
 

 

Inflammation- and infection-related alterations in the 

structure, biomechanics, and lytic susceptibility of fibrin 

  
 

PhD Thesis 

Ádám Zoltán Farkas 

 

Molecular Medicine Doctoral School 

Semmelweis University 

 

 

 

 

Supervisor:    Krasimir Kolev, MD, D.Sc 

Official reviewers:  Zsolt Oláh, MD, Ph.D 

János Fazakas, MD, Ph.D 

 

Head of the Final Examination Committee:       Gyula Domján, MD, Ph.D 

 

Members of the Final Examination Committee: György Blaskó, MD, D.Sc 

             Gábor Bőgel, MD, Ph.D 

 

Budapest 

2021 



 

1 

 

 

List of abbreviations ......................................................................................................... 5 

1. Introduction .............................................................................................................. 7 

1.1. Formation, structure, and mechanics of fibrin network ........................................ 8 

1.1.1. Activation and structure of thrombin ............................................................. 8 

1.1.2. Fibrinogen structure and formation of fibrin network .................................. 10 

1.1.2.1. Mechanical properties of fibrin ............................................................. 13 

1.2. Fibrinolysis .......................................................................................................... 14 

1.2.1. Activation of plasminogen ........................................................................... 14 

1.2.2. The molecular process of fibrinolysis .......................................................... 16 

1.2.3. The inhibitors of fibrinolysis ........................................................................ 17 

1.3 Staphylococcus aureus ......................................................................................... 19 

1.3.1 Staphylocoagulase ......................................................................................... 19 

1.3.2. von Willebrand factor binding protein, the other coagulase of S. aureus .... 22 

1.3.3. Haemostasis and S. aureus ........................................................................... 22 

1.4. Neutrophil extracellular traps (NETs) ................................................................. 23 

1.4.1. NETosis ........................................................................................................ 23 

1.4.1.2. Vital NETosis ........................................................................................ 23 

1.4.2. Structure of NETs ......................................................................................... 23 

1.4.3. NET formation .............................................................................................. 25 

1.4.3.1. Triggers of NET formation .................................................................... 25 

1.4.3.2. The NADPH-oxidase (Nox)-dependent pathway .................................. 27 

1.4.3.3. Nox-independent NETosis .................................................................... 28 

1.4.4. The degradation of NETs ............................................................................. 29 

1.4.5. NETs and hemostasis ................................................................................... 29 

1.4.5.1. The effects of DNA, the backbone of NETs ......................................... 29 



 

2 

 

1.4.5.2. The effects of histones on hemostasis ................................................... 30 

1.4.5.3. The role of neutrophil elastase .............................................................. 31 

1.4.5.4. The effect of NETs on hemostasis ......................................................... 31 

1.4.5.5. Effects of the hemostatic system on NETs ............................................ 31 

1.4.6. NETs and cancer ........................................................................................... 32 

1.5. Citrullination of fibrinogen .................................................................................. 34 

2. Objectives ................................................................................................................... 35 

2.1. The effects of staphylocoagulase on fibrin- and plasma clot structure, viscoelastic 

parameters, and fibrinolysis ........................................................................................ 35 

2.2. Neutrophil extracellular traps and the structure of ex vivo arterial and venous 

thrombi ....................................................................................................................... 35 

3. Methods ...................................................................................................................... 36 

3.1. Staphylocoagulase ............................................................................................... 36 

3.2. Neutrophil extracellular traps and the structure of ex vivo thrombi .................... 36 

3.2.1. Patient characteristics ................................................................................... 36 

3.2.2. Thrombus collection ..................................................................................... 38 

3.3. Thrombi from mice bearing human pancreatic tumors ....................................... 39 

3.3.1. Cells and the mouse tumor model ................................................................ 39 

3.3.2. Thrombosis model ........................................................................................ 39 

3.4. Citrullination of fibrinogen .................................................................................. 39 

3.5. Structural studies ................................................................................................. 40 

3.5.1. Scanning electron microscopy (SEM) .......................................................... 40 

3.5.2. Small-angle X-ray scattering (SAXS) .......................................................... 41 

3.5.3. Clot permeability .......................................................................................... 42 

3.5.4. Immunofluorescent imaging ......................................................................... 42 

3.6. Rheometry: viscoelasticity and mechanical stability studies .............................. 43 



 

3 

 

3.7. Fibrinolysis assays ............................................................................................... 43 

3.8. Statistical procedures ........................................................................................... 44 

4. Results ........................................................................................................................ 46 

4.1. Staphylocoagulase ............................................................................................... 46 

4.1.1. Clot Structure ................................................................................................ 46 

4.1.2. Viscoelastic Properties ................................................................................. 50 

4.1.3. Fibrinolysis ................................................................................................... 56 

4.2. Neutrophil extracellular traps and the structure of ex vivo thrombi .................... 58 

4.2.1. Extracellular DNA and cH3 ......................................................................... 58 

4.2.2. Fibrin content and fibrin fiber thickness....................................................... 68 

4.2.3. Thrombi from mice bearing human pancreatic tumors ................................ 71 

4.2.4. Citrullinated fibrinogen (CitFg) ................................................................... 73 

4.2.4.1. Effects of citrullination on fibrin structure ............................................ 73 

4.2.4.2. Mechanical consequences of fibrin citrullination .................................. 77 

4.2.4.3. Effects of citrullination on clot resistance to lysis ................................. 79 

5. Discussion ................................................................................................................... 82 

5.1. Staphylocoagulase ............................................................................................... 82 

5.2. Neutrophil extracellular traps and the structure of ex vivo thrombi .................... 85 

5.2.1. NET constituents in heart, brain, and peripheral arterial thrombi ................ 85 

5.2.2. Fibrin structure in thrombi ............................................................................ 87 

5.2.3. Citrullinated fibrinogen ................................................................................ 88 

6. Conclusions ................................................................................................................ 92 

7. Summary ..................................................................................................................... 94 

8. Összefoglalás .............................................................................................................. 95 

9. Bibliography ............................................................................................................... 96 

10. Bibliography of the candidate’s publications ......................................................... 133 



 

4 

 

10.1. Publications related to the PhD thesis ............................................................. 133 

10.2. Publications not related to the PhD thesis ....................................................... 134 

11. Acknowledgements ................................................................................................ 135 

 

  



 

5 

 

List of abbreviations 

AIS     Acute ischemic stroke 

ASA     Acetylsalicylic acid 

CAD     Coronary artery disease 

cH3     Citrullinated Histone H3 

CitFg     Citrullinated fibrinogen 

CRP     C-reactive protein 

DVT     Deep vein thrombosis 

FII-XIII(a)    (Active) factor II-XIII 

FD50     Median fibrin/DNA ratio 

FH50     Median fibrin/citrullinated H3 histone ratio 

G-CSF Granulocyte colony-stimulating factor 

HEPES 4-(2-hydroxyethyl)-1-piperazine-ethane-sulfonic 

acid 

IVC Inferior vena cava 

LSM     Laser scanning microscopy 
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NET(s)    Neutrophil extracellular trap(s) 

NE     Neutrophil elastase 

Nox     NADPH-oxidase 

PAD     Peripheral arterial disease 

PAD2,4    Peptidyl-arginine-deiminase 2 or 4 
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uPA     Urokinase type plasminogen activator 
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1. Introduction 

 

According to the statistics of the World Health Organization, cardiovascular-, infectious 

diseases and malignant tumors remain the leading cause of death worldwide (1). 

Thrombus formation is a critical step in the pathophysiology of these diseases. Therefore, 

the prognosis of these diseases might highly depend on how we can fine-tune the 

hemostatic balance. There is an excellent development in the treatment of 

thromboembolic disorders, but their mortality remains high. 

For better prognosis, novel therapeutic targets are needed. To identify such, it is necessary 

to understand the structural, mechanical, and lytic behavior of thrombi and determine 

their (easily accessible) predictors. 

The interplay between the hemostatic- and the immune system is long known, but many 

aspects remain unclear. On the host’s side, immune cells actively participate in thrombus 

formation, e.g., by neutrophil granulocytes releasing neutrophil extracellular traps 

(NETs). The altered structure of the formed clots and the antifibrinolytic effects caused 

by this network is well described (2). Thus, it is of interest to determine the NET content 

and its predictors in thrombi in different thromboembolic diseases. 

On the other hand, intruders can also use the hemostatic system for their own agenda: 

bacteria often switch the hemostatic balance to a procoagulant state to form a barrier and 

evade the immune response of the host. Staphylococcus aureus expresses 

staphylocoagulase (SCG) to form a fibrin barrier. Characterizing this unique hemostatic 

shield would further our knowledge of the pathomechanism and complications of 

infectious diseases. 

In our study, we examined ex vivo and in vitro thrombi focusing on NET content, 

predictors of clot structure, fibrinogen citrullination, and the effects of staphylocoagulase 

on thrombus composition, mechanical and lytic properties. 

Before presenting our methods and results, this chapter summarizes the formation, 

structure, and mechanical aspects of fibrin; staphylocoagulase, neutrophil extracellular 

traps, and their known role in hemostasis.  
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1.1. Formation, structure, and mechanics of fibrin network  

1.1.1. Activation and structure of thrombin 

The enzymatically active serine protease α-thrombin is generated from its inactive 

precursor by the prothrombinase complex, which consists of a serine protease (factor Xa), 

a non-enzymatic cofactor (Va), and Ca2+ ions assembling on a phospholipid surface. α-

Thrombin has two different chains: the A and B chains, while prothrombin (PT) also 

contains fragments 1 and 2 (3, 4). There are two distinct pathways for thrombin activation. 

1) The initial cleavage at Arg271 yields the inactive prethrombin-2 intermediate, and for 

α-thrombin generation, a subsequent cleavage by factor Xa is necessary at Arg320 (5). 2) 

If the first reaction happens at Arg320, enzymatically active meizothrombin is generated, 

and the subsequent step at Arg271 results in α-thrombin (Figure 1). 
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Figure 1. Thrombin generation. Human prothrombin consists of four main domains: 

the fragment 1, 2 and the A, B chains. Following cleavage at Arg271, Prethrombin-2 

(enzymatically inactive) is formed along with fragment 1.2. A subsequent cleavage at 

Arg320 results in the production of α-thrombin. Alternatively, meizothrombin (an active 

intermediate) may be formed, if the first cleavage happens at Arg320. After the removal 

of fragment 1.2 (cleavage at Arg271), α-thrombin is generated. Figure adapted from (3). 

 

In α-thrombin, a disulfide-bridge holds the A and B chains together, which consist of 36 

and 259 amino acid residues, respectively (6). 

Near the active site, exosite I – consisting of a 30s and 70s loop – has a role in binding 

fibrinogen, thrombomodulin, and in recognition of all further substrates of thrombin 

(PAR1, FV, FVIII, protein C, FXIII (7-15)). The role of exosite II is to bind heparin and 

platelets (through GpIbα receptor), but it also participates in the binding of FV, FVIII 

(16-20). 

Most endogenic inhibitors of thrombin belong to the family of serine-protease inhibitors, 

also known as serpins. Serpins are proteins that contain a reactive center loop (7). Serine 
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proteases such as thrombin attack the reactive center loop, which is followed by the 

disintegration of an Arg-Met peptide bond. The N-terminal of the reactive center loop 

goes through a conformational change, which results in the movement of the protease to 

the opposite side of the inhibitor (21-23). This sudden alteration distorts the active center 

of the protease and slows down the lysis of the acyl-enzyme bond, inhibiting the 

dissociation of the enzyme from the inhibitor (24-27). Antithrombin, protein C inhibitor, 

heparin cofactor II, protease nexin I are able to inhibit thrombin. Glycosaminoglycans 

(heparan-sulfate, heparin) bind to both exosite II of thrombin and the serpins, increasing 

their inhibitory effect (7, 28-34). 

 

1.1.2. Fibrinogen structure and formation of fibrin network 

Fibrinogen is a 340 kDa glycoprotein, which can be found normally at approximately 1.5-

4 g/L concentration in human blood plasma (35). It is an elongated, rod-shaped, 45 nm 

long molecule, consisting of three pairs of polypeptide chains (Figure 2): (Aα, Bß, γ)2 

(36, 37).  

 

Figure 2. The structure of fibrinogen. The first panel (A) shows the structure of 

fibrinogen with the three dimeric polypeptide chains (Aα, Bß, γ)2, which form the two 

distal D and the central E regions. The schematic structural figure (B) shows the disulfide 

bonds, holes ‘a’ and ‘b’. For a more detailed description, see the text below. FpA, FpB: 

Fibrinopeptide A and B. αC: C-terminal of the α-chain. Adapted from (38). 
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The Aα chain has 621, the Bß 461, and the most common γ form 411 amino acids (39). 

The chains are stabilized with altogether 29 disulfide bonds (40). The E region can be 

found in the center of the protein, while the two distal parts participate in the formation 

of two D regions. 

The cleavage of fibrinopeptide A at the N-terminal of fibrinogen Aα chain is the initiator 

of fibrin polymerization (41). As fibrinogen has a dimeric structure, two “A-knobs” are 

formed, which are able to attach to “a-holes” on γ-chains (Figure 3). This leads to the 

formation of a double-stranded, end-to-side attached fibrin protofibril. As the monomers 

are aligned in a half-staggered manner, a lateral periodicity of 5-10 nm and a longitudinal 

of 22.5 nm can be observed (42-49). This initial step is followed by the cleavage of 

fibrinopeptide B at the N-terminals of the Bß chains. Thus, two “B-knobs” are formed. 

The B-knob-b-hole interactions are thought to have a role in the lateral aggregation of 

fibrin (50). The C-terminal of α- and γ-chains, the so-called ß-nodules (see Figure 2), 

coiled coils, and N-glycans on fibrin monomers also have a role in lateral aggregation 

(51-53). The αC domains normally interact with the central portion of the molecule. 

During fibrin formation, αC domains dissociate from the central region and are available 

for intermolecular interaction. Thus, they are important for the enhancement of lateral 

aggregation during fibrin polymerization (54). As a result, thicker fibrin fibers are formed, 

with a diameter of 100-200 nm (55). The fibrin network also possesses branching points. 

These are made up of three distinct fibrin fibers of similar diameters (56). 
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Figure 3. Fibrin polymerization. Following the cleavage of fibrinopeptides A, A-knobs 

can attach to the a-holes found on the γ-chain in fibrin monomers, forming a double-

stranded, half staggered fibrin oligomer. After the removal of fibrinopeptides B, lateral 

aggregation starts, in which αC-regions also have an important role. As a result, fibrin 

fibers are formed. Branching points are formed with either trimolecular or bilateral 

junctions. For more details, see the text. Figure adapted from (57). 
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Fibrin fibers and branch points form pores of different sizes (0.1-5 µm), which allow the 

permeation of proteins, fluid, and nanoparticles through the clot (58-61). 

Fibrin structure is highly dependent on thrombin activity, as clots with higher thrombin 

concentration have thinner fibers, smaller pores, more branch points. Lowering thrombin 

activity has opposing effects (58, 62). 

1.1.2.1. Mechanical properties of fibrin 

Polymerized fibrin is viscoelastic, as it goes through a reversible mechanical deformation 

(elasticity), but also a slow irreversible deformation (viscosity) following mechanical 

impact. The elastic response is measured by the so-called shear storage modulus (G’), 

while the viscous response is characterized by the shear loss modulus (G”). The relative 

viscosity and stiffness of a clot are measured by the ratio G”/G’ (35). 

Each of the above-mentioned (D-E-D) regions of fibrinogen contains α-helical coiled 

coils (42), of which three right-handed coiled coils form a left-handed supercoil (63). 

These structures provide the ability for fibrin to undergo partial untangling and reversible 

extension-contraction (38). This enables the adaptation to tensile stress, although 

following stronger impact, the α-helices are converted into ß-sheets (64, 65). During 

mechanical stress, the unfolding coiled coils allow fibrin to elongate more than 5-fold, up 

to about 250 nm (66, 67). 

Increasing fibrinogen concentration leads to the formation of more rigid clots (increased 

G’), which is the result of higher fibrin fiber- and branchpoint density (56). The effect of 

thrombin- and CaCl2 concentration is more complex: clots are most rigid at a peak 

concentration of 0.25 IU/ml thrombin and 1.5 mM CaCl2. This is the result of optimal 

fiber diameter and branching point density (56). 
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1.2. Fibrinolysis 

Once clots fulfilled their purpose, their main fibrin scaffold must be eliminated. This 

process is called fibrinolysis and has two main steps (Figure 4). The activation of 

plasminogen (Plg, I) is followed by the digestion of fibrin (II) (68). 

 

Figure 4. The schematic diagram of fibrinolysis. Fibrinolysis has two main steps. First, 

plasminogen is activated by plasminogen activators (PA) to form plasmin. The active 

serine-protease plasmin can degrade fibrin, and the reaction yields fibrin degradation 

products (FDP). For more details, see the text below. Modified from (69). 

