 210), was 

performed as previously described.202 

 

4.3.3 Recalcified clotting time 

Human venous blood was drawn in accordance with an IRB-approved protocol. Pooled normal plasma 

was prepared via centrifugation of citrated whole blood (in 0.32 %w/v sodium citrate) from four 

separate donors at 2150 × g for 10-min twice. Pooled normal plasma or factor-depleted plasma (50 μL) 

was incubated with vehicle control or 1:10 AF samples followed by a 3-min incubation with 50μL of 

25 mM HEPES, 150 mM NaCl, pH 7.4 (HBS) in the absence or presence of selected inhibitors. Clot 
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formation was initiated with CaCl2 (50 μL, 8.3 mM final) and the time to clot formation was 

determined on an KC4 Coagulation Analyzer (Trinity Biotech, Ireland). The clotting time 

measurement concluded when it reached 2000 sec. Clotting time was measured using individual rhesus 

AF samples from G85, G110, and G135 gestational time points, and individual human AF samples 

from equivalent gestational time points (G85, ~20 weeks, G110, ~25.5 weeks, and G135, ~31.5 

weeks). 

 

4.3.4 Fibrin generation 

Pooled normal plasma (50 μL) was incubated with 1:10 AF at different gestational time points 

followed by incubation with 5 0μL of HBS for 3-min. CaCl2 (50 μL, 8.3 mM final) was added to each 

plasma mixture. Fibrin generation was quantified by measuring changes in turbidity at an absorbance 

of 405 nm at 30-second intervals for 30-min using an Infinite M200 spectrophotometer (Tecan, CH). 

The lag time and time to reach half of maximum turbidity were obtained. 

 

4.3.5 FXIIa generation 

To measure the activation of factor (F) XII or prekallikrein in plasma, pooled normal plasma was 

incubated with pool samples of 1:10 AF at different gestational time points or 1:100 ellagic acid in the 

absence of CaCl2 for 5-min. To measure the activation of FXII or prekallikrein in the AF, pool samples 

of 1:10 AF were incubated with 1:100 ellagic acid. The rate of hydrolysis of a FXIIa and kallikrein 

chromogenic substrate (2 mM Chromogenix S-2302) was measured at 405nm. 

 

4.3.6 FXa generation 

Innovin (1:100) was incubated with 50 pM FVIIa and 100nM FX in the presence of 10 µL of pooled 

AF at different gestational time points in HBS containing 5 mM CaCl2 and 0.3 % bovine serum 

albumin for 15-min (final volume, 100 µL). In selected experiments, samples were incubated with the 
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anti-TFPI K1 and K2 domain antibodies (10 µg/mL respectively). 10µL of 100mM EDTA was added 

to quench the reaction. The rate of substrate hydrolysis of 1 mM Chromogenix S-2765 was measured 

at 405nm and then converted to FXa concentrations using a standard curve.  

 

4.3.7 Activation of prothrombin by prothrombinase complex 

5nM FVa and 0.2 nM FXa were incubated with 0.75 µM prothrombin in the presence of 10µL of 

pooled AF at different gestational time points in HBS containing 5mM CaCl2 for 15-min (final 

volume, 100 µL). The reaction was stopped by 10 µL of 100 mM EDTA, and the rate of thrombin 

formation was determined by measuring thrombin concentration through the rate of Chromogenix S-

2238 hydrolysis. In separate experiments, annexin V (10 ng/mL), lactadherin (30 nM), or prothrombin 

substituted by GLA-domainless prothrombin was added.  

 

4.3.8 Measurement of phosphatidylserine 

Lipids in AF were dissolved using 1 % peroxide-free Triton X-100 and subsequently extracted with 

methanol and methyl tert-butyl ether. The phosphatidylserine content within the lipid extract was 

quantified through fluorometric enzymatic assays following the manufacturer's instructions. 

 

4.3.9 Flow cytometry analysis 

Washed platelets (2×107/mL final concentration) were incubated in recalcified fibrinogen-depleted 

plasma containing 1:10 AF for 10 min. In selected experiment, rivaroxaban (10 µM), hirudin (25 

U/mL), or Annexin V (10 nM) was added. Alternatively, washed platelets (2×107/mL) were pre-

incubated with 1:10 AF or vehicle (modified HEPES/Tyrode buffer) for 10-min. FITC PAC-1 (1:50) 

or APC CD62P (1:50) were added to stain for activated integrin αIIbβ3 and P-selectin respectively. In 

selected experiments, the platelet mixtures were then stimulated with CRP-XL (10µg/mL), ADP 

(30µM), AYPGKF (250 µM), or U46619 (2 µM) for 20 min. The reactions were stopped by adding 
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2% paraformaldehyde. Platelet activation was measured using BD FACS Canto II flow cytometer (BD 

Biosciences, NJ), and analyses were performed on FlowJo software (version 10.8.1). Platelets were 

identified by logarithmic signal amplification for forward and side scatter characteristics and were 

collected for 1 min at medium flow rate. 

 

4.3.10 Weighted gene correlation network analysis (WGCNA) 

To investigate co-expression of proteins in AF we used the WGCNA package in R version 4.2.2. We 

performed a consensus network analysis using both the human and rhesus log protein intensities 

filtered for 1,090 unique orthologs. We used the pickSoftThreshold function to test soft thresholds 

from 4 to 20, and power=6 was selected to obtain an adjacency matrix with approximately scale-free 

topology (correlation=0.90). We used the blockwise Consensus Modules function with minModule 

Size=30, deep Split=2, and merge Cut Height=0.25 to generate consensus modules. Each module is 

then summarized by a value which corresponds to the first principal component of a given module, 

named the Module Eigenvalue (ME). We used the MEs for correlation with biological traits of interest, 

in this study clotting time and gestational age, to select modules for further investigation. We also used 

WGCNA to perform correlation between each protein and clotting time. We used the R package 

ggplot2 to visualize the distribution of correlation values within each module and species. 

 

4.3.11 Functional enrichment analysis of modules 

We used the STRINGdb v11.5 package in R to test for enrichment of Biological Processes, KEGG 

pathways, and Protein Families (Pfam) within each WGCNA module, with species=9544 (Macaca 

mulatta) and a score threshold = 400 to first plot each module of proteins as a protein-protein 

interaction network (PPI). We then used the get enrichment function, which returns enrichment for 

various annotation categories for each module of proteins, considering an FDR (false discovery rate) 
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adjusted p-value<0.05 as significant enrichment and selecting the top 2 to 3 unique terms per category 

to summarize the biological relevance of each module. 

 

4.3.12 Association with clotting time for individual proteins 

For each species, we fit separate linear models for each protein using limma with average clotting time 

as the predictor variable followed by eBayes moderation of standard errors. For rhesus, we also added 

a blocking argument and correlation value to account for within-subject variance. The resulting 

coefficients from the linear models therefore describe the change in protein abundance for each second 

of clotting time. 

 

4.3.13 A priori analysis of candidate proteins 

A list of the 75 candidate proteins related to coagulation and hemostatic regulation was generated. We 

then used this list to filter the untargeted proteomic datasets for each species using GeneName 

annotation overlap. Pearson correlation analysis between candidate proteins was performed separately 

in each species in R. The correlation matrix was re-shaped into a table with each pairwise combination 

of proteins and correlation value. The correlation values were filtered (cor>0.7) and visualized using a 

chordDiagram with the R package circlize. Positive correlation values were colored red, and negative 

values were shown in blue. We use the circos.track function to annotate categories of candidate 

proteins and color by group. 

 

4.3.14 Gestational age dynamics of candidate proteins 

To determine whether proteins involved in coagulation and hemostatic regulation are variable across 

gestation, we first visualized the overall longitudinal pattern of expression in each category of 

candidate proteins. For each species, we normalized expression of each protein by subtracting the 

mean and dividing by the standard deviation calculated from the reference group (~G85 non-human 
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primate equivalent). The mean across proteins was used to obtain category-specific Z-scores and plot 

longitudinally relative to non-human primate gestational age equivalent. 

 

4.3.15 Gene Set Enrichment Analysis (GSEA) 

To determine whether regulators of coagulation and hemostasis were enriched among proteins 

associated with gestational age we used the fgsea R package. Proteins in each dataset (human, rhesus) 

were ranked according to log fold change for association with gestational age. We defined 7 sets of 

proteins based on the priori candidate list described above. Enrichment scores for each set were 

calculated by walking down the ranked list of proteins associated with gestational age and using a 

running-sum statistic, which increases when a protein in the candidate set is encountered and decreases 

when a protein is not in the set of interest. The enrichment score was defined as the maximum 

deviation from zero encountered in the random walk. The significance level of enrichment scores was 

determined by a random permutation test, which generates a null distribution for the enrichment score, 

and therefore the nominal p-value was derived by comparing the observed enrichment score to the null 

distribution. Finally, the enrichment score for each protein set was normalized to account for the size 

of the set to generate a normalized enrichment score, and p-value was adjusted for multiple hypothesis 

testing. We summarized the normalized enrichment scores using the ComplexHeatmap package in R 

and consider FDR-adjusted p<0.05 as significant. 

 

4.3.16 Lipidomics 

Lipids were extracted using a MPLEx extraction.205 Briefly, lipids were extracted by adding -20˚C, 

chloroform:methanol (2:1, v/v) to sample for a final ratio of chloroform:methanol:water of 8:4:3, 

v/v/v. The lower chloroform layer was removed and dried. Total lipid extracts (TLEs) were analyzed 

using liquid chromatography electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS) 

comprised of a Thermo Vanquish Flex UHPLC system interfaced with a Thermo Velos-ETD Orbitrap 
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or Thermo Lumos mass spectrometer. Prior to analysis, TLEs were reconstituted in 10% chloroform 

and 90% methanol, 10µl of which was injected onto a reversed phase Waters CSH column (3.0 

mm×150 mm×1.7 µm particle size), and separated over a 34-min gradient (mobile phase A (MPA): 

ACN/H2O (40:60) containing 10mM ammonium acetate; mobile phase B (MPB):ACN/IPA (10:90) 

containing 10mM ammonium acetate) at a flow rate of 250µl/min. Eluting lipids were analyzed in both 

positive and negative ionization modes using HCD (higher-energy collision dissociation) and CID 

(collision-induced dissociation) using a full scan analysis between 200-2000 m/z at a 120000 

resolution. Lipids were analyzed using LIQUID and identified features were aligned to reference 

database based on identification, m/z, and retention time.206 All features were manually verified. Peak 

intensities were log2 transformed and normalized via global median centering. 