 

1.2.1. Activation of plasminogen 

The activation of Plg is carried out by endogenous and exogenous Plg activators. Tissue-

type plasminogen activator (tPA) with a 70 kDa weight is mainly secreted by vascular 

endothelial cells (70, 71). Fibrinolytic enzymes have homologous domains. In tPA, a 

finger-like domain, an epidermal growth factor-like domain, two kringle (K1, K2) 

domains, and a C-terminal trypsin-like catalytic domain can be found (72). The protein is 

secreted as a proenzyme in a single-chain form (sc-tPA). If plasmin cleaves the molecule 

next to an arginine residue, the activity of the formed two-chain tPA (tc-tPA) is about ten-

fold higher (73), but in the presence of fibrin(ogen) this difference disappears (74). tPA 

can attach to fibrinogen via its finger- and K2 domains (75, 76). Following the fibrinogen-

fibrin conversion, high-affinity lysine-dependent and low-affinity lysine-independent 

binding sites become available for tPA (77). tPA is a fibrin selective plasminogen-

activator, as it is only able to activate fibrin-bound Plg. Both enzymes can bind to fibrin, 

which provides them a scaffold for activation. Furthermore, binding to fibrin increases 

the enzymatic activity of tPA more than 100-fold (73). 

The urokinase-type plasminogen activator (uPA) is also secreted as a single-chain 53 

kDA proenzyme by endothelial cells, monocytes, leukocytes, epithelial cells, and 
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fibroblasts (78-82). uPA has a growth factor-like domain, a kringle domain, and a C-

terminal serine protease domain (72). Plasmin, FXIIa, trypsin, and cathepsins are able to 

cleave single-chain uPA to the active two-chain form (78, 83, 84). The growth factor-like 

domain has a role in uPA receptor-mediated activation (85). Once active, uPA is able to 

activate Plg without the presence of fibrin (86, 87). 

Streptokinase is an exogenous activator of Plg, produced by ß-hemolytic Streptococci. 

The 47 kDa protein forms a stoichiometric 1:1 complex with Plg. Streptokinase itself is 

a non-enzymatic activator, but the newly formed complex binds further Plg molecules 

and activates them to plasmin following proteolytic cleavage (88-92). 

Another Plg activator of bacterial origin is staphylokinase, which is secreted by 

Staphylococcus aureus (see chapter 1.3.3) (93). This nonenzymatic activator also forms 

a 1:1 complex with Plg, which induces a conformational alteration in the active center of 

the proenzyme, and the newly formed complex serves as a Plg activator (94, 95). Fibrin 

acts as a cofactor in the process, as it not only protects the activator complex from the 

fibrinolysis inhibitor α2-antiplasmin, but also increases the activity of the staphylokinase-

plasmin activator complex (95-97). 

Plasminogen is a 92 kDa glycoprotein secreted by the liver and has a blood plasma 

concentration of 2 µM (98, 99). The amino acid sequence of the enzyme starts with 

glutamate (Glu-Plg), which is part of the N-terminal preactivation peptide. During limited 

proteolysis catalyzed by plasmin, the preactivation peptide is removed, while lysine-Plg 

is formed. The N-terminal part is followed by five kringle domains (K1-5) stabilized by 

three disulfide bonds in each domain (100). The C-terminal is the catalytic domain. Upon 

activation, His603, Asp646, and Ser741 are brought together, forming the active site 

characteristic of serine proteases, which can degrade fibrin (72). 

In Lys-Plg, the N-terminal is removed; thus, the new conformation supports the binding 

and activation of the proenzyme with tPA or uPA. Furthermore, Lys-Plg can attach to 

fibrin easier than Glu-Plg (101, 102). K1-2 and K4-5 are able to bind to C-terminal Lys-

residues (K1 and K4 have the highest affinity to fibrin(ogen)) (103-106). 

The activation of plasminogen during the lysis of a clot is rather complex. First, Plg 

molecules embedded in fibrin will be activated. As plasmin cleaves fibrin next to Lys-

residues, new C-terminal Lys amino acids become available. This potentiates the 

recruitment of further Plg-molecules and also tPA (which can attach to fibrin with its 
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kringle domain) (72). Plg and tPA are brought to close contact, and after a peptide bond 

between Arg561 and Val562 is cleaved near K5 by Plg activators, the two-chained active 

plasmin is formed (107). Fibrin serves as a cofactor in Plg activation, as upon binding to 

fibrin, Plg goes through a conformational change, which facilitates its conversion to 

plasmin (108). 

 

1.2.2. The molecular process of fibrinolysis 

Activated plasmin initiates fibrinolysis as described in the previous chapter. First, free C-

terminal Lys residues are liberated, which is followed by the subsequent binding of 

further plasmin and tPa molecules, which leads to positive feedback. On the clot surface, 

numerous Lys binding sites are found (at least one per fibrin monomer), and the affinity 

of plasmin and tPa for fibrin is rather high (KD ~ 10-8 M) (68, 109). Thus, tPa attaches to 

fibrin mainly on the surface – although the pores in fibrin would allow tPa to diffuse 

deeper (68, 72). The initial lysis happens in a few micrometers depth from the surface 

(110-112). Later, according to the concentration gradient of fibrinolytic enzymes, deeper 

parts of the thrombi also begin to dissolve (112, 113). 

The binding site of plasmin is near the end-to-end binding site of fibrin monomers. The 

flexible protein is able to reach the cleavage site on the adjacent protofibrils; thus, it 

“crawls” from strand to strand while cleaving fibrin fibers (114). In the lateral direction, 

there are only 5-10 nm wide gaps, which allows K2 of plasmin to bind to the second fibrin 

strand before it releases the previous one with K1. Thus, first, a bridge is formed, and 

when the lysis of the fibrin strand bound by K1 is complete, the enzyme crawls to the 

next strand, bound by K2 (115, 116). 

During plasmin-mediated lysis, soluble fibrin degradation products are formed: fragments 

E and D. According to the structure of fibrin, fragment E is from the central, and D 

fragments are from the lateral domains. FXIIIa-crosslinked fibrin monomers yield D-

dimers (117). The total dissolution of clots requires approximately 25% degradation of 

E-D interactions (118).  

Fibrin fiber diameter has a great impact on fibrinolysis. Although single fibers are cleaved 

faster when they are thinner, whole fibrin matrices with thicker fibrin fibers tend to be 

lysed faster (119). In clots with thicker fibers, fibrinolytic enzymes have to cut through 
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fewer fibrin strands, and the movement of t-PA “frontline” is faster, leading to increased 

plasminogen activation (120). 

 

1.2.3. The inhibitors of fibrinolysis 

Plasminogen activator inhibitor 1 (PAI-1) is a serpin secreted by endothelial cells, 

platelets, and also hepatocytes (29, 121-124). The main targets of PAI-1 are tPA and uPA 

(forming a 1:1 stochiometric complex), but it is also able to inhibit plasmin itself (121, 

125). The rapid, spontaneous inactivation of PAI-1 is inhibited by binding to vitronectin 

in blood plasma (126-128). As vitronectin is found at the site of vascular injury, PAI-1 

can bind to the glycoprotein and inhibit early clot lysis (129, 130). Following inhibition, 

the enzyme-inhibitor complex is eliminated from the circulation, which is followed by 

intracellular degradation (131). 

Plasminogen activator inhibitor 2 (PAI-2) also belongs to the family of serpins. This 

inhibitor is secreted by monocytes, placental trophoblasts (132-134). The inhibiting effect 

of PAI-2 on uPA and tc-tPA is lower than PAI-1 (10-50-fold lower rate constant 

compared to PAI-1) (135). There is a Gln-rich region in PAI-2 that serves as a substrate 

for the transglutaminase FXIIIa (136). Thus, PAI-2 can be attached covalently to the α 

chain of fibrin during transglutamination with an isopeptide bond (137). 

The serpin α2-plasmin inhibitor (α2-PI) is secreted by the liver. The main inhibitor of 

plasmin has a blood plasma concentration of approximately 1 µM (138, 139). α2-PI can 

inhibit plasmin in many ways: 1) It can bind covalently to fibrin (this process is similar 

to the binding of PAI-2 to fibrin, (140-143), which renders clots more resistant to 

fibrinolysis. 2) As the inhibitor has surface Lys-residues, it competitively inhibits 

plasmin. 3) It forms an inactive enzyme-inhibitor complex with high affinity, as the C-

terminal of α2-PI can bind to the kringle domains of Plg of plasmin (KD= 2x10-10 M) (144). 

α2-macroglobulin is a homotetrameric glycoprotein that can inhibit many proteinases. In 

the central region of the protein, the “bait” can be cleaved by almost all endopeptidases. 

Cleavage of the bait sequence is followed by a conformational change that traps the 

enzyme (145, 146). When this cage is closed, an internal ß-cysteinyl-γ-glutamyl thiol 

ester bond is available to form a covalent bond with the enzyme (147, 148). The enzyme-

inhibitor complex goes through receptor-mediated internalization (with LDL-receptor 

related protein 1) and intracellular degradation (149). 
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Thrombin activated fibrinolysis inhibitor (TAFI) is a metallo-carboxypeptidase secreted 

by the liver as a zymogen (150, 151). To gain maximal activity, the enzyme has to go 

through proteolysis (yielding TAFIa), the removal of an activation peptide catalyzed by 

thrombin (or plasmin) (150, 152-154). Thrombin activates TAFI efficiently when bound 

to thrombomodulin, as its activity increases more than 1000-fold (155, 156). Thrombin 

catalyzed TAFI-activation is Ca2+-dependent (157, 158). Plasmin does not require Ca2+ 

to activate TAFI, but the efficiency of the process is ten-fold lower compared to the 

thrombin-thrombomodulin complex (159). Removing C-terminal lysine residues from 

fibrin, TAFI decreases binding sites for fibrinolytic enzymes (157, 160). TAFIa also 

inhibits the conversion of Glu-Plg to Lys-Plg (161, 162). Removing Lys-residues also 

decreases the half-life of plasmin, as Lys-bound plasmin is more resistant to α2-

macroglobulin (163). TAFIa can be crosslinked to fibrin by FXIIIa, which increases the 

half-life of the enzyme (164). The soluble form is rather unstable, and the enzyme loses 

its activity in minutes following an intrinsic structural alteration (165, 166). Inner regions 

are exposed that can bind to α2-macroglobulin, which is followed by the elimination of 

TAFIa (109).  
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1.3 Staphylococcus aureus 

S. aureus is a Gram-positive coccal bacterium, a member of the human normal microbial 

flora, which can cause a broad palette of pathologies – from localized skin infections to 

life-threatening invasive diseases (167, 168). The spreading of antibiotic-resistant strains 

poses an increasing burden on healthcare (169). S. aureus infections can be coupled to 

the formation of abscesses or valvular vegetation in infective endocarditis (168), which 

exemplifies the interplay between bacterial pathogenic factors and the blood coagulation 

and innate immunity systems of the host. In endocarditis, bacteria colonize the 

endocardium – either following endothelial layer injury or endothelial cell activation – 

and the bacterial products, as well as the inflammatory process, can destroy the heart 

valve tissue (170). 

 

1.3.1 Staphylocoagulase 

S. aureus has a remarkable number of virulence factors, some of which are specifically 

designed to alter and exploit the host coagulation system to its own advantage for 

propagation in the host organism. One of these factors is staphylocoagulase, a protein that 

binds to prothrombin, and the formed SCG-PT complex (staphylothrombin) expresses 

thrombin-like proteolytic activity through a non-proteolytic zymogen activation of 

prothrombin (171, 172).  

SCG is a single-chain molecule with an approximately 61.000 Da molecular weight (173). 

In the N-terminal region, it contains D1-D2 α-helical domains, followed by a linker region 

(Figure 5). In the C-terminal region, the R-domain contains several 27-amino acid repeats. 

The N-terminal region, mainly the D2 domain is responsible for binding with high affinity 

to exosite I on thrombin or proexosite I on prothrombin/prethrombin-2  (171, 174). Each 

repeat in the R-domain is available to bind a fibrinogen molecule, which retains the 

enzyme to the growing clot or bacterial vegetation (175-177).  
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Figure 5. The schematic structure of staphylocoagulase and von Willebrand factor 

binding protein (vWFbp). S indicates a signal peptide sequence. D1-D2, R are domains 

of staphylocoagulase and vWFbp, as detailed in the text. The arrow near vWFbp indicates 

the binding site of von Willebrand factor (vWF). Modified from (171). 

 

SCG is able to form a stoichiometric 1:1 complex with prothrombin, which is followed 

by the insertion of the N-terminal peptide sequence (D1 domain and the N-terminal 

dipeptide, which is similar to that found on cleaved thrombin (171)) of SCG into the 

activation pocket of PT (Figure 6). The formed complex (SCG-PT) can convert 

fibrinogen to fibrin without the proteolytic activation of PT (171). 
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Figure 6. Schematic view of prothrombin activation by FXa (A) or 

staphylocoagulase (B). Panel A shows the physiological route of prothrombin activation 

by factor Xa-Va-Phospholipids (PL) from prothrombin (Pro). Pre2 indicates prethrombin-

2 found in the structure of prothrombin along with F1, 2: fragments 1 and 2. The 

staphylocoagulase (SC) mediated activation of prothrombin can be seen on panel B. After 

SC is attached to prothrombin, the N- terminal Ile residue is inserted into the activation 

pocket of prothrombin. For more details, see the text above. Modified from (174). 

 

SCG-PT has a high specificity toward fibrinogen and is unable to bind other physiological 

substrates of thrombin, including its plasma inhibitors (174, 178). Furthermore, 

conventional antithrombotic therapy is usually ineffective against SCG-PT; only small-

molecular inhibitors might be used (e.g., argatroban, dabigatran (179)). Hirudin and 

bivalirudin are bivalent, potent thrombin inhibitors. The binding of these molecules to 

exosite I is blocked (see in the text above). The resulting uncontrolled fibrin formation is 

thought to play a role in abscess development and bacterial attachment to cardiac valves 

in acute endocarditis or vascular implants (177, 178, 180). A common complication in 

endocarditis is the occurrence of septic embolisms (181), but in the absence of data on 

the characteristics of the fibrin matrix formed by SCG-PT, the exact contribution of this 

fibrin to the fragmentation and embolization of the bacterial vegetations is not clear (181). 



 

22 

 

1.3.2. von Willebrand factor binding protein, the other coagulase of S. aureus 

von Willebrand factor binding protein (vWFbp) is anchored to the bacterial cell wall by 

clumping factor A (another virulence factor of S. aureus) (182). The protein has structural 

similarities to SCG, as they share the N-terminal and D1-2 domains (Figure 5). Thus, 

vWFbp can also activate prothrombin, as discussed in the previous chapter (180). Besides 

activating prothrombin, vWFbp also binds to the A domain of vWF, tethering S. aureus 

bacteria to the vessel wall upon injury, as on the C-terminal binding sites for vWF and 

fibrinogen are available. (183-186). With the coagulase activity, bacteria released from 

the primary infection site form bacteria-fibrin-platelet aggregates that can adhere to the 

vessel wall, making it possible to form metastatic infections or infective endocarditis 

(186). 

 

1.3.3. Haemostasis and S. aureus 

S. aureus infection is often accompanied by biofilm and/or abscess formation, in which 

fibrin is an abundant structural element. This network shields bacteria from the immune 

system, thus the experimental genetic removal of SCG or vWFbp from the pathogen (or 

pharmacologically inhibiting their effect with dabigatran) significantly reduced its ability 

to cause skin- or catheter infections, making them potential therapeutic targets (187, 188). 

In bacterial endocarditis, fibrin and platelets form a matrix in which S. aureus is 

embedded (189). Infection with SCG-vWFbp mutant S. aureus results in lower 

pathogenicity and increased survival (177); in rats, dabigatran has a preventive effect 

against S. aureus endocarditis (190). 
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1.4. Neutrophil extracellular traps (NETs) 

NETs are net-like structures composed of decondensed chromatin and embedded 

antimicrobial peptides emitted by polymorphonuclear cells to the extracellular space 

(191). 

 

1.4.1. NETosis 

1.4.1.1. Suicidal NETosis 

Brinkman et al. described a novel cell death, where neutrophils – following different 

stimuli (e.g., Phorbol 12-myristate 13-acetate in vitro) – are activated, and minutes later, 

cells become flat (191-194). The nucleus loses its lobulation, the chromatin becomes 

decondensed, the inner-, and outer nuclear membrane separates, and they form vesicles. 

The intracellular granules disintegrate; thus, the cytoplasm and nucleoplasm form a 

homogenous mass. Cells become rounded and shrink until the cell membrane bursts and 

the cell content is released to the extracellular space (194). This phenomenon was named 

NETosis (194-196). The process is different from apoptosis or necrosis, as the cell 

membrane remains intact (194), no phosphatidyl-serine exposure, membrane blebbing, 

chromatin-condensation, or DNS-fragmentation is observable (194, 197), and the process 

does not require caspase activity (198). This so-called suicidal NETosis requires 2-3 

hours (194). 