 

4.4 Results 

4.4.1 The procoagulant effect of AF at different gestational time points 

We first evaluated the coagulability of AF in human plasma. AF accelerated clotting time and fibrin 

generation in both species. Clotting time in recalcified human plasma at baseline was ~570 sec. The 

addition of human AF significantly reduced clotting time: G140 = 326.4 ± 43.1 sec, G175 = 262.1 ± 

43.8 sec, G210 = 294.2 ± 34.9 sec (Figure 4.2A). Concurrently, human AF decreased the lag time for 

fibrin generation as well as the time to reach half-maximal in a dose-dependent manner (Figure 4.2A). 

The addition of rhesus AF also significantly decreased clotting time with less prominent effect 

observed in AF collected at later gestational time points: G85 = 156.9 ± 43.1 sec, G110 = 224.6 ± 43.8 

sec, G135 = 294.9 ± 34.9 sec. Rhesus AF also shortened the lag time and the time to reach half-

maximal for fibrin generation in a similar manner to human AF (Figure 4.3). 
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Figure 4.2 The procoagulant effect of AF at different gestational time points.  

(A, C) Clotting assay was performed following the addition of human or rhesus AF at various gestational time points in a ratio of 

1:10 to recalcified plasma. (B, D) Fibrin generation assay was measured in recalcified plasma preincubated with 10% v/v human 

or rhesus AF at different gestational time points. Time for fibrin generation initiation (lag time) and reaching half-maximum 

(Thalf-max) were quantified. Data are mean ± standard deviation (n=7 in clotting time assay and 3 in fibrin generation assay). 

Mann-Whitney U test was used for statistical comparisons. 

 

Figure 4.3 Dose-dependent effect of AF on fibrin generation.  

(A,B) Fibrin generation assay was measured in recalcified plasma preincubated with 10% v/v human or rhesus AF at different 

dilutions. Time for fibrin generation initiation (lag time) and reaching half-maximum (Thalf-max) were quantified 
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4.4.2 Human and rhesus AF consensus co-expression networks 

We previously compared the human and rhesus AF proteomes using quantitative LC-MS/MS and 

found 95.5% overlap between species with high correlation of mean protein intensities. In this study, 

we used a correlation network approach (WGCNA) to identify protein consensus modules using as 

input 1,090 unique orthologs which were identified in AF from both species. Protein intensities were 

log normalized within each dataset (species) prior to performing consensus network analysis. We 

identified seven consensus modules that were subsequently correlated with biological traits and 

analyzed at the pathway level to characterize the associated biology (Figure 4.4A). The modules were 

enriched for a variety of biological processes, KEGG pathways, and protein families but were most 

frequently associated with terms related to extracellular matrix, adhesion, neutrophil mediated 

immunity, and complement or coagulation cascades. 

 

4.4.3 Protein modules associated with clotting time 

Focusing on the coagulation-related pathways, the MEred3 module contained 59 proteins and was 

enriched for proteins involved in endopeptidase activity, proteolysis, and blood coagulation biological 

processes. Additionally, the MEred3 module had the highest correlation between the module 

eigenvalue and clotting time for individual human AF samples (Figure 4.4). The majority of module 

eigenvalues in rhesus AF samples were correlated with clotting time, due to the strong association 

between gestational age of rhesus AF and clotting time (Figure 4.4) in these longitudinally collected 

samples. While the MEgrey module eigenvalue was also correlated with clotting time, this module by 

default contains proteins which were not highly co-expressed and therefore were unassigned to other 

modules. Analysis of the distributions of individual protein correlation with clotting times within each 

module confirms that the MEred3 module proteins were individually negatively correlated with 

clotting time (left skewed distribution), while the MEgrey module proteins were not (Figure 4.4). A 

STRINGdb protein-protein interaction network of the MEred proteins highlights proteins involved in 
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complement activation (red), negative regulation of endopeptidase activity (yellow), blood coagulation 

(green), response to stress (pink), and phosphatidylcholine metabolic process (blue) (Figure 4.5). 

 

4.4.4 Individual proteins associated with clotting time are enriched for complement and coagulation 

cascades 

In addition to performing WGCNA-based consensus network analysis to identify clusters of proteins 

correlated with AF effects on clotting time, we also performed proteome-wide association analysis to 

identify individual proteins associated with clotting time in each species. In human AF, we detected 

and analyzed 1,381 proteins of which 1 protein (HEG1) was associated with clotting time at FDR 

p<0.05 and 131 at nominal significance. In rhesus AF, out of 1,381 proteins measured a total of 415 

were associated with clotting time at FDR significance (205 up; 210 down). In both species the top 

significant proteins were highly enriched for the KEGG pathway “complement and coagulation 

cascades” (Figure 4.5). 
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Figure 4.4 Untargeted proteomics identified modules associated with clotting time and enriched for pathways related to 

coagulation.  

We used consensus weighted gene correlation network analysis to cluster all ortholog proteins into modules of correlated 

proteins. The size of modules, biological enrichment summary, and association with clotting time is presented in (A). We 

summarize the distribution of correlation values with clotting time for individual proteins in each module separately for each 

species (B). Proteins identified in the MEred module are presented in a protein-protein interaction network and colored based on 

STRING enrichment categories: complement activation (red), negative regulation of endopeptidase activity (yellow), blood 

coagulation (green), response to stress (pink), and phosphatidylcholine metabolic process (blue) (C). Data generated by Lyndsey 

E. Shorey-Kendrick (OHSU). 
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4.4.5 AF coagulation proteins are highly correlated with each other 

We next performed an a priori analysis of candidate proteins known to be involved in hemostatic 

regulation. Our lookup table consisted of 7 categories: “Complement” (n =37 proteins), “Contact 

Pathway” (n=2), “Fibrinolysis” (n=7), “Regulators of Coagulation” (n=4), “Primary Hemostasis” 

(n=5), “Secondary Hemostasis” (n=14), and “Iron Metabolism” (n=6). Out of 75 proteins in the lookup 

table, 51 were identified in rhesus AF and 55 in human AF. We next examined the correlation between 

 

Figure 4.5 Proteome-wide association analysis identified individual proteins associated with clotting time in each species.  

Volcano plots on top display the logFC on the x-axes and -log10Pvalues on the y-axes. Individual points represent each protein 

tested and a subset are annotated with gene symbols. Red points indicate increased abundance with increasing clotting time and 

blue indicates decreased abundance with nominal p<0.05. Human results are displayed on the left and rhesus on the right.  

Among the candidate differentially expressed proteins in each species we performed KEGG enrichment analysis. Barplots on the 

bottom show the top 8 terms identified for each species, with the -log10(adjusted P-value) on the x-axis and KEGG terms labeled 

on the y-axis. Data generated by Lyndsey E. Shorey-Kendrick (OHSU). 
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individual proteins within each species and visualized proteins with correlations above 0.7 in Figure 

4.4A for human and rhesus separately. Out of the 55 candidate proteins identified in human AF, 35 

were significantly correlated (cor>0.7) with one or more candidate proteins. In human AF, 

complement component C6 had the largest number of significant correlations (n=11), followed by 

antithrombin (SERPINC1; n=10) and plasminogen (PLG; n=8). In rhesus AF, there were 35 unique 

proteins with one or more correlation among candidate proteins: transferrin had the highest number of 

significant correlations (n=12), followed by complement factor I (CFI), PLG, and SERPINC1 (n=11). 

Most correlations between candidate proteins were positive apart from tissue factor pathway inhibitor 

(TFPI), which was negatively correlated with SERPINC1, FV (F5), and transferrin, and a negative 

correlation between glycoprotein IV (CD36) and FXII (F12) in rhesus. In human AF the only negative 

correlation was observed between FXIII (F13A) and protein homologous restriction factor (CD59). 

 

4.4.6 AF coagulation proteins are dynamic across gestation 

We previously determined that gestational age at AF collection was a large source of variability in AF 

protein composition, with 31.9% of human proteins differentially expressed with gestational age and 

over 50% of rhesus AF proteins changing with gestational age. As described above, we also observed 

a strong relationship between clotting time and gestational age in rhesus AF. Therefore, we next 

examined whether the priori defined hemostatic protein candidates were associated with gestational 

age. We first visually inspected the relative mean abundance of proteins in each category normalized 

to G85 rhesus equivalent AF (Figure 4.4B). In human AF, proteins involved in fibrinolysis increased 

while regulators of primary hemostasis categories either decreased gradually with increasing 

gestational age or remained stable. In rhesus AF, the trajectory of mean protein expression within each 

category exhibited two main patterns, with regulators of coagulation, secondary hemostasis, and iron 

metabolism decreasing slightly compared to G85, while proteins in the contact and complement 

pathways, fibrinolysis, and primary hemostasis categories decreasing more dramatically between G85 
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and G110 before plateauing or gradually increasing between G110 and G135. We next used gene set 

enrichment analysis (GSEA) to determine whether the a priori defined protein categories described 

above are randomly distributed among ranked lists of proteins according to association with 

gestational age (GA) from our previous study,15,202 or whether they are enriched among top up or 

downregulated proteins with GA.15 We found no significant enrichment scores for candidate pathways 

among the proteins associated with gestational age in human AF. However, we did observe significant 

enrichment of the “Complement” candidate proteins among proteins associated with GA in rhesus AF 

(ES = -0.55, NES = -1.72, adjusted p-value = 0.03; Figure 4.6). 
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Figure 4.6 Proteins related to coagulation and hemostatic regulation change across gestation. 

Untargeted proteomic data filtered for candidate proteins where we summarize significant correlations (absolute value of 

correlation >0.7) between individual proteins within each species with positive correlations shown in red and negative in blue. 

Individual candidate proteins are annotated to human ortholog name and colored according to functional categories (A). For each 

species, we normalized expression of each candidate protein to the reference group (~G85 non-human primate equivalent) and 

summarize within each category using Z-scores in order to visualize the longitudinal profile across gestation (B). Gene set 

enrichment analysis was performed to determine whether a priori categories are enriched among proteins associated with 

gestational age (C). Data generated by Lyndsey E. Shorey-Kendrick (OHSU). 
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4.4.7 The procoagulant effect of AF is independent of contact pathway of coagulation 

To assess whether the procoagulant effect of the AF involves the activation of the contact pathway of 

coagulation, we performed experiments using human plasma deficient in FXII, XI, IX, or 

prekallikrein. We found that both human and rhesus AF effectively shortened the clotting time of 

plasma depleted in FXII, FXI, FIX, and prekallikrein (Figure 4.7). To differentiate whether AF itself 

contained abundant coagulation factors or 

its procoagulant effect was not associated 

with contact pathway, we employed 

pharmacological inhibition of contact 

pathway with corn trypsin inhibitor. Corn 

trypsin inhibitor was unable to preclude 

the ability of AF to reduce clotting time of 

normal plasma (Figure 4.7). These results 

separated the procoagulant effects of AF 

from contact pathway of coagulation. The 

incubation of normal pooled plasma with 

AF did not result in significant FXII or PK 

activation (Figure 4.7). In contrast, the 

incubation of ellagic acid with AF, which 

contained a certain amount of FXII and 

PK zymogen, could generated FXIIa or 

kallikrein (Figure 4.7). 