 

1.4.1.2. Vital NETosis 

Another distinct form of NET formation is vital NETosis, during which neutrophils 

survive NET-release, the cell membrane remains intact, and the cells further function as 

antimicrobial cytoplasts (199-201). This process is faster compared to suicidal NETosis, 

occurs in 5-60 minutes, and involves either nuclear or mitochondrial DNA (191, 199, 

200). 

 

1.4.2. Structure of NETs 

The main scaffold of NETs is composed of 15-17 nm wide DNA threads, which are 

“decorated” with 25-50 nm globular domains (191, 202). These can organize into thicker 

fibers with a diameter of 15-25 nm, mimicking thin fibrin fibers (Figure 8) (203). 

According to transmission electron microscopic images, these structures are not 
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surrounded by membranes proving the extracellular localization (191). When hydrated, 

NETs are cloud-like structures, with a volume 10-15 fold bigger than the emitting cell 

(204, 205). 

 

Figure 8. Intertwined fibrin and neutrophil extracellular trap (NET) scaffolds of 

thrombi. A: Scanning electron micrograph of NETs released by phorbol myristate 

acetate-activated isolated neutrophils in a fibrin clot. B: Confocal micrograph of a 

coronary thrombus removed with percutaneous coronary thromboaspiration from a 39-

year old female patient with acute myocardial infarction and immunostained for fibrin 

(green) and citrullinated histone H3 (red) and stained for DNA with TOTO-3 (blue). 

Modified from (206). 

 

Antimicrobial peptides are bound to the extracellular scaffold. Both core (H2A, H2B, H3, 

H4) and linker (H1) histones but also their degradation products (buphorines) attach to 

DNA (191, 193, 207). In NETs, H2A- and H2B histones are bound to DNA, but H3, H4 

histones have a lower affinity, which leads to their dissociation. The peptidyl-arginine-

deiminase 4 (PAD4, see in chapter 1.4.3.3 and 1.5) processed H1 histone is also prone to 

dissociate from extracellular DNA (205, 208). Along with the nuclear histones, 

cytoplasmatic (calprotectin) and many granular proteins (including enzymes, serine 

proteases) can be found in NETs: neutrophil elastase (NE), myeloperoxidase (MPO), 

cathepsin G, defensines, azurocidine, lactoferrin, gelatinase, proteinase 3, proteoglycan 

recognizing proteins, neutrophil serine protease 4, bactericidal permeability-increasing 

protein (205, 209-217). 
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1.4.3. NET formation 

1.4.3.1. Triggers of NET formation 

NET formation can be induced by pathogens, antigen-antibody complexes, activated 

cells, and other endogenous, non-endogenous factors (Table 1, (209, 218-228). The 

amount of NETs is often proportional to the amount of the activator. The stimulatory 

effect of microbial components is less effective than that of whole microorganisms (193, 

194). Many receptors are included in the signal transduction, such as Toll-like receptors, 

Fc immunoglobulin receptors, cytokine receptors, or the Mac-1 integrin receptor (191, 

218, 229-231). HIV-1 virus can initiate NET formation through endosomal Toll-like 

receptors 7 and 8 (232). 
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Table 1. Microbial and non-microbial inducers of NET-formation. Based on (209, 

218-228). 

Microbial stimuli 

Bacteria Fungi Viruses 

Staphylococcus aureus 

Streptococcus pyogenes 

Streptococcus 

dysgalactiae 

Escherichia coli 

Shigella flexneri 

Haemophilus influenzae 

Yersinia enterocolica 

Yersinia 

pseudotuberculosis 

Mannheimia haemolytica 

Mycobacterium 

tuberculosis 

Mycobacterium canettii 

Klebsiella pneumoniae 

Listeria monocytogenes 

Porphyromonas gingivalis 

Pseduomonas aeruginosa 

Enterococcus faecalis 

Helicobacter pylori 

Lactococcus lactis 

Serratia marcescens 

Candida albicans 

Aspergillus fumigatus 

Aspergillus nidulans 

Cryptococcus 

gattii/neoformans 

SARS-CoV-2 

Feline leukemia virus 

HIV-1 

Influenza A 

Microbial particles Protozoa 

Lipopolysaccharide 

Lipophosphoglycane 

Formil-methionyl-leucil-phenylalanine 

δ-toxin of S. epidermidis 

Glucose-oxidase 

Leishmania amazonensis 

Leishmania donovani 

Leishmania major 

Leishmania chagasi 

Toxoplasma gondii 
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M1 protein-fibrinogen complex 

Panton-Valentin leukocidin 

Non-microbial inducers 

Endogenous factors Non-physiological factors 

Interleukin-1ß/8/23 

Autoantigens 

Antigen-antibody complexes 

TLR4-activated platelet 

Activated endothelial cell 

NO 

Na-urate crystal 

Ca2+ 

Granulocyte-monocyte colony-stimulating factor + 

Complement 5a or lipopolysaccharide 

Interferone + eotaxine 

Interferon-α/γ + Complement 5a 

Interleukin-5 + Interferon-γ or lipopolysaccharide 

H2O2 

Tumor necrosis factor α 

Platelet-activating factor 

Phorbol 12-myristate 13-

acetate 

Phorbol 12-myristate 13-

acetate + ionomycin 

Cholesterol-lowering statins 

 

1.4.3.2. The NADPH-oxidase (Nox)-dependent pathway 

During suicidal NETosis, various agonists may induce Nox-dependent NET formation in 

two different pathways (191, 233). Following stimulation, Ca2+ enters the cytosol from 

the endoplasmatic reticulum increasing the activity of protein kinase C. This results in the 

phosphorylation of gp91phox/Nox2, which is necessary for the assembly of Nox (234). 

Nox has a role in generating free oxygen radicals: it reduces molecular oxygen to 

superoxide-anion with an electron from NADPH. This is further converted by superoxide-

dismutase to H2O2, a substrate of myeloperoxidase. Myeloperoxidase (MPO) catalyzes 

the formation of HOCl (235). These reactive oxygen species (ROS) have a role in the 

disintegration of granular and nuclear membranes (194, 235). As neutrophil elastase (NE) 

and MPO are liberated from granules, they can get into close contact with nuclear 
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proteins, resulting in the degradation of histones, facilitating chromatin decondensation 

(235). H1 and core histones are cleaved by NE, of which the degradation of H4 seems to 

have the most prominent effect on chromatin-decondensation (235). MPO travels to the 

nucleus in the first 30 minutes of NETosis, following NE, and potentiates chromatin-

decondensation non-enzymatically by chlorination (235, 236). The swelling nucleus leads 

to the disappearance of nuclear lobules (237, 238). The cytosolic and nuclear content is 

mixed together, DNA becomes decorated with antimicrobial (granular) content and is 

later released to the extracellular place (191, 235). 

Upstream of Nox activation, there can be substantial differences in signal transduction. 

Following activation with phorbol 12-myristate 13-acetate, the Raf-Mek-Erk and Rac2 

pathway lead to Nox-activation (239, 240). However, following stimulation with 

lipopolysaccharide, a separate pathway is initiated, mediated by c-Jun N-terminal kinases 

(241). 

 

1.4.3.3. Nox-independent NETosis 

Nox-independent NETosis is a puzzle yet to be solved. Parker et al. showed that calcium 

ionophores (e.g., ionomycin) could induce NETosis, independently of the Nox pathway 

(227). PAD4 has an essential role in the process, as the calcium influx initiated by the 

non-physiological ionophores activates the enzyme, which is translocated to the nucleus 

(as it has a nuclear localization signal in its structure, (242)). Here, the enzyme catalyzes 

the deimination of Arg into citrulline, accompanied by the loss of a positive charge (237). 

Substrates of PAD4 include lamin C, core, linker histones, and PAD4 itself (which may 

lead to decreased activity) (208, 237, 243-245). The result is DNA-histone dissociation 

and the detachment of heterochromatin protein 1ß, leading to chromatin decondensation 

(234, 237, 246-248). 

Calcium-activated potassium channels and mitochondrial ROS also seem to have an 

essential role in Nox-independent NET formation, as inhibiting these potassium channels 

or mitochondrial ROS production decreases NETosis (247). Ravindran et al. reviewed 

that mitochondria in neutrophils play only a minimal role in ATP synthesis (249); 

therefore, mitochondria could have a novel role and serve as a ROS generator for Nox-

independent NET-formation (202). 
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1.4.4. The degradation of NETs 

The clearance of NETs is a two-step, complicated process, as each component requires 

distinct mechanisms for breakdown. First, NETs have to be fragmented, and later, the 

remnants are removed by phagocytic cells. The degradation is mediated by DNases, 

proteolytic enzymes, and macrophages, neutrophils that clear the debris (250). DNase I 

is secreted into human blood plasma by several exo-, endocrine organs (251-253), while 

DNase-I-like-3 is produced by hepatocytes, cells of the kidney, spleen, and also 

macrophages (254). Their role is to break down the main scaffold of NETs. Plasmin has 

a supportive role in the process, as it facilitates DNase activity by breaking down histones 

(255). However, such cooperation is not possible between plasmin and DNase-I-like-3, 

as the latter one is a substrate of plasmin (256). 

Histones are degraded by NE, thrombin, and activated protein C (257). The efficacy of 

activated protein C might be reduced when histones are bound to DNA (258, 259). 

During debris phagocytosis, macrophages secrete resolvins and protectins, which reduce 

further neutrophil activation (260). 

 

1.4.5. NETs and hemostasis 

The immune- and hemostatic systems often cooperate in fighting bacteria, and thrombus 

formation is often coupled with NET production, leading to “immunothrombosis” (261). 

NETs and fibrin networks become intertwined (Figure 8) in clots leading to functional 

and structural consequences. 

 

1.4.5.1. The effects of DNA, the backbone of NETs 

The DNA network of NETs is highly negatively charged with the potential to enhance 

the activation of FXII (262). Polyphosphates released to the extracellular space also lead 

to FXII activation following histone-mediated platelet activation during NETosis (263, 

264). DNA also has a role in clotting initiation through the extrinsic pathway and serves 

as a cofactor for thrombin-dependent FXI activation (265, 266).  

Cell-free DNA also has antifibrinolytic effects. The formation of PAI-1 - tPA complexes 

is more prominent; DNA and fibrin may form an inactive complex with plasmin; tPA-

mediated plasminogen activation is inhibited (258, 267, 268). Plasmin mediated lysis rate 

is lower. Once fibrin is digested, the release of fibrin degradation products is also slower 
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(258, 269). These findings are supported by the fact that the lysis of ex vivo and in vitro 

clots is enhanced in the presence of DNases (258, 270, 271). 

 

1.4.5.2. The effects of histones on hemostasis 

Histones may bind to phospholipid membranes, leading to prolonged clotting time in vitro 

(272, 273). During NETosis, histones can bind to endothelial cells in vivo, leading to pore 

formation, ion influx, and endothelial activation (or even cell death) (259, 274, 275). 

Positive feedback can be initiated, due to H2O2 release from the activated cells, leading to 

neutrophil activation and NETosis (194). Von Willebrand factor is released from Weibel-

Palade bodies, leading to platelets binding to collagen (276). 

Histones may bind to other cells, including neutrophils, leading to further NETosis (277), 

and also to red blood cells, platelets. Binding to platelets is followed by the activation of 

the GpIIbIIIa integrin receptor due to calcium influx, and the result is platelets binding to 

fibrin (278-280). Histones also potentiate thrombin mediated-, and Toll-like receptor 2, 4 

mediated platelet activation (263, 281). These processes are further facilitated by the 

binding of histones to fibrinogen (258). Through all these effects in vivo histones lead to 

rapid thrombosis and thrombocytopenia (259, 282, 283). Red blood cells can expose 

phosphatidylserine, which is enhanced upon histone binding, leading to increased 

thrombin generation (284, 285). 

Histones also interfere with the protein components of the coagulation system, they can 

be “built-into” fibrin fibers during polymerization, which renders clots more resistant 

against lysis and shear stress (269). Histones not only increase prothrombin activation but 

inhibit antithrombin-mediated thrombin inactivation (258, 286). The formation of 

activated protein C is decreased as histones inhibit thrombin-thrombomodulin interaction 

(259, 287). Activated protein C is further inhibited by neutrophil elastase and oxidases, 

which reduces NET degradation (see in chapter 1.4.4.) (288, 289). Hindered thrombin-

thrombomodulin interaction also leads to lower TAFIa activity leading to the increased 

number of plasminogen binding sites, maintaining the hemostatic balance (155, 157). 

Interestingly, SCG-PT mediated fibrin formation is facilitated when polylysine (mimicker 

of H1 lysine-rich histone) is present (290). 
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1.4.5.3. The role of neutrophil elastase  

Neutrophil elastase may interfere with clotting and fibrinolysis. It can lead to the 

formation of miniplasminogen (formed from plasminogen), which can digest covalently 

cross-linked fibrin more efficiently, and it is also easier to be activated to miniplasmin 

(291, 292). NE itself is able to degrade fibrin; furthermore, it inactivates α2-plasmin 

inhibitor (291, 293). Cleaving vWF by NE results in platelet release under high shear 

rates (294). Thrombin and FX can also be cleaved by NE, which is accompanied by the 

formation of antimicrobial peptides (295). 

The procoagulant effects of NE include cleaving antithrombin, thrombomodulin, tissue 

factor pathway inhibitor, and subendothelial proteins, resulting in a more thrombogenic 

pattern (155, 296-298). By cleaving uPA and tPA, NE also presents antifibrinolytic 

properties (299). 

 

1.4.5.4. The effect of NETs on hemostasis 

The effects of the most important components of NETs are discussed above. However, 

when they are emitted together to the extracellular space during immunothrombosis, their 

effects might be modified. DNA and histones have synergizing effects in increasing the 

mechanical stability of clots, but cell-free DNA does not further modify the effects of 

histones on tPA-mediated clot lysis (258, 269). NE may degrade histones in the 

extracellular space – reducing their effects – which is potentiated by the inactivation of 

the NE inhibitor α1-antitrypsin by MPO (300). DNA-bound NE may also be hard to reach 

for inhibitors. 

 

1.4.5.5. Effects of the hemostatic system on NETs 

It is now well-known that during immunothrombosis, the hemostatic system affects NET 

production and stability. FXIIa can lead to NET formation through a uPA receptor-

mediated process (301). When thrombin cleaves complement C5 and C3, their active 

forms result in leukocyte migration and NETosis (302). Cross-linking of fibrin leads to 

increased mechanical stability. Histones in NETs might also be cross-linked and 

stabilized through neutrophil-derived transglutaminases, increasing their stability (303). 

As vWF is secreted from endothelial cells upon histone-mediated cell injury, it links DNA 
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and histones to the fibrin network through platelets (304, 305). Thus, vWF forms a third 

scaffold in thrombi (beside fibrin and NETs) (306). 

 

1.4.6. NETs and cancer 

Cancer patients have a 4- to 7-fold increased risk of venous thromboembolism (VTE) 

compared with the general population (307). However, the rates of VTE vary in different 

cancer types. For instance, breast cancer has a low rate, whereas pancreatic cancer has a 

high rate of VTE (308). This variability suggests that there may be cancer-type-specific 

mechanisms of VTE (309). 

Leukocytosis is often observed in cancer patients, particularly patients with lung and 

colorectal cancer (309). Leukocytosis is also associated with VTE in cancer patients and 

is a component of the Khorana Risk Score for predicting chemotherapy-associated 

thrombosis in ambulatory cancer patients (310-312). In addition, some patients have 

increased circulating levels of hematopoietic cytokines, such as granulocyte-colony 

stimulating factor (313). The coagulation cascade is activated by pathogens as part of the 

innate immune system to limit the dissemination of infection (314). Activated monocytes 

can trigger thrombosis by expressing tissue factor (315). Activated neutrophils release 

proteases, such as neutrophil elastase, which enhance thrombosis by degrading the 

anticoagulant protein tissue factor pathway inhibitor (296). In addition, neutrophils also 

release NETs. PAD4 is also expressed by the human breast cancer cell line MCF7.31 

Citrullinated histones, such as citrullinated histone H3, are widely used as a biomarker of 

NET formation. In mice, it has been proposed that PAD4 is required for NET formation 

(237). Indeed, PAD4−/− mice have smaller thrombi in the inferior vena cava (IVC) 

stenosis model (316). Interestingly, a recent study found an association between plasma 

levels of cH3 and VTE in patients with pancreatic and lung cancer but not in those with 

other types of cancer, such as breast cancer (317). In another study, plasma levels of 

nucleosomes and cell-free DNA were higher in cancer patients than in healthy controls, 

but these are not NET-specific biomarkers (318). 