 

 

Figure 4.7 Contact pathway of coagulation and procoagulant effect of 

AF. Clotting assay was performed following the addition of human or 

rhesus AF in a ratio of 1:10 to recalcified plasma deficient in (A, H) FXII, 

(B, I) XI, (C, J) IX, (D, K) prekallikrein, or (E, L) pretreated with 50 μg/mL 

of corn trypsin inhibitor. (F, M) FXIIa generation assay of plasma was 

performed in the presence human or rhesus AF. Ellagic acid served as a 

positive control. (G, N) FXIIa generation assay of human or rhesus AF was 

performed with or without ellagic acid. FXII and ellagic acid served as a 

positive control. Data are mean ± standard deviation (n=3). Mann-Whitney 

U test was used for statistical comparisons 
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4.4.8 FXa generation is regulated by TFPI in AF 

We next assessed whether AF affected FXa generation initiated by TF-FVIIa complex in a purified 

system. Surprisingly, the addition of human and rhesus AF led to a moderate reduction in FXa 

generation (Figure 4.8). Previous research had reported that AF contains TFPI, an anticoagulant 

protein that inhibits the TF-FVIIa complex.207 Therefore, we use blocking anti-TFPI K1 and K2 

domain antibodies to determine whether TFPI present in AF was responsible for impeding FXa 

generation. We observed that the blocking anti-TFPI antibodies restored FXa generation in the 

presence of AF (Figure 4.8). These results suggest that the procoagulant effect of AF was modulated 

by TFPI. Proteomics of AF confirmed the existence and expression level of TFPI at different 

gestational time points (Figure 4.8). The amount of TFPI present in the rhesus AF was significantly 

higher at later gestational time points (Figure 4.8) and correlated with clotting time of plasma with the 

addition of rhesus AF (Figure 4.8). 

 

Figure 4.8 FXa generation and TFPI in AF. (A,E) FXa generation after initiation with TF was assessed in the presence of 

pooled human or rhesus AF at various gestational time points. (B,F) Anti-TFPI K1 and K2 antibodies (10 µg/mL) were added 

into the assay in the presence of human or rhesus AF. (C,G) Logarithmically normalized expression of TFPI was determined 

by human or rhesus AF proteomics. (D,H) The correlation between logarithmically normalized expression of TFPI in 

proteomics and recalcified clotting time of plasma with the addition of human or rhesus AF. Data are mean ± standard 

deviation (n=3 in FXa generation assay and 7 in proteomics). Mann-Whitney U test was used for statistical comparisons. 
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4.4.9 Phospholipids in AF contribute to activation of prothrombin by prothrombinase complex  

The final and most critical step in the convergence of contact and extrinsic pathway of coagulation is 

the common pathway. In the common pathway, FXa, activated FV, and calcium form the 

prothrombinase complex, which, along with phospholipids catalyze the proteolytic conversion of 

prothrombin to thrombin. As shown in Figure 4.9, we found that human and rhesus AF substantially 

enhanced thrombin generation in the absence of additional phospholipids. To assess the role of 

phospholipids in AF in thrombin generation, we employed two phospholipid-targeting inhibitors, 

lactadherin or annexin V. Both of these phospholipid inhibitors significantly blocked prothrombinase-

activating action of AF by more than 80% (Figure 4.9) in agreement with previous work.208 We 

repeated these thrombin generation experiments using a recombinant prothrombin that lacked the 

gamma-carboxyglutamic (GLA) domain. The GLA domain is essential for high affinity binding of 

coagulation factors to phospholipids, and the absence of GLA domain ablates binding to 

phospholipids, greatly reducing their activities. We found that the ability of AF to potentiate thrombin 

was significantly reduced when the GLA-domainless prothrombin was used in this system (Figure 

4.9), validating a role for phospholipids in AF in thrombin generation. Furthermore, we quantified the 

level of phosphatidylserine in AF using fluorometric enzymatic assay. The level of phosphatidylserine 

level in human and rhesus AF was approximately 25 times more than that in plasma, measuring 

730.4±139.8 µM and 842±307.8 µM in human and rhesus AF as compared to 31.3±14.0 µM and 

26.5±11.3 µM in human and rhesus plasma, respectively (Figure 4.9). Notably, the levels of 

phosphatidylserine (34:2) in AF lipidomics was inversely correlated with clotting time (Figure 4.9) for 

both human and rhesus plasma (R=-0.52 and -0.91; p=0.018 and 1.6E-8, respectively. This result 

suggests the indispensable role of phospholipids in the procoagulant effect of AF.  
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4.4.10 AF triggers platelet activation through thrombin generation in plasma 

To assess the effect of AF-mediated thrombin generation on platelet activation, we used flow 

cytometry to analyze platelet α-granule secretion and integrin αIIbβ3 activation in plasma settings. 

Platelets were incubated in recalcified fibrinogen depleted plasma for 10 min followed by staining with 

APC-CD62P and FITC-PAC1. The surface levels of platelet P-selectin and PAC1 on platelets 

significantly increased in the presence of human and rhesus AF (Figure 4.10). In separate experiments, 

the addition of FXa inhibitor rivaroxaban, thrombin inhibitor hirudin, or phospholipid inhibitor 

annexin V suppressed the effect of AF on platelet activation, indicating that the effect of AF on platelet 

activation resulted from thrombin generation (Figure 4.10). We next examined the direct effect of AF 

 

Figure 4.9 Thrombin generation and phosphatidylserine in AF.  

(A, E) Thrombin generation assay was evaluated in the presence of pooled human or rhesus AF at various gestational time points. 

(B, F) Lactadherin (30 nM) or Annexin V (10 nM) was added. In selected experiment, Gla-domainless prothrombin was used. (C, 

G) Phosphatidylserine level was quantified as L-serine generation following enzymatic cleavage of phosphatidylserine in lipid 

extracts of human or rhesus AF. (D, H) The correlation between logarithmically normalized expression of phosphatidylserine 

(34:2) in lipidomics and recalcified clotting time of plasma with the addition of human or rhesus AF. Data are mean ± standard 

deviation (n=3 in thrombin generation assay and 7 in lipidomics). Mann-Whitney U test was used for statistical comparisons. 



72 

on platelets. There was no significant change in α-granule secretion and integrin αIIbβ3 activation in 

resting or agonist-stimulated platelets in the presence of either human or rhesus AF (Figure 4.10). 

 

 
Figure 4.10 Platelet activation and AF. 

Platelet activation was assessed by flow cytometry analysis of platelet degranulation and integrin activation. Washed platelets 

(2×107/mL) in recalcified (20 mM of CaCl2) fibrinogen-depleted plasma were treated with human AF, rhesus AF, or vehicle 

(modified HEPES/Tyrode buffer), staining with (A, E) APC-CD62P and FITC-PAC1 to monitor platelet α-granule secretion and 

integrin activation. (B, F) In selected experiment, rivaroxaban, hirudin, or annexin V was added. Alternatively, washed platelets 

(2×107/mL) were pretreated with human AF, rhesus AF, or vehicle (modified HEPES/Tyrode buffer), followed by CRP-XL 

(10 µg/mL), ADP (30 µM), AYPGKF (250 µM), or U46619 (2 µM) stimulation and staining with (C, G) APC-CD62P and (D, 

H) FITC-PAC1. Data are mean ± standard deviation (n=3). Mann-Whitney U test was used for statistical comparisons. 
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4.5 Discussion 

This study is the first comprehensive evaluation regarding the effects of AF on coagulation throughout 

gestation, integrating proteomic and lipidomic data with in vitro studies, and utilizing both human and 

non-human primate samples. We found that FXa generation was moderately reduced by AF, which we 

hypothesize is due to the presence of TFPI in AF. Yet the abundance of phospholipids in AF was 

found to promote thrombin generation, which overwhelmed the anticoagulant effects of TFPI to 

promote global thrombin generation and subsequent platelet activation. This integrative approach 

offers a detailed understanding of the potential role of AF in both normal and pathological hemostatic 

processes. This study also offers insights into when in the rare scenario that AF comes into contact 

with maternal blood - a recognized mechanism for AF embolism, an uncommon but nonetheless 

obstetric emergency. 

 

AF is initially derived from maternal plasma.209 Given that embryonic skin contains only simple 

epithelium, AF could diffuse through the non-keratinizing skin under hydrostatic and osmotic forces in 

early gestation.210 The composition of AF at this early stage is reasonably comparable to maternal 

plasma.211 By the second half of pregnancy, full keratinization of the fetal skin no longer allows fluid 

to transfer as easily as before.212,213 As gestation progresses, fetal urination and lung secretion prevail 

and significantly contribute to the composition of AF.209 Yet, AF does not mix in the fetal circulation 

under physiological conditions. Concurrently, as fetal lung tissue begins developing and producing 

phospholipids, one of the phospholipids that possesses procoagulability, phosphatidylserine, is 

synthesized by fetal lung cells as well as from cellular turnover and apoptosis during fetal 

development.214 These observations may explain why we observed higher concentrations of 

phospholipids,215 and in particular phosphatidylserine, in AF than in plasma. Given our observation 

that the procoagulant properties of AF are dynamic, with AF being the most procoagulant in the first 
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trimester, it is possible that this effect supports fetal hemostasis and barrier function in the earliest 

period of gestation and may be necessary to achieve successful growth and development.  