Neutrophilia was observed in mice bearing murine breast 4T1 tumors and human 

pancreatic BxPc-3 tumors (319-322). In addition, mice bearing 4T1 breast tumors had 

increased levels of circulating markers of neutrophil activation and NET, such as cH3 and 

myeloperoxidase (321, 322). Furthermore, tumor-bearing mice had more rapid 
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thrombotic occlusion in a jugular vein Rose Bengal/laser-induced injury model (322). 

Interestingly, administration of DNase I to degrade cell-free DNA and NET did not affect 

thrombotic occlusion in control mice but provided protection from the enhanced venous 

thrombosis observed in tumor-bearing mice (322). These studies suggest that neutrophils 

and NET contribute to venous thrombosis in a murine breast cancer model. 

In view of recent clinical data suggesting a role of NET in VTE in patients with pancreatic 

cancer (317), it is of interest to investigate the contribution of neutrophils and NET to 

venous thrombosis.  
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1.5. Citrullination of fibrinogen 

Intracellular citrullination of histones by PAD4 was identified as a hallmark of chromatin 

decondensation during NET formation, and circulating biomarkers of NETosis 

(extracellular DNA, citrullinated histone H3) showed association with venous 

thromboembolism risk (237, 317, 323). However, NET-forming neutrophils also secrete 

PAD4 and PAD2 (324). Furthermore, PAD4 has been detected on the surface of 

neutrophils, and PAD2 may be spontaneously released from neutrophils independently of 

NETosis (325). Both PAD4 and PAD2 catalyze citrullination of fibrinogen, according to 

in vitro data (326).  

The structure of the fibrin matrix is a major determinant of the lytic susceptibility of clots 

(327). Consequently, posttranslational modifications of fibrin(ogen) (oxidation, 

glyoxilation, carbamylation, glycation) that alter fibrin structure, modify fibrin stability 

(327-329). Citrullination – another posttranslational modification potentially converting 

23 peptidyl-arginyl residues of fibrinogen into peptidyl-citrulline – is a proven 

phenomenon in inflammatory joint diseases as well as in atherosclerotic plaques (330-

332).  

Some of the modified Arg residues of fibrin include thrombin recognition sites, which 

renders fibrinogen more resistant to thrombin-mediated digestion. The release of 

fibrinopeptide A and B is impaired, citrullinated fibrinogen is resistant to fibrin monomer 

polymerization. Furthermore, the presence of citrullinated fibrinogen inhibited the 

polymerization of native fibrinogen in a dose-dependent manner (333, 334). At the same 

time, the significance of citrullinated fibrinogen (CitFg) in intravascular thrombosis is 

unknown, and studies concerning the structure of fibrin formed in the presence of CitFg 

provide little or no insight into the mechanical and lytic susceptibility of such clots (333-

335). However, mounting research on neutrophil extracellular traps (NETs) from the last 

decade has made a compelling case to direct attention to the effects of CitFg on clot 

stability (306).  

There are other substrates for PAD2, 4 in the hemostatic system. Citrullinating 

antithrombin leads to a decreased inhibitory effect (336). Other substrates include the 

activators and inhibitors of the fibrinolytic system (337). The activity of ADAMTS13 (a 

vWF cleaving protease) also decreases upon citrullination leading to the increased half-

life of vWF multimers (338). 
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2. Objectives 

 

2.1. The effects of staphylocoagulase on fibrin- and plasma clot structure, 

viscoelastic parameters, and fibrinolysis 

1.  To improve our understanding of clot structure formed in the presence of 

staphylothrombin. 

2.  To characterize the viscoelastic properties of such clots. 

3.  To monitor changes in fibrinolytic properties. 

4.  To assess whether staphylocoagulase also has an impact on thrombin. 

 

2.2. Neutrophil extracellular traps and the structure of ex vivo arterial and venous 

thrombi 

1.  To determine fibrin content, fibrin fiber thickness, and semi-quantitatively 

analyze the content of neutrophil extracellular trap components in ex vivo thrombi. 

2.  To introduce clinical determinants of clot structure and neutrophil 

extracellular trap content. 

3.  To study the neutrophil extracellular trap content in cancer-associated 

venous thrombi (from human pancreatic tumor-bearing mice, compared to control 

mice). 

4.  To characterize clot structure, viscoelastic properties, and lysis of clots 

formed in the presence of citrullinated fibrinogen. 
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3. Methods 

 

3.1. Staphylocoagulase 

Recombinant SCG was expressed and purified by our collaborators. The protein 

concentration of the pooled batch was 380 nM. 

 

3.2. Neutrophil extracellular traps and the structure of ex vivo thrombi 

3.2.1. Patient characteristics  

Between 2014 and 2016, 208 consecutive patients (66 coronary artery disease, CAD 

patients; 64 peripheral artery disease, PAD patients, and 78 acute ischemic stroke, AIS 

patients) were prospectively enrolled. Clinical characteristics and basic laboratory 

findings of the patient cohort are summarized in Table 2 on the next page. Atherosclerosis 

was diagnosed if atherosclerotic plaques were visible during the procedure or via carotid 

ultrasound (B mode). The patients were considered dyslipidemic if they had elevated 

fasting blood cholesterol or triglyceride levels or were on lipid-lowering therapy. 

Thrombophilia was determined from patient history. 

 

Table 2. Patient characteristics. Values are provided as mean ± SD or percentages, 

median values with lower and upper quartiles in brackets followed in parenthesis by the 

number of subjects included in the analysis. CAD=coronary artery disease, 

PAD=peripheral artery disease, AIS=acute ischemic stroke, WBC=white blood cell 

count, CRP=C-reactive protein, ASA=acetylsalicylic acid. 
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 CAD (66) PAD (64) 
AIS 

(78) 
All (208) 

Patient characteristics 

Male 
68.2% 

(45/66) 

56.3% 

(36/64) 

61.5% 

(48/78) 
62% (129/208) 

Patients’ age (years) 63±14.9 (66) 
68.7±10.8 

(64) 

60±10.5 

(78) 

63.6±12.6 

(208) 

Laboratory findings 

WBC (103/µL) 12.4±4.9 (66) 10.1±3.5 (62) 
10.6±4.1 

(78) 
11±4.3 (206) 

CRP (mg/L) 
12.9±25.6 

(65) 

29.2±49.5 

(33) 

12±22.7 

(62) 

15.9±31.6 

(160) 

Fibrinogen (g/L) 3.7±1.1 (49) 4.1±1.2 (36) 
2.4±1.3 

(29) 
3.5±1.4 (114) 

Etiology 

Thrombophilia 0% (0/66) 0% (0/17) 
5.2% 

(4/77) 
2.5% (4/159) 

Cardiac embolization 0% (0/66) 11.8% (2/17) 
49.4% 

(38/77) 

25.2% 

(40/159) 

Atherosclerosis 100% (66/66) 
70.6% 

(12/17) 

26% 

(20/77) 
61% (97/159) 

Dissection 0% (0/66) 0% (0/17) 
3.9% 

(3/77) 
1.9% (3/159) 

Cryptogenic 0% (0/66) 17.6% (3/17) 
15.6% 

(12/77) 
9.4% (15/159) 

Data of thrombi 

Symptom to 

intervention time 

(hours) 

3 [2-8.75] 

(58) 

24 [12-48] 

(57) 

5.3 [4.4-

6.5] (77) 
6 [4-12] (192) 

Medication prior to intervention 

ASA 100% (62/62) 
41.9% 

(26/62) 

24.7% 

(18/73) 

53.8% 

(106/197) 

Clopidogrel 100% (62/62) 
22.6% 

(14/62) 

12.3% 

(9/73) 

43.1% 

(85/197) 

Oral anticoagulant - 6.7% (1/15) 
19.5% 

(15/77) 
- 

Statin 13% (8/64) 42% (22/52) 
25% 

(16/63)  
(46/179) 

Comorbidities and risk factors 

Atherosclerosis 100% (66/66) 
79.4% 

(50/63) 

50.6% 

(39/77) 

75.2% 

(155/206) 

Diabetes 
25.8% 

(17/66) 

31.7% 

(20/63) 

20.8% 

(16/77) 

25.7% 

(53/206) 

Hypertension 
69.7% 

(46/66) 

79.4% 

(50/63) 

79.2% 

(61/77) 

76.2% 

(157/206) 



 

38 

 

 

3.2.2. Thrombus collection 

In the case of CAD and PAD patients, thrombi were collected during acute therapeutic 

catheter interventions and operations, as previously described (339): Coronary patients 

were referred to primary PCI after developing symptoms of ST-elevation myocardial 

infarction or Non-ST-elevation (inclusion criteria: definite diagnosis of acute myocardial 

infarction, eligibility for percutaneous coronary intervention, no previous thrombolytic 

therapeutic approach and TIMI (Thrombolysis In Myocardial Infarction) thrombus grade 

≥ 3). Angiography and thromboaspiration were performed from radial or femoral access 

with QuickCat (Spectranetics Int., Leusden, Netherlands), Export (Medtronic Inc, 

Minneapolis, MN), or Eliminate (Terumo, Gifu, Japan) aspiration catheters. All patients 

were pre-treated immediately before revascularization with aspirin (500 mg), an 

intravenous bolus of unfractionated heparin (5000 IU), abciximab (unless an absolute 

contraindication was present), and clopidogrel (600 mg). Patients already taking any 

antiplatelet agents on a regular basis were given a reduced dose (100-300 mg of ASA, 

300 mg of Clopidogrel). Peripheral artery thrombosis patients presenting with acute 

symptoms were treated by thrombendarterectomy by Fogarty catheter and semi-closed 

endarterectomy by Vollmar ring stripper in local or general anesthesia (inclusion criteria: 

definite radiographic and clinical diagnosis of arterial occlusion, eligibility for surgery). 

In AIS, thrombi were removed via stent-retriever thrombectomy from acutely occluded 

large vessels of the circle of Willis. All patients with a definite diagnosis of AIS eligible 

for mechanical thrombectomy were included during the study period providing that a clot 

was successfully removed. Prior to mechanical thrombectomy, recombinant tissue-type 

plasminogen activator was administered to patients who were eligible for intravenous 

Hyperlipidaemia 50% (33/66) 
55.6% 

(35/63) 

35.1% 

(27/77) 

46.1% 

(95/206) 

Tumor 
18.2% 

(12/66) 
11.1% (7/63) 

15.6% 

(12/77) 
15% (31/206) 

Smoking 

Never 54% (34/63) 
41.3% 

(26/63) 

12.5% 

(2/16) 

43.7% 

(62/142) 

Former 7.9% (5/63) 0% (0/63) 
6.3% 

(1/16) 
4.2% (6/142) 

Currently smoking 
38.1% 

(24/63) 

58.7% 

(37/63) 

81.3% 

(13/16) 

52.1% 

(74/142) 
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thrombolysis (10 mg/kg of body weight, but maximum 100 mg). All thrombi were 

removed by qualified clinicians. The study was approved by the institutional and regional 

ethical board (Ref.#8/2014/18.09.2014), and informed written consent was obtained from 

all participants or their legal guardians. The research also conforms to the principles 

outlined in the Declaration of Helsinki. 

 

3.3. Thrombi from mice bearing human pancreatic tumors  

3.3.1. Cells and the mouse tumor model 

Our collaborators used a human pancreatic cancer cell line BxPc-3 expressing the firefly 

luciferase reporter (319). BxPc-3 tumors were grown in the pancreas of Crl:NU-Foxn1nu 

male mice (nude mice) and monitored by measuring luciferase expression (319). They 

used mice with tumors weighing from 1.5 to 3.9 grams. All animal studies were approved 

by the University of North Carolina at Chapel Hill Animal Care and Use Committee and 

complied with National Institutes of Health guidelines. 

3.3.2. Thrombosis model 

Our collaborators used the IVC stasis model to produce a consistent clot size (340-342). 

A limitation of this model is that there is reduced delivery of circulating factors to the 

growing thrombus. The IVC was exposed, carefully separated from the aorta, and fully 

ligated with 5-0 silk suture below the left renal vein. Any side branches close to the IVC 

ligation site were also ligated, and the back branches were cauterized. They used the 

Vevo® 2100 Imaging System (FUJIFILM VisualSonics Inc., Toronto, Ontario, Canada) 

to monitor the development of clots at 3, 6, 24, and 48 hours after IVC ligation. Clots 

were harvested at 48 hours and weighed. Clots were frozen at -80°C or fixed in 10% 

formalin and then stored in 70% ethanol. 

 

3.4. Citrullination of fibrinogen 

PAD4 concentrations and incubation times were adjusted according to the highly variable 

needs of various experimental setups. E.g., for the purposes of permeability 

measurements, shorter incubation times had to be chosen (compared to those for SEM 

and turbidimetry) since more extensive citrullination made clots mechanically too 

unstable to withstand the pressure of the fluid column. Generally, human fibrinogen at a 

standard concentration of 8 µM was incubated with PAD4 (GST (glutathione S-
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transferase) tagged, Sigma-Aldrich) concentrations ranging between 0.25-1.15 µg/mL or 

PAD4 vehicle (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM glutathione, 

0.1 mM EDTA, 0.25 mM DTT, 0.1 mM PMSF, 25% (v/v) glycerol) in 100 mM Tris-

HCl 10 mM CaCl2 1 mM DTT pH 7.5, where Tris: Tris(hydroxymethyl)aminomethane; 

EDTA: Ethylenediaminetetraacetic acid, DTT: Dithiothreitol; PMSF: 

Phenylmethylsulfonyl fluoride)  for 1-8 h at 37 °C. Reactions were stopped by the 

addition of PAD4-inhibitor Cl-amidine at 60 µg/mL. 

 

3.5. Structural studies 

3.5.1. Scanning electron microscopy (SEM) 

Fibrin, plasma clots and ex vivo thrombi were fixed according to a previously published 

method (343): clots were placed into 100 mmol/L Na-cacodylate pH 7.2 buffer for 24 h 

at 4 °C. After repeated washes with the same buffer, samples were fixed in 1% (v/v) 

glutaraldehyde. The fixed samples were dehydrated in a series of ethanol dilutions [20–

96% (v/v)], 1:1 mixture of 96% (v/v) ethanol/acetone and pure acetone followed by 

critical point drying with CO2 in E3000 Critical Point Drying Apparatus (Quorum 

Technologies, Newhaven, UK). The specimens were mounted on adhesive carbon discs, 

sputter-coated with gold in an SC7620 Sputter Coater (Quorum Technologies). SEM 

images were taken from randomly selected regions (to control for composition 

heterogeneity) of clots/thrombi at 5,000× and 20,000× magnification with SEM EVO40 

(Carl Zeiss GmbH, Oberkochen, Germany). The diameter of 300 fibrin fibers was 

measured from each image using the Image Processing Toolbox of Matlab R2018a 

(Mathworks, Natick, MA), and the size distribution was evaluated according to a 

previously described algorithm (343, 344). Surface occupancy of cellular components 

fibrin network was determined in typically five images (exceptionally four) at the lower 

magnification after dividing the images to 864 equal-sized square regions of interest using 

Photoshop 7.0.1 CE (Adobe, San José, CA, USA) and based on morphological 

characteristics each region was classified as occupied by fibrin, other blood cells or their 

combinations. Thrombus composition was then calculated as a percentage of regions 

occupied by each component out of the total area of the image as previously described 

(269). 
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3.5.2. Small-angle X-ray scattering (SAXS) 

SAXS is a procedure that provides information about the internal structure of the fibrin 

fibers (345). For these measurements, fibrin clots were prepared in thin-walled 

borosilicate capillaries of 1.5 mm outer diameter (0.01 mm wall thickness). After sealing 

one end of the capillary with flame, fibrinogen was clotted, the content of the capillary 

was stirred for 5 s with a piece of nylon fiber for complete mixing. Finally, the other end 

of the capillary was sealed with a cylindrical glass plug, and quick-setting two-component 

epoxy resin and SAXS measurements were carried out on “CREDO”, the SAXS camera 

of the Research Centre of Natural Sciences, Hungary (346). Samples were inserted into 

the vacuum space of the sample chamber. Cu Kα radiation was produced by a GeniX3D 

Cu ultra low divergence integrated beam delivery system equipped with a FOX3D 

parabolic graded multilayer mirror (Xenocs SA, Sassenage, France). The X-ray beam was 

shaped using a three-pinhole collimating system (347). SAXS patterns were collected 

using a Pilatus-300k CMOS hybrid pixel detector (Dectris Ltd, Baden, Switzerland), 

situated 534 mm downstream from the sample. A second measurement sequence was 

done using the same procedure but with a 1,305 mm sample-to-detector distance. In order 

to assess sample and instrument stability during the experiment, the exposures were made 

in 5 min units, with frequent sample change and reference measurements. Raw images 

were corrected for measurement time, sample self-absorption, geometrical effects, and 

instrumental and environmental background with the on-line data reduction routine 

implemented in the instrument control software. Intensities have been scaled into absolute 

units (differential scattering cross-section) using a glassy carbon secondary reference 

measured along with the samples. One-dimensional scattering curves have been derived 

from the fully corrected and calibrated scattering patterns by azimuthal averaging (258, 

347). The angular dependence of the scattering has been expressed in terms of q, the 

momentum transfer (defined as q = 4π sinθ/λ where 2θ is the scattering angle and λ = 

0.1542 nm is the X-ray wavelength). After merging the resulting scattering curves from 

the two sample-to-detector distances, the final datasets covered the range 0.08 < q < 6 

nm−1. Solvent background has been subtracted from all scattering curves. 
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3.5.3. Clot permeability 

To characterize the porosity of the clots, fluid permeation studies were performed 

according to a previously described procedure (258). Fibrinogen (in some cases 

pretreated) or diluted, recalcified plasma (1:1, in HEPES buffered saline pH 7.4 

containing 150 mM NaCl; where HEPES: 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) was clotted in 1 mL plastic pipette tips, and plasma 

samples were supplemented with fibrinogen to a 4 g/L final concentration. HEPES 

buffered saline was permeated through the clots kept under constant hydrostatic pressure. 