 

The amnion, a single layer of epithelium lining the amniotic sac, functions as a crucial barrier that 

separates AF from the vascularized chorion.216 The intricate interactions between AF and the amniotic 

epithelium likely contribute to a healthy intrauterine environment for optimal fetal growth and 

development during pregnancy, which includes regulation of AF composition, immune modulation, as 

well as secretion of growth factors and cytokines.217 Recent work revealed that TF-FVIIa within the 

AF is capable of activating protease-activated receptor 2 on the fetal epithelium, likely contributing to 

fetal homeostasis during the early phases of development.197 Herein, we identified a key regulator of 

TF-FVIIa interaction, TFPI, as a critical regulator of AF's procoagulant activity. TFPI plays a key role 

in inhibiting coagulation by blocking the extrinsic pathway-mediated generation of FXa.46,218 We 

observed that AF-derived TFPI was able to suppress FXa generation. When an anti-TFPI antibody was 

introduced, this inhibition was reversed, restoring FXa generation and enhancing AF-mediated 

coagulation in vitro. These findings suggest that AF's procoagulant properties are, at least in part, 

modulated by TFPI. This observation underscores AF's dual role in regulating hemostasis, as it 

contains both procoagulant and anticoagulant factors, reflecting the tightly regulated mechanisms that 

control blood coagulation. This balance may be particularly crucial during pregnancy, where a finely 

tuned hemostatic environment is essential to prevent both hemorrhage and thrombosis. Along these 

lines, one such study demonstrated that depletion of TFPI in a rabbit model increased susceptibility for 

development of disseminated intravascular coagulopathy after injection of TF or endotoxin, a 

condition similar to the aftermath of AF embolism.219 Consequently, understanding the role of TFPI 

and other hemostatic regulators in modulating AF's coagulation effects may provide valuable insights 

into the mechanisms underlying pregnancy-related hemostasis. 
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This work also identified the pivotal role of phosphatidylserine, a phospholipid present in high 

concentrations in AF, in driving its procoagulant properties.208,220 The presence of phosphatidylserine 

is inversely correlated with clotting time, emphasizing its role in enhancing thrombin generation and 

accelerating clot formation upon exposure to blood. This phospholipid-dependent mechanism may 

play a critical role in maintaining hemostatic balance during pregnancy, particularly in early gestation 

when AF’s procoagulant effects peak. While this observation is speculative, it generates intriguing 

hypotheses and invites comparisons to the mechanisms of obstetric antiphospholipid syndrome (APS). 

Obstetric APS is characterized by prothrombotic antibodies targeting phospholipids and phospholipid-

binding proteins, leading to severe complications such as recurrent miscarriage, preeclampsia, and 

placental insufficiency, as well as inhibiting phospholipid-dependent thrombin generation.221 Although 

the mechanisms driving pregnancy loss in obstetric APS have been theorized to be prothrombotic, our 

findings suggest that phospholipid-dependent clotting may be a normal physiological process in 

healthy pregnancy, supporting hemostasis at the maternal-fetal interface and preparing the body for the 

heightened hemostatic demands of delivery. In obstetric APS, disruption of this phospholipid-driven 

coagulation may contribute to the increased risk of pregnancy complications. Further studies are 

needed to better define the potential role of AF in this obstetric pathology. Understanding how 

antiphospholipid antibodies interfere with normal phospholipid function in AF could offer valuable 

insights into the pathophysiology of obstetric APS and inform the development of targeted therapies. 

 

An increasing trend in TFPI expression across gestation was observed, which was associated with 

longer clotting times, was more pronounced and consistent in rhesus AF compared to human AF. 

While biological differences between species may account for this, the observation could also be 

attributed to lower inter-individual variability in rhesus AF in the context of a longitudinal versus 

cross-sectional sampling design. In support of this overall trend, we also observed the strong and 



76 

inverse correlation between expression of phosphatidylserine (34:2) and clotting time in rhesus AF 

over gestation.  

 

Platelet activation has been considered a significant factor in the development of AF embolism, as it 

manifests several thromboembolic characteristics.222,223 Therefore, we examined whether AF activates 

platelets, which may also contribute to maternal thrombosis when AF encounters maternal blood. We 

demonstrated that although AF itself does not directly affect platelet activation, AF activates platelets 

through thrombin generated in the plasma.  

 

In conclusion, AF demonstrates a significant procoagulant effect, accelerating clotting and fibrin 

production, which is dynamic through gestation and largely dependent on phospholipids, as indicated 

by the counteraction of this effect through phospholipid inhibition. Importantly, the consistent 

correlation between clotting time, expression of coagulation proteins, and phosphatidylserine levels 

observed in both rhesus and human AF further underscores the translational strength of the non-human 

primate model. This supports its use in future investigations into the procoagulant properties of AF and 

their implications in pregnancy-related hemostasis and pathologies, an understudied but biologically 

significant topic. 

 

Our study had several strengths, particularly in leveraging unique AF samples from both a translational 

rhesus model and human pregnancies to address critical knowledge gaps in understanding the 

procoagulant properties of AF. Rhesus macaques and humans share similar physiological, genetic, 

reproductive, and developmental traits, making the rhesus model ideal for pregnancy studies and 

longitudinal AF sampling, which would be neither feasible nor ethical in humans. Furthermore, all 

rhesus samples were collected by a single board-certified Maternal-Fetal Medicine specialist (J.O.L) 

under ultrasound guidance, ensuring rigor and reproducibility in the collection process. The rhesus 
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subjects were also controlled for age, size, and housing conditions, minimizing the confounding 

variables often present in human cross-sectional study designs. Additionally, our ability to deeply 

phenotype the prothrombotic contents of AF and corroborate these observations with direct 

mechanistic in vitro experiments further strengthens the findings of our study. 

 

There are some limitations in this study. First of all, the limited size of the human plasma pool (n=4) 

may introduce potential bias into the results. Secondly, our study was not able to specify the subtypes 

of TFPI present in AF. When referring to TFPI, we generally mean TFPI-1. However, TFPI-2, a 

placenta-derived protein that is structurally homologous to TFPI-1, exhibits distinct biological 

functions.224 Unlike TFPI-1, TFPI-2 may possess procoagulant characteristics and has been associated 

with an elevated risk of venous thromboembolism.225 Since TFPI-2 levels in AF have not yet been 

established, further studies are needed to comprehensively understand the roles of different TFPI 

subtypes in the amniotic environment. Additionally, the relatively high concentrations of annexin-V 

and lactadherin used in our study could block the prothrombinase-activating effects not only of 

phospholipids but also of other procoagulant anionic molecules such as skeletal muscle myosin,226 

potentially masking their contribution to prothrombin activation. Lastly, although previous studies 

found no in vitro evidence for an effect of AF on fibrinolysis,227-229 we did not specifically assess the 

potential impact of AF on fibrinolysis in this current study. Therefore, more research is required to 

better characterize the full spectrum of procoagulant properties in AF. 
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 Characterization of the Binding of Skeletal Muscle Myosin to Fibrin in Trauma 

Chih Jen Yang, Amelia A. Rodolf, Joseph P. Garay, Ethan C. Kelmser, André L. Lira, Jiaqing Pang, 

Helen H. Vu, Hiroshi Deguchi, Danielle F. Peterson, Natasha S. McKibben, Catherine E. Hutchison, 

Talia Trapalis, Joseph J. Shatzel, Cristina Puy, Joseph E. Aslan, Zachary M. Working, Martin A. 

Schreiber, Michael P. Hutchens, John H. Griffin, Owen J. T. McCarty. 

 

5.1 Abstract 

Background: The procoagulant phenotype of skeletal muscle myosin (SkM) includes the promotion of 

thrombin generation to form fibrin, and subsequent increased resistance of fibrin clots to fibrinolysis. 

The release of SkM into circulation following localized tissue injury is hypothesized to promote 

systemic hypercoagulation. Yet, in trauma patients and in animal models of tissue injury, an 

unexplained decrease in SkM levels has been observed.  

 

Methods: Plasma samples were collected from orthopedic trauma patients at admission and 6-weeks 

later and from pigs subjected to experimentally extensive muscle injury. Plasma SkM and myoglobin 

levels were measured. Binding of SkM to fibrin was quantified in vitro using fluorescence imaging 

assays. Fibrinolysis was measured using turbidimetric assays and thromboelastography. 

 

Results: SkM plasma levels in trauma patients were lower at admission compared to 6-weeks later, 

while plasma myoglobin levels were higher at admission than at 6 weeks. In the pig injury model, 

plasma SkM levels at 24 hours after injury were decreased while myoglobin levels were increased. In 

vitro, SkM bound to fibrin, but not fibrinogen, with apparent Kd of 0.18 μM and was associated with a 

This work is accepted by Journal of Trauma and Acute Care Surgery. January 2026 
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decrease in the level of SkM in solution. Fluorescence imaging of the fibrin clots confirmed the 

presence of SkM within fibrin clots, which increased the resistance of the fibrin clot to fibrinolysis. 

 

Conclusions: Direct binding of SkM to fibrin may explain the reduced circulating SkM levels 

observed after trauma and may help identify potential roles for SkM in trauma-associated 

coagulopathy. 

 

5.2 Introduction 

While physiological fluids such as amniotic fluid illustrate how coagulation operates under 

homeostatic conditions, pathological states can significantly reshape the coagulation phenotype. 

Trauma represents a striking example in which tissue injury, cellular disruption, and release of 

intracellular components rapidly alter the balance between hemostasis and thrombosis. Trauma is a 

leading cause of mortality in individuals under 50, causing 4.4 million deaths globally each year.10 

Trauma-induced coagulopathy (TIC) contributes to preventable mortality following trauma, through 

bleeding, thrombotic, and mixed phenotypes.230-232 TIC is a dynamic condition, with early TIC (within 

the first 6 hours) marked by hypocoagulability and impaired hemostasis, leading to uncontrolled 

bleeding and shock. In contrast, late TIC (after 24 hours) reflects a transition to hypercoagulability, 

predisposing patients to thromboembolic complications. The mechanism of TIC remains unclear, but it 

involves both hemorrhagic shock and tissue injury. Shock is associated with a hypocoagulable 

phenotype, whereas tissue injury promotes a hypercoagulable state with suppressed fibrinolysis.233 

Hypoperfusion and tissue hypoxia during shock lead to metabolic acidosis that impairs clot formation 

and promotes hyperfibrinolysis. In parallel, tissue injury triggers the release of tissue factor, histones, 

and damage associated molecular patterns, promoting coagulation.234 Shock and tissue injury 

frequently coexist, creating a complex hemostatic environment. 
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Myosins are motor proteins that hydrolyze ATP, bind actin, and generate force. They include skeletal, 

cardiac, and smooth muscle isoforms, each adapted to its tissue. Skeletal muscle myosin (SkM), the 

principal contractile component of sarcomeres in skeletal muscle, appears throughout the body and in 

plasma.235,236 The procoagulant role of SkM was first suggested by a genetic variant in the MYH gene 

cluster at chr17p13.1 (clustered SkM heavy chain genes237), which was linked to unprovoked venous 

thromboembolism.238,239 Subsequent studies demonstrated that SkM promotes thrombin generation 

through interaction with coagulation factors Xa, Va, and XI.226,240,241 Cardiac muscle myosin is 

similarly procoagulant and exacerbates myocardial damage caused by ischemia/reperfusion in mice.242 

These findings raise the possibility that SkM released from damaged muscle during trauma contribute 

to TIC. A recent study observed an association between SkM deficiency and coagulopathy in trauma 

patient.243 To investigate this link, we assessed SkM release after trauma in patients and animals. We 

found that while plasma myoglobin levels increased after injury, plasma SkM levels decreased. Given 

the strong binding affinity of SkM for fibrin,244 we hypothesized that SkM may be incorporated into 

fibrin clots following injury, explaining the observed decrease in plasma SkM. 