Porosity (Darcy constant, KS) was determined from the equation (348) 

KS =
Q ∗ L ∗  η

t ∗ A ∗  ΔP
 

where Q = permeated volume of buffer (cm3); L = clot length (1.5 cm); η = viscosity of 

buffer (10−2 poise = 10−7 N s cm−2); t = time (s); A = average cross-sectional area of the 

clot (0.09 cm2); ΔP = pressure drop (0.170 N cm−2 for fibrin clots, 0.054 N cm−2 for 

plasma clots). 

 

3.5.4. Immunofluorescent imaging 

Thrombus samples were placed in isopentane immediately after removal and stored at -

80°C until further processing. Cryosections of 6 μm thickness were made from 6 to 15 

different areas of the thrombi, depending on thrombus size. Extracellular DNA, 

citrullinated histone H3 (cH3), and fibrin network were identified using dimeric cyanine 

nucleic acid dye TOTO-3 for DNA (T-3604, Life Technologies, Budapest, Hungary), 

mouse anti-human fibrin (ADI311, Sekisui, Pfungstadt, Germany), and rabbit anti-human 

citrullinated histone H3 monoclonal antibodies (ab5103, Abcam, Cambridge, UK). To 

visualize fibrin and cH3 Alexa Fluor 488 goat anti-rabbit IgG (A11008, Life 

Technologies, Budapest, Hungary) and Alexa Fluor 546 goat anti-mouse IgG (A11003, 

Life Technologies, Budapest, Hungary) antibodies were used. Fifteen images were taken 

from each thrombus using confocal laser scanning microscopy (LSM; Zeiss LSM 710, 

EC Plan-Neofluar 20x/0.50 M27 objective, Carl Zeiss, Jena, Germany) with the following 

excitation/emission wavelengths: fibrin: 543/589, cH3: 488/516 and DNA: 633/670. To 

quantify the area of different fluorescent signals, Image J software (NIH, Bethesda, MD, 

USA) was used as previously described (339), median values of fibrin/DNA (FD50) and 

fibrin/citrullinated histone H3 ratio (FH50) distribution were determined. 
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Human fibrinogen at 3.6 µM (citrullinated with 0.4 µg/mL PAD4 for 0/3/4 h) 

supplemented with 15 µg/ml Alexa Fluor® 546-conjugated fibrinogen was clotted with 

16 nM thrombin for 30 min at room temperature in sterile, uncoated IBIDI VI 0.4 µ-slides 

(Ibidi GmbH, Martinsried, Germany). Confocal fluorescent images (Z-stack mode) were 

taken using a Zeiss LSM710 confocal LSM (Carl Zeiss, Jena, Germany) with a 63x oil 

immersion objective lens at an excitation wavelength of 543 nm and emission wavelength 

of 575 nm. Images were analyzed based on a protocol modified from Duval et al. (349). 

Fiber density was determined as the average of the number of fibers crossing 2 arbitrary 

lines of fixed length (120 μm) drawn through a single optical section. Each fibrin clot was 

prepared in duplicate, and two density measurements were performed in each one. 

 

3.6. Rheometry: viscoelasticity and mechanical stability studies 

Fibrinogen or plasma was clotted in a 450 μL final volume, and 410 μL of this mixture 

was quickly transferred into the gap space between the stationary and the oscillating plate 

of a Haake Rheostress 1 oscillation rheometer (Thermo Scientific, Karlsruhe, Germany). 

In case of plasma clots before setting the cone to measurement position, mineral oil (light, 

white color mineral oil from Sigma Aldrich, Budapest, Hungary) was applied around the 

sample to prevent desiccation. Oscillatory strain (γ) of 0.015 at 1 Hz frequency was 

imposed on the fibrin clot 2 min after the initiation of clotting, and storage modulus (G’) 

and loss modulus (G’’) were determined (269). At the end of the clotting phase, G’ 

and G’’ plateaued, and flow curves for the same samples were registered by applying 

increasing shear stress (τ) from 0.01 up to 1000 Pa stepwise in 250 steps within 300 s 

and measuring the resulting strain values (269). Flow curves are presented as calculated 

clot viscosity vs. applied stress, where the collapse of the clot structure is mirrored as a 

sharp decline of its viscosity, and critical shear stress (τ0) for the gel/fluid transition is 

determined from an extrapolation of this decline to a theoretical zero viscosity value. All 

measurements were performed in 3-5 replicas for each combination of additives in the 

fibrin clots. 

 

3.7. Fibrinolysis assays 

SCG was synthetized and fibrinolysis assays were investigated by our collaborators in 

microtiter plates on purified fibrin or human plasma clots (100 μl) formed with human 
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thrombin (01/578), SCG-PT, and SCG-T (0.5, 5.0, and 50 nM). Each reaction contained 

purified fibrinogen, or human plasma (06/158) supplemented with purified fibrinogen, to 

a final concentration of 3.0 g/L, with 60 nM Glu-plasminogen (Hyphen Biomed, 

Neuville-sur-Oise, France) and a range (5.0–40.0 IU/ml) of tPA concentrations (WHO 

3rd IS, 98/714, NIBSC, South Mimms, UK). Lysis was monitored at 405 nm, and time 

courses were analyzed using a Shiny app for analyzing lysis curves (350) to calculate 

time to 50% lysis from the maximum clotting absorbance. Potency estimates for tPA 

activity against SCG-(P)T clots were calculated relative to thrombin-formed clots using 

a parallel line bioassay analysis and semi-weighted combination (351). 

Fibrinogen (6 µmol/L, native, pre-treated with 1.15 g/L PAD4 for 8 h, or a 1:1 mixture 

of the two) was clotted with 15 nmol/L thrombin, and lysis was initiated by the addition 

of 1 µmol/L plasmin to the surface of the formed fibrin. Processes were monitored at 37 

°C using a Zenyth 200rt microplate spectrophotometer (258). For adequate comparison 

of lytic rates from measurements, in which different maximum turbidity values were 

reached despite the identical quantities of fibrin, the absorbance values were 

normalized as (A-A0)/Amax where Amax is the maximal- and A0 is the final absorbance at 

340 nm after complete lysis. The time needed to reduce the turbidity of the clot to a given 

fraction of the maximal value (T0.5 to reach 0.5Amax) was used as a quantitative parameter 

of fibrinolytic activity. 

tPA-induced lysis was examined in IBIDI VI 0.4 µ-slides. Human plasma recalcified with 

12.5 mmol/L CaCl2 and supplemented with 1 µmol/L fibrinogen (pretreated with 1.15 

mg/L PAD4 for 0/3/4 h) was mixed with 16 nmol/L thrombin and 1.5 µmol/L 

plasminogen. Mixtures were quickly transferred in 30-µL channels of IBIDI slides and 

incubated at 37°C for 60 min. Lysis was initiated with 60 µL 0.3 µmol/L tPA and 

followed by time-lapse photo-scanning of the fluid/opaque clot boundary. Results are 

presented as distance run by the lysis front at 45 min in relative units (1 RU = the length 

of the channel between the centers of opposite orifices, 13 mm). 

 

3.8. Statistical procedures 

The optimal continuous theoretical distributions were fitted to the fiber diameter values 

from the SEM images, and these were compared according to Kuiper’s test using Monte 

Carlo simulations as previously described (343, 344). Two-tailed t-tests were used when 
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comparing the averages of two datasets. On datasets with three or more compared subsets, 

ANOVA was performed. If the normal distribution of obtained data could not be 

confirmed by the Shapiro-Wilk test, non-parametric statistical tests were applied. The 

Kolmogorov-Smirnov test was chosen because of its robust power to compare 

distributions of two data sets independently of their distribution, while for the comparison 

of three or more datasets, the Kruskal-Wallis test was used. Statistical tests were 

performed using GraphPad Prism 6 and 7 (GraphPad Software, La Jolla California USA) 

and the Statistical Toolbox 7.3 of Matlab. The critical P-value of 0.05 was used for all 

statistical tests. 

Each patient was characterized by an array of routine clinical data, immunofluorescent 

data, fiber diameter, and surface occupancy data from typically five (exceptionally four) 

SEM images. The data were analyzed using regression analysis and/or hypothesis testing 

for identifying characteristics and dependencies of the different features of the patients. 

If the analyzed dependencies did not include the occupancy data, the sample sets are crisp 

because each patient’s data forms one observation in the sample. However, if occupancy 

data were analyzed, the sections of a thrombus could not be treated as separate 

observations because the intra-individual heterogeneity would have been neglected and 

the patients with larger sets of SEM data would be ascribed a higher weight in the 

conclusion derived. That is why the sets of occupancy data were treated as fuzzy samples. 

The so formed fuzzy sample accounted for inter-individual heterogeneity in thrombus 

occupancy because each patient would influence the conclusions equally. A Kuiper 

statistical test for equality of distribution (352) and a one-tail statistical test for median 

equality (339) were used to identify differences in the characteristics of two one-

dimensional continuous populations. In order to achieve highly confident estimates of the 

statistical significance of differences of data showing large dispersions within samples of 

relatively small size, bootstrap procedures that do not use any parametric assumptions 

were implemented with 10,000 pseudo-realities (353) and equal size generation over 

empirical cumulative distribution function as previously described (354). The linear 

regression models with response variable described as quadratic function of one or two 

explanatory variables were built using previously described algorithms (339). The false 

discovery rate was assumed 10% (355).   
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4. Results 

 

4.1. Staphylocoagulase 

4.1.1. Clot Structure 

Because fibrin structure is an essential determinant of the lytic susceptibility of the clots 

[reviewed in (356)], we evaluated clot structure. To this end, we applied SEM, SAXS, 

and pressure-driven permeation techniques. 

According to the SEM images (Figure 9), increasing thrombin concentration resulted in 

thinner fibrin fibers (Table 3) both in pure fibrin and in plasma clots. These trends were 

the same when either SCG-T or SCG-PT was used. Generally, the presence of SCG 

increased the fiber median with both SCG-T and SCG-PT when compared to thrombin, 

except for SCG-PT in plasma, which showed fiber thickening only at 100 nM SCG-PT. 

 

Figure 9. Scanning electron microscopic images of fibrin clots. Fibrin clots (3-4 with 

each enzyme) were formed with 2.9 g/L human fibrinogen and 5 nM human 

thrombin (A), staphylocoagulase-thrombin (B), and staphylocoagulase-prothrombin (C), 

and 4–6 images were taken from each clot as described in chapter 3.5.1. This was 

followed by a morphometric analysis, the results of which are presented in Table 3. Scale 

bar = 1 μm. 
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Table 3. Fiber diameter in fibrin and plasma clots. Fibrinogen (2.9 g/L) or recalcified 

(12.5 mM CaCl2) plasma was clotted with the indicated enzyme, and SEM images were 

taken as illustrated in Figure 9. The diameter of 300 fibrin fibers was manually measured 

on 4–6 images of each clot (3-4 clots were formed with each enzyme). The table presents 

the median values (in nm) of the measured diameters with bottom and top quartiles in 

brackets. SCG-T, staphylocoagulase-thrombin; SCG-PT, staphylocoagulase-

prothrombin. All differences between thrombin and the respective concentration of the 

SCG-T or SCG-PT are significant (indicated with *) according to Kuiper’s test except for 

the 5 nM thrombin/SCG-PT in plasma. **Thrombin control for plasma SCG-T (0.6 g/l 

fibrinogen). ***Thrombin control for plasma SCG-PT (1.7 g/l fibrinogen). 

[enzyme] 

nM 

Fibrin Plasma 

Throm

bin 
SCG-T 

SCG-

PT 

Thrombi

n** 
SCG-T 

Thrombi

n*** 
SCG-PT 

0.5 
121 

[92-159] 

139* 

[101-184] 

132* 

[96-182] 
- - - - 

5 
100 

[80-127] 

114* 

[89-143] 

111* 

[87-142] 

75 

[63-90] 

106* 

[87-130] 

104 

[81-133] 

103 

[82-128] 

50 
66 

[55-80] 

84* 

[58-106] 

86* 

[69-108] 

66 

[54-79] 

77* 

[63-93] 

92 

[73-116] 

81* 

[63-103] 

100 
51 

[42-62] 

83* 

[65-104] 

82* 

[64-104] 

66 

[54-81] 

70* 

[58-84] 

76 

[64-90] 

79* 

[64-98] 

 

The increase in fiber diameter could be caused either by a larger lateral distance between 

the protofibrils of polymerizing fibrin monomers or by a higher number of monomers per 

cross-section of the fiber. Our SAXS measurements (Figure 10) showed that the 

scattering peak corresponding to the 7 nm periodicity in the lateral alignment of fibrin 

monomers (51, 269) was increased in height and area in the SCG-PT-formed clots. The 

increase in this scattering peak indicated that the average size of the regions containing a 

consistent 7-nm repeat became typical (larger), suggesting that the typical lateral 

alignment (and thus density) of protofibrils within the fibers was preserved, but the 

number of protofibrils per cross-section was increased. Importantly, the structure of SCG-

PT-formed fibrin was the only one that showed a SAXS peak for periodicity of about 22 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6933771/figure/F3/
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nm (Figure 10) corresponding to higher-order alignment in cluster units of the fibers 

according to the model of Yang et al. (51). 

 

Figure 10. Small-angle X-ray scattering in fibrin clots. Fibrinogen (3.6 mg/mL) was 

clotted with 50 nM thrombin (orange circles), SCG-T (green triangles), or SCG-PT (red 

diamonds) under the conditions described in chapter 3.5.2. Fibrinogen solution was used 

as a reference (blue squares). Three independent measurements were performed. The 

normalized scattering intensity (dΣ/dΩ) is plotted as a function of the momentum transfer 

(q), and empirical curves are fitted to the raw data. Curves are shifted vertically by the 

indicated factors for better visualization. The dashed vertical line indicates the position 

of the scattering peak corresponding to a periodicity of ~7 nm, whereas the solid vertical 

line points to the peak for periodicity of about 22 nm observed only in the SCG-PT fibrin. 
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Although fiber thickness is typically related to clot porosity (357), more direct 

characterization of the pore size in the fibrin matrix can be achieved with fluid permeation 

assays. Using thrombin at increasing concentrations, thinner fibers were associated with 

a smaller pore size (lower KS, Table 4). With SCG-T, a reverse trend was noticeable; 100 

nM SCG-T resulted in the loosest fibrin matrix. The presence of SCG-T generally 

increased porosity at least 2-fold except at 0.5 nM. With SCG-PT, the tendencies were 

more complex; 0.5 or 50 nM concentration of SCG-PT both increased porosity, but at 5 

nM SCG-PT, strikingly denser clots were found compared to the respective thrombin 

controls. 

 

Table 4. Permeability in fibrin and plasma clots. Clots were formed using thrombin, 

staphylocoagulase-thrombin (SCG-T), and staphylocoagulase-prothrombin (SCG-PT) at 

different concentrations, and the permeability constant was determined and compared to 

the respective thrombin controls. The table presents mean ± SD values of the permeability 

constant KS (10-9 cm2) from 3 to 4 independent measurements with 3–5 parallel samples 

each. *Indicates a P<0.05 statistical significance compared to the respective thrombin 

control according to Kolmogorov-Smirnov hypothesis test.  

Fibrin 

clot 

T SCG-T 

0.5 

nM 
5 nM 50 nM 100 nM 0.5 nM 5 nM 50 nM 

100 

nM 

8.90± 

3.03 

2.57± 

1.35 

2.41± 

0.88 
2.7± 1.04 

5.18± 

2.06* 

6.69± 

6.00* 

6.79± 

4.25* 

13.40± 

5.02* 

T SCG-PT 

0.5 

nM 
5 nM 50 nM   0.5 nM 5 nM 50 nM   

3.43± 

2.60 

2.24± 

1.15 

0.64± 

0.29 
  

20.60± 

1.67* 

0.50± 

0.37* 

5.72± 

1.97* 
  

Plasma 

clot 

T SCG-T 

 5 nM 50 nM 75 nM  5 nM 50 nM 75 nM 

 
9.83± 

4.33 

4.57± 

1.64 
4.14±0.69  

10.50± 

4.14 

10.20± 

6.71* 

8.67± 

1.89* 

T SCG-PT 

 5 nM 50 nM 100 nM  5 nM 50 nM 
100 

nM 

 
6.91± 

2.00 

4.14± 

1.36 

3.52± 

0.48 
 

5.91± 

3.98* 

5.3± 

2.91 

6.04± 

1.80* 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6933771/table/T3/
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In plasma clots, we detected similar tendencies with SCG-PT (Table 4): 5 nM SCG-PT 

decreased pore size compared to 5 nM thrombin, and a significantly increased porosity 

was detected at the highest, 100 nM SCG-PT concentration. SCG-T-induced plasma clots 

also followed the patterns seen in fibrin, but significant differences were observed only 

at higher concentrations (50 and 75 nM SCG-T). 

 

4.1.2. Viscoelastic Properties 

Because the primary biological function of fibrin is to form a scaffold, the mechanical 

stability of which is determined by its structure (56), the observed structural features of 

the SCG-PT-formed fibrin incited the evaluation of its viscoelastic parameters. 

According to the rheological measurements, the presence of SCG (either as SCG-T or 

SCG-PT) resulted in softening of the fibrin clots (decrease in storage modulus, 

G′, Figures 11A, 12A).  
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Figure 11. Oscillation rheometer assay of fibrin clots. Fibrinogen (2.9 g/L) was mixed 

with 5 nM thrombin (black), staphylocoagulase-thrombin (blue), or staphylocoagulase-

prothrombin complex (red), and the storage modulus (G′, continuous line) and the loss 

modulus (G″, dashed line) were measured using an oscillation rheometer (A). Following 

the 15-min clotting phase, stepwise increasing shear stress (τ) was applied to the clot, and 

viscosity (η) was measured (B). The gel/fluid transition of the clots is characterized by 

the critical shear stress (τ0) at which the value of η falls to zero. n=3, three parallel 

samples. 
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Figure 12. Viscoelastic properties of fibrin and plasma clots. Fibrin (from fibrinogen 

at 2.9 g/L) (A–D) and plasma (E–H) coagula were formed with thrombin/SCG-(P)T with 
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the indicated concentrations as described in chapter 3.6., and their viscoelastic parameters 

were determined as illustrated in Figure 11. Bars represent mean and SD following three 

independent measurements with three replica samples each. In the case of plasma clots, 

two different batches were used. Thus, we applied two control groups for our 

measurements. The different plasma batches showed no significant differences in their 

viscoelastic properties. G′, Storage modulus; G″, Loss modulus; τ0, Critical shear stress; 

T, thrombin; ST, staphylocoagulase-thrombin; SPT, staphylocoagulase-prothrombin. The 

numbers after the abbreviations represent the respective concentrations in nM. *P<0.05; 

**P<0.01 ***P<0.001; ****P<0.0001 statistical significance according to Kolmogorov-

Smirnov hypothesis test. 

 

The modifying effect of SCG-PT was stronger, generating softer fibrin clots than those 

formed by thrombin or SCG-T. The loss modulus (G″) of SCG-PT and SCG-T fibrin 

followed a similar trend of decreased values, representing lower viscosity (Figure 12B). 

The viscosity component (G″) of the SCG-PT fibrin showed a bigger drop relative to 

elasticity (G′, Figure 12C). Similar trends in the modulation of the viscoelastic properties 

of fibrin were observed at higher enzyme concentrations (Figure 13). 
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Figure 13. Viscoelastic properties of fibrin clots formed with 12 nM 

thrombin/staphylocoagulase-thrombin or staphylocoagulase-prothrombin complex. 

The bars represent mean and SD following three independent measurements with three 

parallel samples. G’=Storage modulus; G”=Loss modulus; τ0=Critical shear stress; 

T=thrombin; ST=staphylocoagulase-thrombin; SPT=staphylocoagulase-prothrombin. 

The numbers after the abbreviations represent the respective concentrations in nM. 

***P<0.001; ****P<0.0001 statistical significance according to Kolmogorov-Smirnov 

hypothesis test. 

 

The mechanical stability of fibrin can be characterized by the critical shear stress needed 

for the disintegration of clots (τ0, Figure 11B). The least stable clot was formed by SCG-

PT (Figure 12D) with a 4-fold decline in this parameter compared to T or SCG-T. The 

mechanical stability of T and SCG-T fibrins was rather similar. 
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Plasma clots showed a different pattern of viscoelastic properties compared to pure fibrin 

formed by the different clotting enzymes (Figures 14E–H). In contrast to pure fibrin, 

plasma clots generated by SCG-T were consistently more rigid (higher G′, Figure 12E), 

and SCG-PT also significantly raised the storage modulus at higher enzyme concentration 

(Figure 14A). The trend of viscosity changes was also the opposite of the one observed 

for pure fibrin; the loss modulus (G″) was consistently higher for SCG-T and SCG-PT at 

all evaluated concentrations (Figure 12F, Figure 14B). Concerning the matrix resistance 

to shear forces (reflected in the values of τ0, Figure 12H), both SCG-PT and SCG-T 

plasma clots were consistently less stable than thrombin clots, mirroring the SCG-PT 

effect in pure fibrin clots. 
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Figure 14. Viscoelastic properties of plasma clots with 10 nM 

thrombin/staphylocoagulase-thrombin or staphylocoagulase-prothrombin complex. 

The bars represent mean and SD following three independent measurements with three 

parallel samples. G’=Storage modulus; G”=Loss modulus; τ0=Critical shear stress; 

T=thrombin; ST=staphylocoagulase-thrombin; SPT=staphylocoagulase-thrombin. The 

numbers after the abbreviations represent the respective concentrations in nM. **P<0.01; 

***P<0.001; ****P<0.0001 statistical significance according to Kolmogorov-Smirnov 

hypothesis test. 

 

4.1.3. Fibrinolysis 

We addressed experimentally the susceptibility of SCG-induced clots to lysis. tPA 

potency estimates of clots formed by SCG-(P)T, with both purified fibrinogen and human 

plasma, were made relative to thrombin-generated clots using a parallel line analysis of a 

logarithmic transformation of lysis rates (time to 50% lysis from maximum clot 

formation) against tPA concentration. The fibrinolytic potential of clots formed by SCG-
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(P)T, expressed as % tPA potency relative to thrombin-formed clots, is shown in Table 

5. In purified fibrinogen, the tPA concentration range used (5.0–40 IU/ml) failed to 

produce a measurable clot with 0.5 nM SCG-PT, and so a lower range (0.3–2.5 IU/ml) 

was used. A 2-fold increase in tPA potency was observed at 0.5 nM SCG-PT 

concentration compared to thrombin. Higher SCG-PT concentrations reduced the 

fibrinolytic potential to no measurable difference at 50 nM. For SCG-T in fibrinogen, a 

moderate increase in fibrinolysis was only observed at 5.0 nM, with no apparent 

difference at 0.5 or 50 nM. 

In plasma, enhanced fibrinolysis was only observed with SCG-T at 50 nM. For SCG-PT, 

both 0.5 and 50 nM plasma clots showed increased fibrinolysis, with no measurable 

difference at 5.0 nM compared to thrombin. 

 

Table 5. Fibrinolysis on fibrin and plasma clots. Fibrinogen or plasma was clotted with 

the indicated enzyme in the presence of plasminogen and a range of tPA concentrations. 

Potency estimates for tPA were made for SCG-(P)T clots relative to thrombin-formed 

clots and are expressed as a percentage of the labeled potency on the WHO 3rd 

International Standard for tPA (10,000 IU) with 95% confidence limits in brackets (n ≥ 

3, with 4 parallel samples). Differences are considered statistically different if the 

confidence intervals do not overlap. SCG-T: staphylocoagaluse-thrombin, SCG-PT: 

staphylocoagulase-prothrombin. 

Enzyme (nM) Fibrin Plasma 

- SCG-T SCG-PT SCG-T SCG-PT 

0.5 108 [99-117] 211 [174-256] 107 [95-121] 145 [132-158] 

5 122 [113-132] 142 [132-153] 109 [99-121] 103 [92-114] 

50 95 [74-121] 92 [76-111] 158 [144-173] 156 [145-168] 
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4.2. Neutrophil extracellular traps and the structure of ex vivo thrombi 

4.2.1. Extracellular DNA and cH3  

Our work confirmed the presence of NET components in AIS thrombi, but we also 

demonstrated that extracellular DNA content – the major meshwork-forming constituent 

of NETs – of AIS (median FD50 of 0.208) thrombi is similar to CAD and 2.5-fold lower 

than in PAD thrombi (median FD50 of 0.082, P=0.0013, Figure 15). 
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Figure 15. Indirect immunofluorescent imaging and fibrin/DNA area ratio in 

arterial thrombi from coronary (CAD), peripheral artery disease (PAD), and acute 

ischemic stroke (AIS). Following interventional extraction of thrombi from coronary 

artery disease (A), peripheral artery disease (B), and acute ischemic stroke (C) patients, 

cryosections were prepared and treated with the fluorescent DNA dye TOTO-3, mouse 

anti-human fibrin, and rabbit anti-human cH3 antibodies followed by the respective 

species-specific fluorescent anti-IgG antibodies as described in chapter 3.5.4. Images 

were taken with a confocal laser microscope (red, fibrin; green, cH3; blue, extracellular 

DNA). Based on the fluorescent signal, the ratio of cross-section area occupied by fibrin 

and DNA was determined in 6-15 regions of each thrombus, and the median values of 

these ratios for each thrombus (FD50) were evaluated (D). A lower value FD50 indicates 
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a higher relative DNA content in clots. The columns and bars represent median and IQR 

values. The patient number in each group was nCAD=49, nPAD=57, and nAIS=64. P-values 

result from one-tailed hypothesis testing for medians (significant if P-value less than 0.05) 

using Bootstrap resampling of n’=10,000 for each statistical test. 

 

cH3 antigen was present in all clots (FH50, Figure 16); however, no significant 

quantitative differences were observed between cH3 content at different vascular 

locations.  

 

Figure 16. Fibrin/citrullinated histone H3 (cH3) area ratio in arterial thrombi from 

different localizations. Based on the fluorescent signal (Figure 15), the ratio of cross-

section area occupied by fibrin and cH3 was determined in 6-15 regions of each thrombus, 

and the median values of these ratios for each thrombus (FH50) were evaluated. A lower 

value FH50 indicates a higher relative cH3 content in clots. The columns and bars 

represent median and IQR values. The number of patients in each group was nCAD=49, 

nPAD=57, and nAIS=64. CAD=coronary artery disease, PAD=peripheral artery disease, 

AIS=acute ischemic stroke. P-values result from one-tailed hypothesis testing for 

medians (significant if P-value less than 0.05) using Bootstrap resampling of n’=10,000 

for each statistical test. 

 

The treatment with oral anticoagulants lead to a two-fold higher relative cH3 content in 

all thrombi (FH50 decreased from 1.431 to 0.665, P=0.0174). Because of the common 

use of statins in hypercholesterolemia, we evaluated the effects of these drugs on the NET 

markers in dyslipidemic patients: neither FH50 nor FD50 was changed by this 
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cholesterol-lowering medication. Both the DNA and the cH3 content, as hallmarks of 

NETs, correlated positively with the patients’ age (except for cH3 in AIS). The regression 

models used to evaluate the associations are described in Table 7 at the end of this chapter. 

FD50 showed an inverse correlation in all main groups up to the age of 57 years 

(R2
adj=0.30 and 0.33 in AIS and PAD and a stronger association in CAD, R2

adj=0.99) 

(Table 6, Figure 17).  

 

 
Figure 17. Associations between the median of fibrin/extracellular DNA ratios 

(FD50) and the age of patients in coronary artery disease (A), peripheral artery 

disease (B), and acute ischemic stroke (C). Regression curve (solid line) according to 

the model equation in Table 7 with 95% confidence intervals (dashed lines) is shown for 

data points (o) after outlier (x) rejection (2 outliers are not shown because they are out of 

the chosen ordinate scale). 
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Table 6. Strength of association between median fibrin/DNA ratio (FD50), median 

fibrin/cH3 ratio (FH50), and patient age or inflammatory laboratory markers. The 

regression models and their coefficients for each dependence are presented in Table 7. 

WBC=white blood cell count, CRP=C-reactive protein, n=sample size, R2
adj=adjusted 

coefficient of determination, PANOVA=P-value of the analysis of variance (significant if P-

value less than 0.05), (-), no considerable dependence (R2
adj<0.3), n=sample size 

constrained to variable range for which the dependence is valid (defined in Table 7). 

  FD50 FH50 
 R2

adj n PANOVA R2
adj n PANOVA 

All patients       

 Neutrophil count - - - 0.38 28 1.22×10-3 

Coronary artery disease     

Age at intervention 0.99 21 2.98×10-11 0.71 21 6.09×10-5 

WBC  0.48 35 1.50×10-5 - - - 

Neutrophil count 0.89 13 1.81×10-4 - - - 

Fibrinogen level 0.58 22 6.19×10-4 - - - 

Peripheral artery disease    
Age at operation 0.33 18 3.68×10-2 0.39 41 4.33×10-5 

CRP 0.75 12 6.31×10-3 - - - 

Acute ischemic stroke    
Age at intervention 0.3 18 5.71×10-2 - - - 

Neutrophil count - - - 0.63 23 3.36×10-5 

 

In AIS, no further associations with FD50 were revealed, but in CAD, an inverse 

correlation was found between FD50 and fibrinogen level, and a parabolic association 

between FD50 and white blood cell (WBC) count with a minimum at 11×103/μL (Figure 

18B). A parabolic regression model described the dependence of FD50 on C-reactive 

protein (CRP) in the range of 0-7.2 mg/L in PAD thrombi (Figure 18C).  
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Figure 18. Associations between the median of fibrin/extracellular DNA ratio 

(FD50) and blood fibrinogen level (A), white blood cell (WBC) count (B) in coronary 

artery disease, and C-reactive protein (CRP) in peripheral artery disease (C). 

Regression curve (solid line) with 95% confidence intervals (dashed lines) is shown for 

data points (o) after outlier (x) rejection (2 outliers are not shown because they are out of 

the chosen ordinate scale). 

 

The absolute neutrophil count showed a similar parabolic interrelation with FH50, with a 

minimum at about 5 to 8×103/μL (Figure 19 and Table 7).  

 

Figure 19. Associations between absolute neutrophil count (Neu) and 

fibrin/citrullinated histone H3 ratio (FH50) in acute ischemic stroke (A) and in all 

disease groups without any constraints (B). Regression curve (solid line) with 95% 

confidence intervals (dashed lines) is shown for data points (o) after outlier (x) rejection 

(2 outliers are not shown because they are out of the chosen ordinate scale). 
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In AIS, no significant association was found between FH50 and age at intervention, 

whereas in the CAD group, FH50 showed an inverse correlation with age (R2
adj=0.71). 

The same association pattern could be observed in PAD between age 50 to 80, and a 

positive correlation above 80 years (n=11, R2
adj=0.52, PANOVA=1.7×10-2). In addition, in 

PAD, the strength of association between the NET content of thrombi and patients’ age 

was increased by atherosclerotic etiology or systemic indicators of inflammation (CRP, 

leukocytosis, plasma fibrinogen) (Table 7). The age trend in FH50 of AIS patients was 

reinforced by malignant co-morbidities to an R2
adj value of 0.90 (Table 7). Generally 

(evaluating all main groups together), the interrelation of the local NET-marker FH50 and 

the systemic inflammatory indicators followed a rather complex trend in thrombi from 

patients with malignancy (Figure 20). Although FH50 correlated positively with WBC 

count at fibrinogen levels less than 4 g/L, the correlation was inverted at higher fibrinogen 

concentrations (n=20, R2
adj=0.65, PANOVA=1.9×10-4). 

 

Figure 20. The joint impact of fibrinogen and white blood cell count on the ratio of 

fibrin/cH3 in thrombi extracted from patients with malignancy. Regression surface 

is shown for data points (o, n=20) after outlier (x) rejection. FH50=The median of 

fluorescent signal ratio of fibrin/cH3, WBC=White blood cell count. The equation for the 

3D regression model was y=A0+A10*x1+A01*x2+A20*x1
2+A11*x1*x2+A02*x2

2+e, where 

y=FH50, x1=Fibrinogen concentration, x2=white blood cell count, A0, A10, A11: non-

significant, A20=6.7x10-2
, A11=-0.46, A02=0-87. The adjusted coefficient of determination 

R2
adj =0.65. PANOVA (P-value of the analysis of variance (significant if P-value less than 

0.05))=0.8×10-4.  