 

5.3 Materials and methods 

5.3.1 Patient with orthopedic trauma 

Ten patient serum samples were collected in an ongoing double blinded randomized controlled trial at 

a level one academic trauma center (Institutional Review Board approval number #00022441). This 

single center, pilot, double blind randomized controlled trial was designed to evaluate the feasibility of 

intravenous iron therapy following orthopedic trauma.245 Patients aged 18-89 who sustained a lower 

extremity or pelvis fracture and demonstrated hemoglobin between 7-11 g/dL during their inpatient 

stay were included. Exclusion criteria included active haemorrhage requiring ongoing blood product 

resuscitation in excess of two units of packed red cells, multiple planned procedures, pre-existing 

haematologic disorders or chronic inflammatory states, and vulnerable populations. We used 
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biobanked samples from this on10going study for analysis of SkM levels. Demographic and injury 

characteristics including age, sex, body mass index (BMI), and Injury Severity Score (ISS) were 

recorded. 

 

5.3.2 Pig model of extensive muscle injury 

The ARRIVE guideline was used to ensure proper reporting of methods, results, and discussion of 

animal studies. Twelve female Yorkshire-Landrace crossbred pigs weighing between 40-50 kg were 

fasted for 18 hours prior to surgery. Water was available ad libitum. On the day of the experiment, 

animals were sedated, intubated, and mechanically ventilated with maintenance isoflurane at 1-3% 

throughout surgery. Surgery involved placing arterial and venous catheters and a small midline 

laparotomy to place a catheter in the bladder for urine sampling. Following the placement of the 

catheters, baseline arterial blood samples were collected. Animals received ketamine via continuous 

infusion for sedation at a minimum dose of 5 mg/kg/hr. A captive bolt gun (Schermer Stunner Model 

MKL, Paderborn, Germany) was used to administer a traumatic crush injury via a 21-gauge charge. 

The bolt gun was placed on the rear hindquarters of the animal targeting the muscle mass midline to 

the femur. Two blasts were applied to each hindquarter. Swine received maintenance IV fluid with 5% 

dextrose-lactated Ringer’s solution at a rate of 10 mL/kg/hour for the first 3 hours after intervention, 5 

mL/kg/hour for the following 3 hours, and 2.5 mL/kg/hour for the remainder of the experiment. Blood 

was collected again 24 hours after the injury. 

 

5.3.3 Coagulation profiles 

Human and pig plasma were prepared via centrifugation of citrated blood (in 0.32%w/v sodium citrate; 

BD, Franklin Lakes, NJ) at 2000×g for 10-min twice. To measure prothrombin time (PT), 50 μL 

plasma was incubated with 100 μL Innovin (Thermo Fisher, Waltham, MA) and the time to clot 

formation was determined using a KC4 Coagulation Analyzer (Trinity Biotech, Ireland). For activated 
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partial thromboplastin time (aPTT), 50 μL plasma was incubated with 50 μL aPTT reagent (Thermo 

Fisher, Waltham, MA) for 3 min. Clotting was initiated with CaCl₂ (50 μL, 8.3 mM final) and the time 

to clot formation was measured. For recalcified clotting time, 50 μL plasma was incubated with 50 μL 

of HBS buffer (25mM HEPES, 150 mM NaCl, pH 7.4). Clot formation was initiated with CaCl₂ (50 

μL, 8.3 mM final) and the time to clot formation was recorded. 

 

5.3.4 Myoglobin and SkM measurement 

Human and pig plasma myoglobin levels were measured using Human Myoglobin ELISA kits 

(Abcam, Waltham, MA) and Pig Myoglobin MYO-9 ELISA kits (Life Diagnostics, West Chester, PA) 

per the manufacturer’s instructions. For SkM, Immunoblotting was performed to evaluate SkM levels. 

Plasma samples were size fractioned by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) under reducing conditions. Proteins were then transferred to polyvinylidene fluoride 

(PVDF) membranes, and the blots were probed with either anti-MYH antibody (for human plasma; 

#sc-53095, Santa Cruz Biotechnology, Dallas, TX) or an in-house anti-SkM chain antibody (for pig 

plasma; clone 22D4) followed by an HRP-conjugated secondary antibody. Blots were imaged on a 

ProteinSimple FluorChem and Jess Imaging system. The SkM band at 250 kDa corresponds to intact 

SkM heavy chain, while the 160 kDa band represents the heavy meromyosin fragment of SkM heavy 

chain. SkM band intensities were quantified using ImageJ and reported as fold change, with a value of 

1 defined at admission (for human plasma) or pre-trauma (for pig plasma). 

 

5.3.5 SkM preparation 

SkM from rabbit muscle (Sigma-Aldrich, St. Louis, MO) was dialyzed against a buffer containing 600 

mM NaCl and 50 mM Tris (pH 7.4), followed by centrifugation at 21,000×g for 1 min. 
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5.3.6 Coomassie blue staining and western blot 

An aliquot containing 6 μM fibrinogen and 100 nM SkM was incubated for 10 min prior to the 

addition of 10 U/mL thrombin (Sigma-Aldrich, St. Louis, MO) and 6 mM CaCl₂. After a 30-min 

incubation to allow fibrin clot formation, the fibrin clot was removed, and the remaining supernatant 

was collected. Samples were either separated by SDS-PAGE under reducing conditions and stained 

with Coomassie blue or transferred to PVDF membrane for immunoblotting with an anti-MYH 

antibody (#sc-376157, Santa Cruz, Dallas, TX) followed by an HRP-conjugated secondary antibody. 

In parallel, 100 nM human serum albumin (Thermo Fisher, Waltham, MA)) was used as a control. For 

plasma-based experiments, citrated pooled normal plasma was incubated with 100 nM SkM, and 

coagulation was initiated either by 10 U/mL thrombin or tissue factor (1 nM Innovin) in the presence 

of 6mM CaCl₂. After a 30-min incubation, the fibrin clot was removed, and the supernatant was 

collected for immunoblotting analysis 

 

5.3.7 Characterization of fibrin and fibrinogen binding to SkM 

SkM was prepared at 10 µg/mL by diluting concentrated SkM stock (4.4 mg/mL) into 0.1 M Na₂CO₃ 

buffer (pH 9.6). For plate coating, 50 µL of this SkM solution was mixed with 50 µL of 0.1 M Na₂CO₃ 

buffer (pH 9.6) and added to each well of a 96-well microtiter plate, resulting in a final concentration 

of 5 µg/mL SkM per well. Plates were incubated overnight at 4°C, then blocked with 1% bovine serum 

albumin (BSA) for 1 hour at 37°C, washed three times with buffer, and incubated with increasing 

concentrations of either fibrin-FITC (0-1 µM; Innovative Research, Novi, MI) or fibrinogen-FITC (0-

10 µM; Innovative Research, Novi, MI). Incubations were performed in HEPES-NaHCO₃ buffer (150 

mM NaCl, 10 mM NaHCO₃, 10 mM HEPES, 5.5 mM dextrose, 0.1% BSA, pH 7.1) supplemented 

with 2 mM CaCl₂ for 1 hour at 37°C. Following three washes with HEPES buffer, bound fluorescence 

was measured at 485 nm excitation (bandwidth 9 nm) and 520 nm emission (bandwidth 20 nm). 

Apparent dissociation constants (Kdapp) were determined by fitting specific binding data to a one-site 
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binding isotherm. All fluorescence signals were corrected for nonspecific binding by subtracting the 

signal from BSA-coated control wells. The specific bound fluorescence, B, was then modeled as a 

function of total ligand concentration, C, using the following nonlinear least-squares regression model: 

𝐵(𝐶) =
𝐵𝑚𝑎𝑥 ∙ 𝐶

𝐾𝑑
𝑎𝑝𝑝

+ 𝐶
 

This analysis assumes that the total ligand concentration approximates the free ligand concentration. 

The reported Kdapp values represent the best-fit parameter, expressed with a ± 95% confidence 

interval. For experiments where saturation was not observed within the tested concentration range, an 

apparent Kdapp could not be determined; in these cases, the affinity was reported as >Cmax, where 

Cmax is the highest ligand concentration tested. 

 

5.3.8 Fluorescence imaging for fibrin clot  

SkM was fluorescently labeled using an Atto 647N Protein labeling Kit (Sigma-Aldrich, St. Louis, 

MO). Fibrinogen (6 μM), containing 1% of FITC-labeled fibrinogen (Invitrogen, Waltham, MA), was 

incubated with varying concentrations of Atto 647-labeled SkM for 10 min. Coagulation was then 

initiated by the addition 10 U/mL thrombin and 6 mM CaCl₂ for 30 min. The fibrin clot was then 

collected and imaged using a BZ-X810 fluorescence microscope (Keyence, Itasca, IL) at 4× 

magnification. 

 

5.3.9 Fibrin generation and fibrinolysis assay  

For fibrin generation assay, citrated pooled normal plasma (50 μL) was incubated with varying 

concentrations of SkM followed by incubation with 50 μL of HBS for 3 min. CaCl₂ (50μL, 8.3 mM 

final) was added to each plasma mixture. Fibrin formation was monitored by measuring turbidity at an 

absorbance of 405 nm for 30 min using an Infinite M200 spectrophotometer (Tecan, CH). The lag time 

required to initiate fibrin formation and time to reach half maximum turbidity (T1/2 max) were 
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obtained. For fibrinolysis assay, In the purified system, fibrin clot was generated in a 96-well plate 

using a 100 μL reaction mixture containing 3 μM fibrinogen, 0.25 U/mL thrombin, varying 

concentrations of SkM, with the addition of 11 nM plasmin. Turbidity was monitored overtime at 340 

nm to assess clot formation and subsequent fibrinolysis. For plasma, clot lysis was assessed in which 

tissue plasminogen activator (tPA)-mediated fibrinolysis of a thrombin-induced clot through turbidity 

change, as described.242 Briefly, 100 μL of a reaction mixture containing thrombin (0.5 U/mL final), 

CaCl₂ (2.3 mM final), and tPA (100 ng/mL final) in HBS buffer was added to 100 μL of citrated 

pooled normal plasma pretreated with varying concentrations of SkM. Following mixing, 100 μL of 

the mixture was transferred to a 96-well plate, and turbidity was measured over time at 405 nm. 

Complete clot lysis time (T fibrinolysis) was defined as the interval from maximum turbidity to 

complete clot dissolution, and half clot lysis time (T1/2 fibrinolysis) was defined as the time from the 

maximum turbidity to the midpoint of the decrease in turbidity. 