 

 

Table 7. Relationship between fibrin fiber median, fibrin/extracellular DNA ratio (FD50), fibrin/citrullinated histone H3 ratio 

(FH50), and age of patients or inflammatory laboratory markers. CAD=coronary artery disease, PAD=peripheral artery disease, 

AIS=acute ischemic stroke; FD50= median of fibrin/DNA ratio; FH50= median of fibrin/citrullinated H3 histone ratio; ASA= acetylsalicylic 

acid; WBC=white blood cell; CRP=C-reactive protein; x, y=independent variables for 2D regression model; n=sample size, R2
adj=adjusted 

coefficient of determination, PANOVA=P-value of the analysis of variance (significant if P-value less than 0.05), A0, A1, A2: coefficients of the 

2D regression model; equation for 2D regression model: y=A0+A1*x+A2*x2+e. Only clinical constraints that increase the strength of 

association (R2
adj) of the y,x pairs are presented with the respective modified R2

adj values. 

Main 

group 
y x 

Limitation 

of variable 

x 

n R2
adj PANOVA A0 A1 A2 Constraints R2

adj 

All 

Fibrinogen 

level (g/L) 

Symptom-to-

intervention 

time 

<24 35 0.34 8.3×10-8 3.9 -4.0×10-1 3.0×10-2 

Male 0.53 

ASA 0.35 

Atherosclerotic 0.42 

Smoker 0.47 

<6.0 20 0.45 9.1×10-6 2.2 1.06 -0.2095 Male 0.55 

FH50 
Neutrophil 

count (103/µL) 
<7.0 28 0.38 1.2×10-3 101.8 -4.0×10-1 3.8×10-4 

Female 0.86 

Hypertensive 0.50 

CAD 

Fibrin fiber 

median 

Fibrinogen 

level (g/L) 
>2.0  35 0.35 1.9×10-4 1.9x10-1 -5.9×10-2 7.3×10-3 

ASA 0.45 

Clopidogrel 0.45 

Hypertensive 0.77 

Smoker 0.36 

FD50 

Age at 

intervention 

(years) 

<59  21 0.99 
3.0×10-

11 
5.4 -2.0×10-1 1.8×10-3 - - 
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Fibrinogen 

level (g/L) 
>3.1  22 0.58 6.2×10-4 2.6 -1.00 9.5x10-2 

Male 
0.69 

WBC count 

(103/µL) 
<16.9  35 0.48 1.5×10-5 2.1 -3.6×10-1 1.7×10-2 

Female 0.74 

ASA 0.54 

Clopidogrel 0.54 

Elevated 

fibrinogen 
0.71 

FH50 

Age at 

intervention 

(years) 

<59  21 0.71 6.1×10-5 87.8 -3.1 2.8×10-2 

Male 0.86 

ASA 0.79 

PAD 

FD50 

Age at 

operation 

(years) 

<66  18 0.33 3.7×10-2 10.3 -3.8×10-1 3.5×10-3 

Atherosclerotic 0.47 

Hypertensive 0.39 

Smoker 0.41 

CRP (mg/L) <7.2  12 0.75 6.3×10-3 3.2×10-1 -1.5×10-1 1.71×10-2 - - 

FH50 

Age at 

operation 

(years) 

50-80  41 0.39 4.3×10-5 15.0 -1.9×10-1 - 

Female 0.98 

ASA 0.87 

Clopidogrel 0.47 

Diabetic 0.90 

Hypertensive 0.47 

Elevated CRP 0.90 

>80  11 0.52 1.7×10-2 - -1.7×10-1 2.1×10-3 Hypertensive 0.61 

AIS 

Fibrin fiber 

median 
CRP (mg/L) <24  16 0.48 1.1×10-6 7.2×10-2 -3.7×10-3 3.4×10-4 

Male 0.56 

Leukocytosis 0.82 

FD50 

Age at 

intervention 

(years) 

<57  18 0.30 5.7×10-2 3.9 -1.7×10-1 1.9×10-3 Male 0.81 
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FH50 

Age at 

intervention 

(years) 

- 64 0.02 - - - 3.8×10-3 Tumor 0.90 

Neutrophil 

count (103/µL) 
<7.0 23 0.63 3.4×10-5 145.2 -5.6×10-1 5.3×10-4 Hypertensive 0.81 

  



 

 

4.2.2. Fibrin content and fibrin fiber thickness  

Although the fibrin fiber occupancy was statistically higher in PAD thrombi (98.1±5.6%) 

compared to AIS (97.1±7.93%, P=0.043) or CAD (96.8±8.1%, P=0.0081) groups, these 

differences were not considerable in magnitude. The median of fibrin fiber diameter 

measured in this study was significantly higher in CAD thrombi compared to AIS or PAD 

samples (Figure 21).  

 

 

Figure 21. Fibrin fiber diameter in thrombi removed from different localizations. 

Manual measurement of 300 fibrin fiber diameters was performed on 5 SEM images of 

each thrombus, followed by evaluation of their distribution as described in chapter 3.5.1. 

A: Coronary artery disease (CAD), B: Peripheral artery disease (PAD), C: Acute ischemic 

stroke (AIS). The graphs show the probability density function (PDF) of the empiric 

distribution (black histogram) and the fitted theoretical lognormal distribution (gray 

curve). Median values are indicated by vertical lines. The number of thrombi in each 

group was nCAD=62, nPAD=61, nAIS=77. Both the PAD (P=0.0026) and the AIS group 

(P=0.0132) had a significantly lower median fibrin fiber diameter, as compared to CAD 

samples according to one-tailed hypothesis test (significant if P-value less than 0.05) 

using Bootstrap resampling of n’=10,000. 
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These tendencies in the fiber size of the three main groups were due to the structural 

pattern of fibrin in male patients (median fiber diameter in CAD: 76.3 nm [67.2-90.8, 

n=41; AIS: 64.1 nm [58.6-85.3] n=46, P=0.0093 compared to CAD; PAD: 62.1 nm [57.4-

75.2], n=34, P=0.0002 compared to CAD), whereas fiber diameter did not differ in 

females from these groups. Chronic acetylsalicylic acid (ASA) treatment prior to the acute 

ischemic event was associated with an increased fiber diameter only in males (No ASA: 

64.4 nm [58.6-78.4] n=45; ASA: 70.9 nm [61.9-88.8] n=68, P=0.022). ASA had no other 

significant effects on the measured structural parameters.  

Regarding comorbidities, accompanying malignant neoplasms reduced fibrin fiber 

thickness only in PAD (No malignant comorbidity: 64.3 nm [59.2-73.8] n=53 vs. 

malignant comorbidity: 57.9 nm [54.1-58.7], n=7, P=0.018), but not in AIS and CAD.  

Out of the three main groups only in AIS thrombi, a parabolic dependence of fibrin fiber 

median on CRP was found with a minimum at about 5 mg/L CRP (n=16, R2
adj=0.48, 

PANOVA=1.1×10-6). CAD thrombi showed a similar correlation between the median 

diameter of fibrin fibers in thrombi and another acute-phase protein, the plasma 

fibrinogen, with a minimum at 4.0 g/L (n=35, R2
adj=0.35, PANOVA=1.9×10-4, Table 7 in 

the previous chapter and Figure 22).  
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Figure 22. Associations between fibrin fiber diameter median and fibrinogen in 

coronary artery disease (A), C-reactive protein (B) in acute ischemic stroke. Fibrin 

fiber median determined by morphometric analysis of scanning electron micrographs 

shown as a function of blood fibrinogen level for coronary artery disease (A) and C-

reactive protein (CRP) in acute ischemic stroke (B) thrombi. The regression curve (solid 

line) according to the model equation in Table 7 with 95% confidence intervals (dashed 

lines) is shown for data points (o) after outlier (x) rejection. 

 

Interestingly, plasma fibrinogen level also showed a correlation with symptom-to-

intervention time (Figure 23 and Table 7). A strong parabolic regression (n=35, 

R2
adj=0.34, PANOVA=8.3×10-8) was observed in thrombi retrieved in less than 24 hours 

after the onset of symptoms, with the minimum value at about 6 hours. CRP showed no 

significant association with time. Similarly, we did not identify any significant 

associations between symptom-to-intervention time and fiber diameter, FD50, or FH50. 
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Figure 23. Associations between symptom to intervention time and plasma 

fibrinogen concentration, including all groups. Symptom to intervention time less than 

6 hours (A), or 24 hours (B). Regression curve (solid line) with 95% confidence intervals 

(dashed lines) is shown for data points (o) after outlier (x) rejection. 

 

4.2.3. Thrombi from mice bearing human pancreatic tumors 

We measured the extracellular (cell-free) DNA and cH3 content in thrombi from mice 

bearing human pancreatic tumors and in thrombi from controls using 

immunofluorescence. Thrombi from tumor-bearing mice had increased levels of cell-free 

DNA and cH3 compared with levels of these bio-markers in thrombi from control mice 

(Figure 24). This was consistent with the data from the western blot analysis of our 

collaborators: thrombi from tumor-bearing mice had higher levels of histone H3, and cH3 

compared with the levels in thrombi from control mice [3](358). 



 

72 

 

 

Figure 24. Analysis of thrombi by immunofluorescence. Thrombus sections from 

control (A) and tumor-bearing (B) mice were stained for cell-free DNA (TOTO-3, blue), 

citrullinated histone H3 (H3Cit; immunostained, green), and fibrin (immunostained, red) 

and examined with confocal laser scanning microscopy (Zeiss LSM 710, Carl Zeiss, Jena, 

Germany). The area occupied by the DNA (C) and H3Cit (D) signal was quantified in 15 

randomly selected images from each thrombus shown with the same color. Lines indicate 

the median values of the bottom, median, and top quartiles calculated from the data of 90 

images from six animals of the control group (shown in different colors) and 150 images 

from ten animals of the tumor group (shown in different colors). The statistical analysis 

was performed using 90 or 150 input data (Bootstrap Kuiper test P<0.001 for all three 

quartiles of the datasets in panels C and D). ***P<0.001 
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4.2.4. Citrullinated fibrinogen (CitFg) 

4.2.4.1. Effects of citrullination on fibrin structure 

Given its abundance in thrombi (according to our results from a mice model, (359)), we 

tested the effects of CitFg on clot structure in a purified in vitro system. SEM 

demonstrated that progressive citrullination of fibrinogen led to a decrease in fibrin fiber 

diameters following thrombin-induced clotting (Figure 25). 

 

Figure 25. The effects of citrullination on fibrin fiber diameter. (A) Upper panel: 

representative SEM images of fibrin clots prepared from 6 µmol/L fibrinogen pre-treated 

with 1.15 mg/L PAD4 for 0/6/8 h (upper left-middle-right panel, respectively) clotted 

with 15 nmol/L thrombin for 2 h at 37 °C. Scale bar = 2 µm. Lower panel: the diameter 

of 300 fibers per image was measured from 4-6 SEM images per clot type using the 

algorithms described in chapter 3.5.1. The graphs present the probability density function 

(PDF) of the empiric distribution (histogram) and the fitted theoretical distribution (green 

curves). The numbers show the median, as well as the bottom and the top quartile values 

(in brackets) of the fitted theoretical distributions. All differences are significant at 

P<0.005 level according to Kuiper’s test for identity of distributions (360). 

 

The finding of increased convolution of citrullinated fibers was strengthened by SAXS 

analysis which indicated a significant rise in the mass fractal dimension (from 0.9 for 

native fibrin to 1.6 for maximally citrullinated fibrin, Figure 26). It is noteworthy that the 

changes in the space-filling pattern of the clots were accompanied by essentially similar 
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scattering correlation peaks with central positions corresponding to the known cross-

sectional periodicity of ~7 nm and longitudinal periodicity of ~22 nm of native fibrin 

(Figure 26), suggesting conserved intrafibrillar monomer assembly - up to a critical 

degree of citrullination at which fibrin polymerization ceased (361). 

 

Figure 26. The effects of citrullination on the molecular structure of fibrin clots. 

Small-angle X-ray scattering in fibrin clots formed with fibrinogen pre-treated with 8 

µmol/L citrullinated by 0/0.6/1.4/2.8 mg/L PAD4 for 1 h and clotted with 10 nmol/L 

thrombin (n=3). Fibrinogen and thrombin solutions were used as a reference. The 

normalized scattering intensity (dΣ/d) is plotted as a function of the momentum transfer 

(q), and empirical curves are fitted to the raw data, as described in chapter 3.5.2. Curves 

are shifted vertically by the indicated factors for better visualization. The vertical lines 

indicate the positions of the scattering peaks corresponding to periodicity of ∼7 nm and 

~20 nm. 
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LSM has been used for fibrin fiber density measurements in previous studies (349). 

According to our LSM observations, citrullination resulted in a fibrin network with 

increased density (from 44.0±1.9 in control to 52.9±2.9 and 56.4±2.0/120 µm in samples 

preincubated with 0.4 mg/L PAD4 for 3 and 4 h, respectively, Figure 27) in line with the 

increase in the mass fractal dimension of the clots revealed by the SAXS data.  

 

Figure 27. The effects of citrullination on fibrin fiber density. Laser scanning confocal 

microscopy images of 3.6 µmol/L fibrinogen (citrullinated with 0.4 mg/L PAD4 for the 

indicated times) clotted with 16 nmol/L thrombin in the presence of 1.5% Alexa Fluor® 

546-conjugated fibrinogen. Images were taken after 30 min incubation at room 

temperature. Optical z-stacks (every 1 m over 20 m) were combined to construct 3D 

images (upper panel). Lower panel: fiber density was determined by counting the number 

of fibers crossing 120 μm long sections of 2D-projected LSM images. Error bars represent 

the standard error of the mean. Each clot was prepared in duplicate, and two density 

measurements were performed in each (n=4). *P<0.05, **P<0.01. 

 

The formation of a finer but denser fibrin network was confirmed by an almost 50% 

decreased turbidity of fibrin clots formed with fibrinogen citrullinated for 8 h at 1.1 mg/L 

PAD, as well as with a mix of citrullinated and native fibrinogen (Figure 28).  
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Figure 28. The effects of citrullination on clot turbidity. Turbidity of clots formed with 

6 µmol/L fibrinogen (native, pre-treated with 1.15 mg/L PAD4 for 8 h, or a 1:1 mixture 

of the two) was clotted with 15 nmol/L thrombin for 2 h. Mean maximal light absorbance 

(measured at 340 nm at 37 °C) and standard error of mean were calculated from 12-13 

individual turbidity curves originating from 3 independent experiments. **P<0.01, 

***P<0.001,****P<0.0001. 
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Permeability measurements demonstrated that the increase in fiber density was 

accompanied by lower permeability (almost 50% decrease in the KS of fibrin clots formed 

with fibrinogen pre-treated with 0.6 mg/L PAD4 for 1.5 h, Figure 29). 

 

 

Figure 29. The effects of citrullination on clot permeability. Permeability of clots 

prepared from fibrinogen at 8 µmol/L pretreated with 0.6 mg/L PAD4 for the indicated 

times and clotted with 16 nmol/L thrombin. The permeability coefficient (KS) was 

calculated as described in chapter 3.5.3. KS values and standard error of mean were 

calculated from at least 8 samples originating from 3 independent experiments. **P<0.01, 

****P<0.0001. 

 

4.2.4.2. Mechanical consequences of fibrin citrullination 

The marked effects of CitFg on the formed fibrin structure warranted further 

investigations into the mechanical properties of clots (Figure 30 on the next page). In 

terms of viscoelasticity, oscillation rheometry showed a drastic decline in the mechanical 

resilience of clots in parallel with increasing citrullination of fibrin(ogen). At the end of 

the clotting phase, both the storage modulus (G') and the loss modulus (G'') stabilized at 

significantly lower values in citrullinated clots compared to control (Figure 30B, C). As 

the decrease in G' was more prominent, the overall loss tangent (G''/G') increased, which 

indicates an increased energy loss during deformation due to structural rearrangements of 

fibrin. As observed in Figure 30, the flow curves of the softer citrullinated clot structures 
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presented lower dynamic viscosity values throughout the measurement, and gel/fluid 

transition occurred at a lower critical stress (τ0, Figure 30A, E). 

 

 

Figure 30. Effects of fibrinogen citrullination on mechanical attributes of fibrin 

clots. (A) Representative rheometry flow curves depict the viscosity (η) of fibrin clots 

formed with thrombin and fibrinogen (native-black lines or PAD4-pretreated-gray lines) 

as they are probed by applying increasing shear stress (τ). (B-D) Storage modulus (G'), 

loss modulus (G'') and loss tangent (G''/G') were calculated from the clotting phase in 
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oscillation rheometry, while critical shear stress (τ0, panel E) values (at which viscosity 

falls to a theoretically zero value) were calculated based on 3-5 replicas of curves 

illustrated in panel A. *P<0.05, **P<0.01, ***P<0.001. 