 

5.3.10 Thromboelastrography  

Viscoelastic properties of fibrin clot were evaluated using citrated whole blood obtained from healthy 

volunteers. Blood samples were treated with tPA 150 ng/mL in the presence or absence of SkM (100 

nM) and analyzed using a TEG® 5000 hemostasis analyzer system (Haemonetics, Boston, MA). The 

initiation phase of clot formation was measured as R time, defined as the time from test until clot 

formation begins. The degree of fibrinolysis was quantified as LY30 (%), defined as the percentage 

reduction in clot amplitude 30 min after reaching maximum clot strength. 

 

5.3.11 Data analysis  

Statistical analyses were performed using GraphPad Prism 10.0 (GraphPad Software Inc., La Jolla, 

CA). Data are presented as mean ± SD. Comparisons between two different time points within the 

same individuals were performed using the Wilcoxon signed-rank test. Comparisons between two 
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groups were conducted using Mann-Whitney U test as appropriate. For comparisons involving three or 

more groups, one-way ANOVA was applied. A p-value < 0.05 was considered statistically significant. 

Based on the observed data in plasma SkM levels, post hoc power calculations indicated that detecting 

the observed differences with 90% power at α of 0.05 would require approximately 29 patients per 

group and 7 animals per group. 

 

5.4 Results 

5.4.1 Reduced plasma SkM levels are observed following injuries compared to recovery in 

orthopedic trauma patients 

Serum from ten patients who sustained a lower extremity or pelvis fracture was analyzed to evaluate 

coagulation profiles and muscle injury markers after tissue trauma. The cohort had a mean age of 

61±14.4 years, was 30% male, with a mean BMI of 29.9±6.9, and an ISS 10.9±5.4 (Table 5.1). Blood 

samples were collected during the primary inpatient admission and again at the 6-week follow-up. 

Coagulation parameters including PT, aPTT, and recalcified clotting time did not differ significantly 

between admission and 6-week follow-up (Figure 5.1A). Plasma myoglobin levels were significantly 

elevated at admission compared to the 6-week follow-up (18.3±14.3 ng/mL vs 5.5±5.1 ng/mL), 

reflecting muscle injury associated with musculoskeletal trauma (Figure 5.1B). In contrast, plasma 

SkM levels were lower at admission than at the 6-week follow-up (Figure 5.1C). We detected a 2.2-

fold increase in the 250 kDa and 160 kDa SkM bands between admission and follow-up. 
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5.4.2 Reduced SkM levels after extensive muscle trauma compared to baseline in a swine model 

Based on our observations in patients with bone fractures, we next used a pig model of extensive 

muscle injury to investigate changes in coagulation phenotype and muscle markers during muscle 

injury. Twelve pigs were anesthetized and subjected to bilateral hindlimb muscle contusion using a 

bolt gun. Blood samples were collected at baseline and 24 hours post-injury. The aPTT and recalcified 

clotting time did not differ at 24 hours compared with baseline, but the PT was significantly prolonged 

(14.4±0.6 sec vs 17.5±0.6 sec), indicating coagulopathy after extensive muscle injury (Figure 5.2A). 

Figure 5.1. Reduced SkM levels following injuries compared to recovery in orthopedic trauma patients.  

Coagulation profiles of orthopedic trauma patients at admission and at 6-week follow-up, including (A) prothrombin time (PT), 

activated partial thromboplastin time (aPTT), and recalcified clotting time. (B,C) Plasma markers of muscle injury, myoglobin and 

skeletal muscle myosin (SkM), at admission and 6-week follow-up. Data are mean ± standard deviation (n=10). Wilcoxon signed-

rank test was used for statistical comparisons. Schematic illustration created with Biorender.com. 

Table 5.1. Demographics of enrolled patients.   
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Plasma myoglobin levels were elevated at 24 hours compared with baseline (0.09±0.04 µg/mL vs. 

3.8±4.2 µg/mL, Figure 5.2B). In line with a previous study,233 plasma SkM levels were lower 24 hours 

post-trauma compared with baseline (Figure 5.2C). We detected a over an 80% reduction in the 250 

kDa and 160 kDa SkM bands, respectively, prior to and following injury. 

 

 

5.4.3 Consumption of SkM during fibrin clot formation 

We next examined the dynamics of SkM levels during fibrin formation in vitro. We hypothesized that 

SkM binding to fibrin depletes circulating SkM levels. In a purified system, SkM was incubated with 

excess molar fibrinogen, with both proteins being detectable by Coomassie blue staining or Western 

blotting with an anti-SkM antibody following electrophoresis. Thrombin and CaCl₂ were added to 

initiate coagulation and convert soluble fibrinogen into an insoluble fibrin clot. We first confirmed that 

the generation of an insoluble fibrin clot resulted in the clearance of soluble fibrinogen. Under these 

conditions, SkM was also cleared from the solution, as observed by Coomassie blue staining or by 

Western blotting using an anti-SkM antibody (Figure 5.3A &B). The addition of hirudin to prevent 

Figure 5.2. Reduced SkM levels after extensive muscle trauma compared to baseline in a swine model. 

Coagulation profiles of pigs before and 24 hours after muscle injury including (A) prothrombin time (PT), activated partial 

thromboplastin time (aPTT), and recalcified clotting time. (B,C) Plasma levels of myoglobin and skeletal muscle myosin (SkM) 

were obtained before and 24 hours after muscle injury. Data are mean ± standard deviation (n=12). Wilcoxon signed-rank test was 

used for statistical comparisons. Schematic illustration created with Biorender.com. 
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fibrin generation preserved fibrinogen and SkM levels. We confirmed that SkM levels were unaffected 

by the enzymatic activity of thrombin alone (Figure 5.3A-B). In contrast, the concentration of albumin 

remained constant over time (Figure 5.3C), excluding nonspecific binding or physical entrapment of 

proteins during fibrin formation as a mechanism of non-specific clearance. Finally, we translated our 

studies from a purified system to a plasma-based system. In plasma, the concentration of SkM 

significantly decreased following fibrin formation induced by either thrombin or tissue factor (Figure 

5.3D). The loss of SkM was reversed by the addition of the thrombin-specific inhibitor, hirudin.  

 
Figure 5.3 Consumption of SkM during fibrin clot formation.  

Skeletal muscle myosin (SkM) was incubated with fibrinogen, and coagulation was initiated by adding thrombin and CaCl₂. After 

30 min, the fibrin clot was removed, and the supernatant was analyzed by (A) Coomassie blue staining and (B) Western blotting 

using anti-SkM antibodies. (C) Human albumin was used in parallel as a control and analyzed by Coomassie blue staining. (D) 

Plasma was incubated with SkM, and coagulation was initiated with either thrombin or tissue factor. In select studies, the 

thrombin-specific inhibitor hirudin was added. Following clot formation and removal, the supernatant was blotted with anti-SkM 

antibodies. FG, fibrinogen; TF, tissue factor. 
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5.4.4 Binding of fibrin to SkM 

Saturation binding assays were performed to quantify the affinity of SkM for fibrin(ogen). SkM was 

placed on 96-well plates, and the binding of fibrin-FITC or fibrinogen-FITC was evaluated. Total 

fluorescence increased in a concentration-dependent manner for both ligands (Figure 5.4). Fibrin-FITC 

displayed a rapid increase in fluorescence at sub-micromolar concentrations, reaching a plateau at 

approximately 1 μM (Figure 5.4A). Nonlinear regression analysis of the specific binding component 

indicated a Kdapp of 0.18 μM and a maximal binding (Bmax) of 20.8 RFU (n=3), reflective of a 

strong interaction between fibrin and SkM. In contrast, fibrinogen-FITC exhibited a nearly linear 

increase in fluorescence up to 10 μM without reaching saturation, indicating substantially weaker 

binding (Figure 5.4B). Because no plateau was observed, a reliable Kdapp could not be determined. As 

a negative control, BSA immobilized on the plates showed only weak interactions with both fibrin-

FITC and fibrinogen-FITC, confirming the specificity of the observed binding. 

 

 
Figure 5.1 Binding of SkM to fibrin and fibrinogen. 

Specific binding of (A) fibrin-FITC and (B) fibrinogen-FITC to skeletal muscle myosin (SkM) immobilized on 96-well plates is 

shown. Plates were incubated for 1 hour at 37°C in 20 mM HEPES–NaHCO₃ buffer, pH 7.1, with 2 mM CaCl₂; 1% bovine serum 

albumin was used as a control for nonspecific binding. (A) Fibrin-FITC binding reached saturation at sub-micromolar 

concentrations. The curve represents nonlinear least-squares regression to a one-site binding isotherm. The apparent dissociation 

constant (Kdapp) was 0.18 μM, and maximal binding (Bmax) was 20.8 RFU. (B) Fibrinogen-FITC binding increased nearly linearly 

over the tested concentration range (0–10 μM) without reaching saturation, indicating substantially weaker interaction with SkM. 

Because no plateau was observed, an accurate Kdapp could not be determined. Error bars represent the standard deviation from 3 

independent replicates. 
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5.4.5 Incorporation of SkM into fibrin clot 

We investigated whether SkM was incorporated into fibrin clots. Clots were formed by adding 

thrombin and CaCl₂ to a fibrinogen solution or plasma containing 1% of FITC-labeled fibrinogen and 

SkM labeled with Atto 647N. In both systems, we observed colocalization of fluorescently-labeled 

SkM with fibrin within the fibrin network (Figure 5.5A-B). 

  

5.4.6 Incorporation of SkM enhances clot resistance to fibrinolysis 

We next examined whether SkM affected clot formation and stability. Consistent with previous 

reports,240 SkM exhibited procoagulant activity in a fibrin generation assay, as evidenced by the 

shortened lag time (6.0±0.7 min in control vs. 4.3±0.2 min and 4.1±0.5 min with 30 nM and 100 nM 

SkM) and reduced T1/2 max (15.7±0.8 min vs. 9.2±0.2 min and 8.0±0.4 min; Figure 5.6A) in the 

presence of SkM. Turbidity assays were used to study the effect of SkM on fibrinolysis. While SkM 

did not significantly alter the complete lysis time or T1/2 fibrinolysis in the purified system (Figure 

Figure 5.5 SkM is incorporated into fibrin clot. 

(A) Fibrinogen containing 1% of FITC-labeled fibrinogen was incubated with varying concentrations of Atto 647-labeled 

skeletal muscle myosin (SkM) for 10 min. Coagulation was then initiated by adding thrombin and CaCl₂ for 30 min before the 

fibrin clot was imaged. (B) Plasma containing 1% of FITC-labeled fibrinogen was incubated with 100 nM Atto 647-labeled SkM 

for 10 min and coagulation was initiated with thrombin and CaCl₂, and the fibrin. clot was imaged after 30 min. FG, fibrinogen; 

Veh, vehicle. 
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5.6B), it markedly prolonged both parameters in plasma. The complete lysis time increased from 

83.3±5.0 min to 119.7±10.9 min and 119.2±5.4 min, while the T1/2 fibrinolysis increased from 

36.4±1.8 min to 58.5±14.4 min and 65.5±6.4 min in the presence of 30 nM and 100 nM SkM, 

respectively (Figure 5.6C). In whole blood, SkM shortened the R-time as measured by 

thromboelastography in the presence of tPA (Figure 5.6D)246. However, SkM did not affect LY30 

(51.5% vs. 47.0%, p=0.7; Figure 5.6D), the angle, or the maximal amplitude for lysis. 
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5.5 Discussion 

Elucidating the mechanistic pathways underlying TIC could inform treatment for patients at risk of 

hematologic complications. We report decreased plasma SkM after muscle injury and propose that 

incorporation of SkM into fibrin clots may explain this phenomenon. Orthopedic trauma patients and 

experimentally injured pigs exhibited increased plasma myoglobin levels after trauma compared to 

Figure 5.6 Effect of SkM on fibrin generation and fibrinolysis. 

(A) Fibrin generation assay in recalcified plasma pretreated with varying concentrations of skeletal muscle myosin (SkM) for 10 

min and coagulation was initiated by adding 25 mM CaCl₂. Lag time and time to reach half-maximum (T1/2 max) were quantified. 

(B) Fibrinolysis assay using a 100-μL aliquot containing fibrinogen, thrombin, CaCl₂, plasmin, and different concentrations of 

SkM. Turbidity at 340 nm was monitored at 37°C for 20 min during which a clot was rapidly formed (turbidity increase) and 

subsequently resolved (turbidity decrease). Complete and half clot lysis time were measured. (C) Fibrinolysis assay using a 100-

μL aliquot containing plasma, thrombin, CaCl₂, tissue plasminogen activator (tPA), and different concentrations of SkM, 

Turbidity at 405 nm was monitored at 37°C for 120 min. Complete and half clot lysis time were measured. (D) 

Thromboelastography in the presence of tPA with or without SkM. The initiation phase of clot formation was assessed by 

measuring R time, fibrinolysis by measuring LY30 (%). Data are mean ± standard deviation (n=3). One-way ANOVA and 

Mann-Whitney U test were used for statistical comparisons. 
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recovery or baseline. Conversely, plasma SkM levels decreased after injury. SkM was previously 

shown to promote thrombin activation,238 while diminished plasma SkM levels are associated with 

coagulopathy in trauma patients.243 We hypothesized that SkM binds fibrinogen and is incorporated 

into fibrin clots after injury, explaining the decrease in plasma SkM. Our in vitro results showed that, 

during clot formation, SkM disappeared from the supernatant and colocalized with the fibrin network. 

 

Our fluorescence binding assays demonstrated distinct interaction profiles for fibrin-FITC and 

fibrinogen-FITC with SkM. Fibrin-FITC exhibited a strong and saturable interaction with SkM, with 

an apparent dissociation constant Kdapp of 0.18 μM, consistent with previous surface plasmon 

resonance measurements reporting a Kd of 0.9 μM.244 Despite these methodological differences, both 

approaches indicate sub-micromolar affinity, confirming a robust interaction between fibrin and SkM. 

In contrast, fibrinogen-FITC displayed a nearly linear increase in fluorescence over the concentrations 

tested, without reaching a clear saturation, indicating weaker binding to SkM. Although fibrinogen 

produced higher absolute fluorescence signals, this does not necessarily reflect a greater number of 

binding sites, but may be due to differences in fluorophore properties, extent of labeling fibrinogen 

versus fibrin, or ligand behavior.247-249 The lack of a plateau suggests a higher Kd for fibrinogen 

relative to fibrin-FITC and a less specific interaction with SkM. These findings emphasize that fibrin 

and fibrinogen engage SkM through distinct binding behaviors. The potential mechanisms for binding 

of SkM to fibrin remain under debate. While one study suggested noncovalent binding,244 others 

proposed non-disulfide covalent cross-linking regulated by transglutaminase activity.250 In the present 

study, experiments in a purified system demonstrated that SkM can interact with fibrin independently 

of transglutaminase activity.(Table 5.2) 
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Previous studies demonstrated consumption of other plasma proteins in fibrin clots. Clots in human 

plasma can passively trap hemoglobin, immunoglobulins, and β-lipoproteins.251 The cytoskeletal 

protein actin is incorporated in a manner dependent on actin filament length, affecting the viscoelastic 

properties of fibrin clots and inhibiting fibrinolysis.252 Our results showed similar inhibition of 

fibrinolysis by SkM, suggesting an avenue for future research characterizing the mechanical properties 

of SkM-fibrin clots. While our in vitro results demonstrated that fibrin clots can consume SkM, other 

pathways, such as enzymatic degradation or clearance by organs, may decrease SkM levels in vivo.253 

Moreover, trauma patients often receive fluids or blood transfusions, raising the possibility that a 

dilution effect could decrease SkM levels. However, in this case, we would expect a similar reduction 

in myoglobin levels. Instead, we observed an increase in myoglobin levels, suggesting that dilution is 

unlikely to explain the decrease in SkM. 

 

 

 
Table 5.2. Potential binding site of SkM to fibrin and fibrinogen. Adapted from Du et al, Insight into the mechanism 

of myosin-fibrin gelation induced by non-disulfide covalent cross-linking Food Res Int. (2022). Reprinted with 

permission.  
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TIC is a clinical diagnosis encompassing hemostatic disturbances ranging from hypocoagulability to 

hypercoagulability and is associated with uncontrolled hemorrhage and thrombotic events.254 

Historically, TIC was attributed to dilution of clotting factors by fluids administered during critical 

care, but it is now known to involve coagulation factor consumption, protein C activation, and tPA 

release.255-258 Severe trauma often involves tissue injury and hemorrhagic shock, and both factors are 

thought to act synergistically in driving severe TIC. These factors contribute to TIC through distinct 

mechanisms: tissue injury promotes coagulation activation, whereas hemorrhagic shock impairs clot 

formation and stability. Tissue injury disrupts the endothelium, leading to tissue factor exposure and 

inflammatory responses, including release of histones and damage-associated molecular patterns. SkM 

released from damaged muscle may contribute to tissue injury-mediated coagulopathy. A prior study 

reported that cardiac muscle myosin aggravates myocardial injury in a murine ischemia/reperfusion 

injury model. SkM drives thrombin generation by providing a surface for the prothrombinase complex 

of factor Xa and factor Va and stabilizes fibrin clots against degradation by plasmin. Our results 

demonstrated accelerated clotting and resistance to fibrinolysis in the presence of SkM, consistent with 

previous findings that tissue injury promotes hypercoagulability and impairs fibrinolytic activity. 

Given these findings, consumption of SkM in tissue injury-induced coagulation may reflect the extent 

of TIC. Indeed, unlike tissue injury, rhabdomyolysis alone is rarely associated with thromboembolic 

complications, except in cases where disseminated intravascular coagulation develops due to 

dysregulated coagulation activation.259,260 This implies that the procoagulant and antifibrinolytic 

effects of SkM depend on concurrent coagulation activation. By itself, SkM does not initiate 

coagulation; rather, it acts as a modulator that amplifies the process once it begins. 

 

Further research is needed to connect our in vitro results to clinical outcomes, including blood loss, 

thromboembolic events, and mortality. This study was limited by small sample sizes and few time 

points in the clinical study and animal model. A larger study would be required to compare the range 
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and time-dependent variability of SkM in the plasma in a healthy patient population. Measuring SkM 

in an animal model immediately after tissue injury would provide insight on the initial release of SkM 

from damaged muscle. The patient cohort represented relatively low-severity, non-shock trauma, 

which may not fully capture the spectrum of TIC. Furthermore, since we did not evaluate fibrinolysis 

activity in plasma samples from patients and animals, we are unable to relate this activity to SkM 

levels in individuals. Future studies are needed to characterize the stoichiometric relationship between 

SkM and fibrin and to assess how varying SkM-to-fibrinogen ratios affects clot formation and 

stability. Research on the textural properties of meat products has explored the rheological properties 

of myosin-fibrin gels,250 and similar investigations could characterize the effect of SkM on the 

rheological properties of human fibrin clots. In summary, our current findings document the decrease 

in SkM following traumatic injury and suggest an explanation for this phenomenon by demonstrating 

that SkM disappears from solution as it becomes incorporated in fibrin clots. 

 

 

 

 

 

 
Figure 5.7 Schematic of conclusion. Created with BioRender.com. 
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 Conclusions and Future Directions 

6.1 Conclusions 

This dissertation investigated mechanisms regulating coagulation and thromboinflammatory responses 

in conditions of injury and disease. The overall goal was to identify pathways that contribute to 

pathological coagulation without compromising hemostasis. The studies first examined intrinsic 

pathway activation and its intersection with inflammation, highlighting FXI-mediated HK cleavage as 

a mechanistic link between coagulation and innate immune signaling. Subsequent work explored 

procoagulant properties of amniotic fluid and the role of skeletal muscle myosin in coagulation 

following tissue injury. These findings underscore that coagulation dynamics are highly context-

dependent, revealing additional layers of regulation beyond the classical coagulation cascade. 

 

Future work will build on these insights by targeting coagulation pathways in clinically relevant 

conditions. One direction will focus on heatstroke, aiming to define how thermal injury and systemic 

inflammation alter coagulation, and to evaluate whether selective signaling pathway modulation of 

thrombin on endothelial cells can reduce thermal injury.  

 

6.2 Limitations  

With the mechanistic insights gained from these studies, several limitations should be acknowledged, 

particularly the need for future work to translate these findings into more clinically relevant models. 

First, the investigation of FXIa-mediated HK cleavage was largely conducted in purified systems, 

which did not fully capture the complexity of plasma, where competing substrates, inhibitors, and 

cofactors can modulate FXIa activity. Moreover, we did not examine the role of another kinin, low-

molecular-weight-kininogen in contact pathway coagulation. Second, while the amniotic fluid studies 

demonstrate significant procoagulant phenotype, variability in sample composition and clinical context 

may influence coagulation responses, limiting direct extrapolation across physiological or pathological 
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states. In addition, although these experiments establish functional coagulation potential, they do not 

fully resolve the relative contributions of individual factors within this complex biological fluid. Third, 

the incorporation of skeletal muscle myosin into fibrin clots highlights a novel mechanism linking 

tissue injury to altered clot structure, however, these findings are primarily derived from vitro and ex 

vivo models. Future studies are needed to link these in vitro and ex vivo findings to clinically 

meaningful trauma outcomes, including blood loss, thromboembolic events, and mortality. Larger, 

longitudinal studies with increased sampling frequency will be required to define the range and time-

dependent variability of circulating myosin levels. 

 

The studies presented in this dissertation highlight how dysregulated coagulation contributes to 

inflammatory and injury-associated disease states such as sepsis, obstetric complications, and trauma. 

Similar thromboinflammatory mechanisms are also central to other forms of systemic injury, including 

heatstroke. Heatstroke is increasingly recognized not only as a direct thermal injury, but also as a 

condition characterized by endothelial dysfunction, dysregulated inflammation and coagulation 

activation. These shared pathophysiological features suggest that pathways explored in this 

dissertation. 

 

6.3 Future direction: Targeting thrombin in heatstroke  

Building on the mechanistic insights from this dissertation, several future research directions emerge 

that extend these findings into thromboinflammatory disease contexts. In particular, understanding 

how coagulation signaling contributes to systemic injury responses may provide opportunities for 

therapeutic intervention. On the other hand, despite dysregulated coagulation is implicated in a broad 

range of clinical conditions, therapeutic strategies targeting the coagulation system remain suboptimal 

because of the inherent risk of bleeding. Decades of clinical use of direct oral anticoagulants do not 

fully address this limitation, underscoring a persistent unmet need for antithrombotic therapies that 
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effectively prevent thrombosis while preserving hemostasis. Advances in our understanding of 

coagulation biology and the development of more selective pharmacologic agents now provide an 

opportunity to overcome this long-standing clinical dilemma.  

 

In heatstroke, systemic activation of coagulation frequently contributes to microvascular thrombosis 

and organ injury, and anticoagulant therapies have been explored to mitigate these complications. 

However, clinical application remains challenging because patients with severe heatstroke often 

simultaneously exhibit coagulopathy and bleeding risk, highlighting the need for targeted strategies 

that attenuate thrombin-driven pathology while preserving essential hemostatic function. Therefore, 

ongoing efforts aim to develop and apply novel anticoagulant approaches capable of mitigating 

thromboinflammatory responses in heatstroke without compromising physiological hemostasis. 
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6.3.1 Thrombin as a central mediator in the pathophysiology of heatstroke 

Heat injury has emerged as a growing global health concern due to climate change, with approximately 

500,000 heat-related deaths worldwide each year.261 Heatstroke represents the most severe form of 

heat injury and is a life-threatening medical emergency characterized by failure of thermoregulation, 

leading to a core body temperature typically ≥104°F accompanied by central nervous system 

dysfunction.262 Beyond direct thermal tissue damage, inflammation and coagulation are central drivers 

of organ dysfunction in heatstroke.263,264 Thermal injury leads to the release of damage-associated 

molecular patterns, which stimulate macrophages to produce proinflammatory cytokines, including 

TNF-α, interleukin-1β, and IL-6. Concurrently, activated macrophages/monocytes upregulate tissue 

factor expression and release procoagulant 

microvesicles, thereby initiating coagulation. 

Inflammatory cytokines further activate 

neutrophils to undergo NETosis, releasing 

NET that injure the endothelium and trigger 

contact pathway activation. Together, 

extrinsic and intrinsic pathways converge to 

amplify coagulation and generate thrombin, a 

critical mediator that further propagates both 

inflammatory and procoagulant signaling, 

ultimately culminating in the formation of 

inflammatory thrombi (Figure 6.1).264 

6.3.2 PAR1 as a central thrombin receptor  

Protease-activated receptor 1 (PAR1) is a G protein-coupled, trans-membrane receptor identified as the 

first high-affinity thrombin receptor. PAR1 is broadly expressed on cells of the vascular wall, 

 
Figure 6.1 Pathophysiology of heatstroke.  

Created with BioRender.com. 
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including endothelial cells, vascular smooth muscle cells, platelets, neutrophils, and macrophages.265 

Activation of PAR1 through proteolytic cleavage of its extracellular N-terminus by thrombin initiates 

intracellular signaling that regulates platelet activation, cellular proliferation, vascular development, 

and angiogenesis.266 In endothelial cells, thrombin-mediated PAR1 activation increases vascular 

permeability and promotes a shift toward proinflammatory and procoagulant phenotypes.267 Notably, 

PAR1 expression is upregulated in heatstroke and studies have shown that PAR1 mediates heat stress-

induced endothelial barrier disruption and apoptosis.268 

 

6.3.3 Ligand-biased signaling of PAR1 

While thrombin-PAR1 signaling predominantly elicits stress-associated and detrimental responses in 

endothelial cells, activated protein C (aPC), an anticoagulant protease generated downstream of 

thrombin, exerts fundamentally distinct effects through the same receptor.269 The generation and 

signaling of aPC require thrombin binding to endothelial thrombomodulin and subsequent association 

of aPC with the endothelial protein C receptor (EPCR), which localizes aPC to the cell surface and 

facilitates PAR1 cleavage.22,270 Unlike thrombin, which cleaves PAR1 at the canonical Arg41 site, aPC 

cleaves PAR1 at an alternative site, resulting in exposure of a different tethered ligand and induction of 

biased receptor signaling.271 This mode of PAR1 activation preferentially engages cytoprotective 

signaling pathways rather than proinflammatory responses.272 As a result, aPC-PAR1 signaling 

promotes endothelial barrier stabilization, suppresses inflammatory activation, and enhances cell 

survival (Figure 6.2).273,274 The ligand-biased signaling of PAR1 underscores the highly fine-tuned 

nature of the coagulation system and the pleiotropic role of PAR1 as a context-dependent molecular 

switch regulating endothelial function.271 
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6.3.4 Rationale for targeting PAR1 in heatstroke  

Previous studies provide strong evidence that modulating thrombin-PAR1 signaling improves 

outcomes in experimental heatstroke. In rodent models, administration of antithrombin III, an 

endogenous thrombin inhibitor, attenuated heat stress-induced systemic inflammation, improved organ 

injury, and significantly increased survival.275,276 On the other hand, complementary studies targeting 

the protein C pathway further support this concept. Systemic delivery of aPC in a heatstroke setting 

markedly improved survival, reduced DIC, dampened inflammatory cytokine production, and limited 

multiorgan injury in rat models.277 Similarly, treatment with recombinant soluble thrombomodulin, 

which promotes endogenous protein C activation, suppressed inflammatory mediator release, corrected 

coagulopathy, improved liver injury, and reduced mortality.278 Together, these studies demonstrate that 

therapeutic strategies which either inhibit thrombin signaling or enhance aPC generation confer 

 

 
 

Figure 6.2 Distinct mechanisms of PAR1 activation by thrombin- and aPC/EPCR complex resulting in different biological 

effects. from Pontarollo et al. Comment on “Endothelial Protein C Receptor (EPCR), Protease Activated Receptor-1 (PAR1) and 

Their Interplay in Cancer Growth and Metastatic Dissemination. Cancers (2019). Reprinted with permission. 
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protection in heatstroke, providing the rationale of thrombin-PAR1 axis as target in heatstroke settings 

(Figure 6.3). 

 

 

6.3.5 WE thrombin 

W215A/E217A thrombin (WE thrombin) is a recombinant thrombin variant engineered to markedly 

reduce procoagulant and proinflammatory signaling while preserving the ability to activate the protein 

C pathway.3,279 Mutations at residues W215 and E217 diminish thrombin’s capacity to cleave 

fibrinogen and activate platelets and PAR1, yet maintain efficient binding to thrombomodulin, 

therefore selectively promoting aPC generation.280,281 As a result, WE thrombin shifts thrombin 

signaling away from pathogenic thrombin-PAR1 activation and toward aPC-mediated cytoprotective 

pathways, including endothelial barrier stabilization, anti-inflammatory signaling, and enhanced cell 

survival (Figure 6.4).282-284 WE thrombin has demonstrated therapeutic efficacy in multiple 

thromboinflammatory conditions, including ischemic stroke and relapsing-remitting multiple sclerosis, 

where it reduced tissue injury and inflammation without increasing hemorrhagic risk.283,284 During 

heatstroke, where excessive thrombin generation drives endothelial dysfunction, inflammation, and 

 
 

Figure 6.3 Targeting the thrombin–aPC–PAR1 signaling axis in heatstroke. Created with BioRender.com. 
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microvascular thrombosis, WE thrombin offers a rational therapeutic strategy of cytoprotective aPC-

PAR1 signaling without exacerbating thrombin-mediated inflammation or coagulopathy. 

 

 

6.3.6 WE thrombin on heatstroke      

To evaluate whether WE thrombin mitigates 

heat-induced endothelial injury, we will 

apply parallel in vitro and in vivo 

experimental designs.285 In vitro, endothelial 

cells will be treated with vehicle or WE 

thrombin and exposed to normothermic 

(37°C) or hyperthermic (42°C) conditions for 2 hours to model acute heat stress (Figure 6.5). Cellular 

injury and stress responses will be assessed by measuring intracellular reactive oxygen species 

generation, cell viability, and apoptotic cell death. Activation of inflammatory and oxidative stress 

signaling pathways will be analyzed to determine whether WE thrombin attenuates heat-induced 

 
Figure 6.4 Cytoprotective role of E –WE thrombin. Adapted from Guzzetta et al. Hemostasis Management of the Pediatric 

Surgical Patient chapter 1 (2024). Reprinted with permission.  

Procoagulant & proinflammatory cytoprotective

 
Figure 6.5 In vitro Experimental framework for assessing 

WE thrombin in heatstroke. Create with Biorender.com. 
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endothelial activation and pro-injury signaling.  Endothelial barrier function will be evaluated by 

measuring transendothelial electrical resistance to quantify changes in endothelial resistance and 

permeability under heat stress. 

 

In vivo, animals will be assigned 

to four experimental groups: 

normal saline at room 

temperature, normal saline with 

heat stress at 42°C, WE thrombin 

at room temperature, and WE 

thrombin with heat stress at 42°C 

(Figure 6.6). Outcomes will include survival and lung injury severity assessed by histological analysis 

and lung wet/dry ratio, as well as endothelial permeability measured by bronchoalveolar lavage fluid 

protein content. In addition to pulmonary injury, systemic organ dysfunction will be evaluated by 

assessing kidney injury (serum creatinine and renal histology), liver injury (serum aminotransferases 

and hepatic histology), intestinal barrier disruption (gut permeability assays and circulating markers of 

epithelial injury), and brain injury (blood-brain barrier permeability and neuroinflammatory markers). 

Inflammatory and oxidative stress responses across organs will be assessed by ROS measurements and 

immunoblotting of stress and apoptotic signaling markers. 

 

 

 

 

 

 

 
Figure 6.6 In vivo experimental framework for assessing WE thrombin in 

heatstroke. Create with Biorender.com. 
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