 

4.2.4.3. Effects of citrullination on clot resistance to lysis 

Turbidimetry analysis showed decelerated plasmin-initiated lysis in fibrin clots formed 

with CitFg (37% increase in relative t50 = the time needed to reduce the turbidity of clots 

to 50% of the maximal value). Similar trends were observed in clots formed with a 1:1 

mix of citrullinated and native fibrinogen, which showed intermediate times until 50% 

lysis (Figure 31A and B). To better mimic in vivo conditions, tPA-induced lysis was tested 

in plasma clots spiked with native or CitFg (citrullination was stopped prior to the 

addition of plasma to rule out off-target PAD4 effects, Figure 31C). In this system, clots 

supplemented with CitFg showed decreased lysis front movement (0.51±0.03 and 

0.54±0.04 RU for clots supplemented with fibrinogen citrullinated at 1.1 mg/L PAD4 for 

3 and 4 h respectively, versus 0.65±0.04 RU for plasma clots supplemented with control 

fibrinogen, Figure 31C and D). 
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Figure 31. Effects of citrullination on the lysis of fibrin and plasma clots. (A) 

Representative curves of plasmin-induced lysis of fibrin clots were measured using a 

turbidimetry setup (absorbance measured at 340 nm). Circles represent fibrin clots clotted 

with native fibrinogen. Triangles refer to clots formed with fibrinogen pre-treated with 

1.15 mg/L PAD4 for 8 h, while squares represent clots formed with a 1:1 mixture of 

citrullinated and native fibrinogen. Every 10th measurement point is shown. (B) The time 

needed to reduce the turbidity of clots to 50% of the maximal value (t50) is presented in 

relative units: the mean value of the t50 for fibrin clotted from native fibrinogen in each 

independent set of measurement was considered 1. Values presented are calculated from 

8-11 curves depicted in panel A, originating from 3 independent experiments. *P<0.05, 

**P<0.01. (C) tPA-induced lysis of plasma clots supplemented with native (left two 

channels) or PAD4-pretreated fibrinogen (middle two and right two channels pretreated 

with 1.15 µg/mL PAD4 for 3 and 4 h, respectively). tPA was injected through the upper 

orifices, and images were taken after 45 min lysis. (D) Lysis front movement was 

registered every 15 minutes by photoscanning the samples, and the measured run 
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distances of the lysis front (opaque clot/transparent fluid interface) at 45 min were 

normalized for the distance of centers of opposite orifices (13 mm) to give relative units 

(RU). Mean values and standard error of mean of at least 7 runs from three independent 

experiments are shown. *P<0.05. 
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5. Discussion 

 

5.1. Staphylocoagulase 

The pathogenicity of S. aureus is largely dependent on its ability to exploit the host 

hemostatic system for bacterial colonization through the vasculature (362). Our study 

provided novel data on the structural and functional characteristics of the coagulum 

generated by an isolated key protein (staphylocoagulase) from the S. aureus arsenal of 

factors used to manipulate the hemostatic mechanisms for more efficient pathogenic 

invasion. 

In pure fibrin clots, both SCG-PT and SCG-T lead to an altered fibrin meshwork 

compared to thrombin, suggesting that SCG not only forms staphylothrombin but also 

alters the thrombin catalyzed fibrinogen cleavage and/or fibrin polymerization, consistent 

with the different clotting profiles observed for thrombin and SCG-T [2](363). As SCG 

increased fibrin fiber thickness in a similar manner with both thrombin and PT, it is 

possible that SCG itself interferes with fibrin polymerization after binding to fibrinogen 

(176, 177). Our published results show that there is an equivalence in amidolytic activity 

between thrombin and SCG-T [2](363) that further implicates SCG-binding to fibrinogen 

as being responsible for differences in fibrin polymerization and structural properties. The 

lower amidolytic activity of SCG-PT and further reduced clotting activity relative to 

SCG-T suggests the contribution of differences in enzyme activity between thrombin and 

SCG-PT is additive to the effect of fibrinogen-binding [2](363). 

Our results showed that when pure fibrinogen was clotted with thrombin, a thicker fiber 

matrix was associated with a more porous clot structure, which is similar to previously 

reported data (357). This trend, however, was not seen in fibrin generated by SCG-(P)T. 

The different trend of SCG-(P)T clot permeability and fiber size could be attributed to an 

earlier finding that SCG produces a greater amount of background debris compared to 

thrombin (364), which can explain the formation of thinner fibers – at higher SCG 

concentrations – without any reduction of the pore size or even allowing for increased 

porosity. Fibrin clots formed by SCG were more permeable compared to thrombin which 

probably allows lytic enzymes to penetrate the bacterial coagulum easier (in line with the 

reported increased tPA potency in SCG clots). At the concentrations used in the rheology 

studies, both SCG-PT and SCG-T promoted the formation of thicker fibrin fibers 
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(increased median fiber diameter by 10–15 nm). Ryan et al. described the relation 

between fiber thickness and elasticity (56) and found that there is an optimal, intermediate 

(75–90 nm) diameter that is also accompanied by an intermediate branchpoint density 

and results in maximal G′ values. In our study, fiber thickness exceeds this point; thus, 

the expected reduced branching can explain the loss of elasticity of the fibrin structure 

when SCG was present. However, the most striking difference was the decreased 

resistance of these clots against shear stress, thus a tendency to disrupt easier and form 

emboli. 

As there are many factors (e.g., plasma proteins, clotting factors) in blood plasma 

interfering with both fibrinogen and thrombin and altering the structural and mechanical 

properties of a forming clot, it was of interest to evaluate the coagulum properties in this 

more complex and physiological system. Our findings suggest that coagulation will be 

finely tuned in the presence of SCG-T and/or SCG-PT at the site of infection or in a 

bacterial vegetation. When SCG-T is dominant, a thicker and more porous matrix is 

formed compared to thrombin. The structural trends seen in the presence of SCG-PT were 

more complex, and its effects were concentration-dependent. Critical shear stress values 

were dominantly lower in the presence of SCG than with thrombin, indicating that clots 

formed by either SCG-T or SCG-PT are easier to disrupt. Interestingly, in plasma, SCG 

increased both elasticity and viscosity of thrombi (when compared to thrombin control), 

which is the contrary of SCG effects in pure fibrin. In the case of SCG-T, the discrepancy 

can be explained by the additional interactions of thrombin in plasma (e.g., activation of 

coagulation factor XIII and the cross-linking of fibers leads to increased elasticity (365)). 

SCG-PT, on the other hand, does not interact with other partners of thrombin. Thus, the 

changes observed in the viscoelastic parameters might imply a direct effect on the fibrin 

network, independent of fiber thickness. We also cannot rule out the possibility of other 

plasma proteins being bound and trapped into the polymerizing matrix in the presence of 

SCG. Independently from the increased viscoelastic parameters, the plasma clots also 

appeared more fragile (as evidenced by the significantly lower τ0 values) than the 

respective thrombin controls – suggesting an increased risk for thrombus fragmentation 

and septic embolization – which mirrored our results from the purified fibrin system. 

Although the presence of staphylocoagulase in endocardial vegetations was proved by 

other groups (177), some studies imply that it is not crucial for the development of these 
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structures (366, 367). Nevertheless, our results show that when present, it will have a 

definite effect on the final properties of the lesion. Our study has its limitations as 

staphylocoagulase is not the sole player at the site of infection. Lipoteichoic acid from S. 

aureus might also change fibrin structure through amyloidogenesis (368). Furthermore, 

the innate immune system is activated upon a S. aureus infection and vegetation 

formation (362), and it is already reported with Streptococcus mutans that bacterial 

endocarditis can be accompanied by NET formation (369). S. aureus also has the 

capability to induce the release of such traps (194), which also modify clot structure and 

increase its mechanical stability (269). Thus, the structure of the vegetations, their 

fragmentation, and the resulting septic embolisms highly depend on the local 

concentration of clot components (e.g., SCG-T, SCG-PT, NET, or even cellular, bacterial 

components) in different regions of the lesion.  
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5.2. Neutrophil extracellular traps and the structure of ex vivo thrombi 

5.2.1. NET constituents in heart, brain, and peripheral arterial thrombi 

Our previous in vitro (269) and ex vivo (271) study provided evidence that NET 

components (DNA, histones) modify the structure of fibrin, increase its mechanical 

stability and render clots less sensitive to lysis with tPA/plasminogen. In line with the 

recently reported findings in ischemic stroke thrombi (271, 370), our work confirmed the 

presence of NET components in AIS thrombi, but we also demonstrated that the DNA 

content of AIS thrombi is similar to CAD and considerably lower than PAD thrombi. 

Thus, compared to other artery locations, in AIS, the NET meshwork impedes the 

fibrinolytic therapeutic approach the least to restore the patency of occluded vessels. 

During the early phase of NETosis, the arginine residues of histone proteins are 

deiminated (citrullinated) by the enzyme PAD4. Thus cH3 is considered to be a specific 

marker of NETs (246). This antigen was present in all clots – in line with the recently 

reported findings in ischemic stroke thrombi (370). No significant quantitative 

differences were observed between cH3 content at different vascular locations, which 

could be attributed to the role of citrullination limited to triggering NET formation. Thus, 

differences in the minuscule quantities of citrullinated histones (sufficient to initiate 

NETosis) are not necessarily detectable after the completion of the process – well after 

we performed the observations. Because thrombin is able to degrade citrullinated histones 

(286), extracellular DNA appears to be a more stable marker of NETosis in thrombi. Such 

an interpretation of the FD50 and FH50 findings is in line with our results regarding the 

effects of oral anticoagulants, as the treatment with such drugs leads to a two-fold higher 

relative cH3 content in all thrombi. In view of the stabilizing impact of NETs on thrombi, 

an important observation from our work was that both the DNA and the cH3 content, as 

hallmarks of NETs, correlated positively with the patients’ age (except for cH3 in AIS).  

Our data suggest the local inflammatory process accompanied by NET release in thrombi 

is associated with a mild to moderate increase in the systemic signs of inflammation 

(WBC, CRP), whereas their extremely high systemic levels are probably related to 

additional loci, distinct from the thrombi. 

Because histones are known to confer mechanical and lytic resistance to fibrin (269), our 

result from the patients’ age at the intervention can be interpreted as an age-dependent 

clot-stabilizing effect, which suggests an improved response to lytic treatment in younger 
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patients, as well as that stabilization of the structure in older patients could favor the 

success of mechanical intervention. In addition, in PAD, the strength of association 

between the NET content of thrombi and patients’ age was increased by atherosclerotic 

etiology or systemic indicators of inflammation (CRP, leukocytosis, plasma fibrinogen). 

The age trend in FH50 of AIS patients was reinforced by malignant co-morbidities, 

known to exert an independent NET-promoting effect (321), which points to increased 

lytic resistance in this subgroup of patients. The role of malignancy in NETosis was 

further strengthened by our results in venous thrombi from mice bearing human 

pancreatic tumor cells (358). We found increased levels of plasma biomarkers that either 

increase neutrophil counts, such as G-CSF, or are biomarkers of activated neutrophils and 

NET, such as NE and H3Cit, in tumor-bearing mice compared with controls. We also 

observed increased levels of the neutrophil biomarker Ly6G and the NET biomarker 

H3Cit in thrombi from tumor-bearing mice. Taken together, these data suggest that 

neutrophils contribute to increased venous thrombosis observed in tumor-bearing mice. 

We found that tumor-bearing mice have increased levels of mouse G-CSF and there was 

a significant positive correlation between levels of mouse G-CSF and neutrophil numbers. 

This suggests that increased levels of G-CSF drive the increase in neutrophil numbers. At 

present, we do not know the cellular source of G-CSF in tumor-bearing mice, but this 

cytokine is normally expressed by endothelial cells, macrophages and immune cells 

(371). In support of this, mice with murine breast 4T1 tumors exhibit increased plasma 

levels of G-CSF and administration of an anti-G-CSF antibody reduces neutrophil counts 

(321). G-CSF level and neutrophil count may, therefore, represent novel biomarkers of 

VTE risk in cancer patients. 

It has been hypothesized that G-CSF primes neutrophils to undergo NET formation in 

tumor-bearing mice (321, 372). In one study it was found that the percentage of H3Cit-

positive neutrophils was increased in tumor-bearing mice compared with controls (321). 

Furthermore, neutrophils isolated from mice bearing murine 4T1 tumors treated with an 

anti-G-CSF antibody had significantly less NET formation compared with those from 

tumor-bearing mice treated with an isotype control (321). In addition, administration of 

recombinant G-CSF to mice bearing murine melanoma B16 tumors, which do not 

produce G-CSF, increased H3Cit in tumors in a PAD4-dependent manner (372, 373). We 

observed a large variation in the H3Cit/H3 ratio in thrombi from tumor-bearing mice 
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which appears to be due to different levels of H3Cit in the thrombi. At present, we do not 

know the reason for this range of H3Cit in thrombi from tumor-bearing mice, but it may 

reflect differences in G-CSF levels and the degree of neutrophil priming in the different 

tumor-bearing mice. 

Plasma cfDNA and the NET biomarker, H3Cit, were increased in tumor-bearing mice 

compared with controls. Tumors are known to release cfDNA into the blood (374). In 

addition, we observed that BxPc-3 cells express PAD4 and therefore tumors may also 

contribute to the plasma levels of H3Cit. Thrombi from tumor-bearing mice also had 

increased levels of cfDNA and H3Cit compared with thrombi from controls. Importantly, 

administration of DNase I reduced thrombus size in tumor-bearing mice but not in control 

mice. Similarly, a previous study showed that DNase I did not affect jugular vein 

occlusion times in control mice but prolonged the time to occlusion in 4T1 tumor-bearing 

mice (322). We observed that DNase I reduced thrombus size more effectively than 

depletion of neutrophils. It is possible that DNase I is more effective than neutrophil 

depletion because it digests not only NET but also cfDNA, which may also be released 

by cancer cells and may enhance thrombosis by activating factor XII (266, 375). 

 

5.2.2. Fibrin structure in thrombi 

Because of the known effects of NET components on purified fibrin structure (269), in 

the present study, we investigated the alterations in fibrin content and fiber thickness in 

thrombi. Although the fibrin fiber occupancy was statistically higher in PAD thrombi 

(98.1±5.6%) compared to AIS (97.1±7.93%, P=0.043) or CAD (96.8±8.1%, P=0.0081) 

groups, these differences were not considerable in magnitude, and thus fibrin content 

could be used as a reference value for the content of NET constituents (justifying the 

interpretation of the FD50 and FH50 ratio values as measures of DNA and cH3 content 

of thrombi). Fibrin fiber thickness has a direct effect on the viscoelastic properties of the 

clots and their mechanical stability (376). The median of fibrin fiber diameter measured 

in this study was significantly higher in CAD thrombi compared to AIS or PAD samples. 

These tendencies in the fiber size of the three main groups were due to the structural 

pattern of fibrin in male patients (median fiber diameter in CAD: 76.3 nm [67.2-90.8, 

n=41; AIS: 64.1 nm [58.6-85.3] n=46, P=0.0093 compared to CAD; PAD: 62.1 nm [57.4-

75.2], n=34, P=0.0002 compared to CAD), whereas fiber diameter did not differ in 
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females from these groups. Because the mechanical stability of thicker fibrin fibers is 

higher (376), this data indicates that thrombi of male CAD are the most stable. 

Furthermore, chronic acetylsalicylic acid (ASA) treatment prior to the acute ischemic 

event was associated with an increased fiber diameter only in males.  

The alterations in fibrin structure cannot be attributed to the effect of NETs because PAD 

thrombi showed the highest relative DNA and cH3 content and the thinnest fibers, 

whereas, in purified fibrin clots, DNA and histones increase the fiber diameter (269). This 

discrepancy could be explained at least in part by differences in pre-procedural 

medication. While all CAD patients received chronic ASA prophylaxis, only a quarter of 

the AIS and half of the PAD patients were treated with ASA prior to the acute 

intervention. ASA is known to have platelet-independent effects, such as fibrin 

acetylation, which leads to thicker fibers (377, 378). Clinical trials demonstrate sex 

differences in response to ASA treatment (379), which is in agreement with our data 

showing that ASA treatment results in thicker fibrin fibers only in male patients. 

The previously reported data on the association of fibrin structure and CRP are 

inconsistent and controversial with studies variably showing that: 1) CRP-treated fibrin 

clots had thicker fibrin fibers (380); 2) a lower CRP (<2 mg/L) was associated with greater 

fibrin fiber diameters compared to CRP>5 mg/L in thrombi removed from CAD (381). 

In our study, fibrin fiber diameters did not differ significantly in CAD patients with low 

CRP (<5 mg/L), compared to those with higher values (71.88 nm [63.34-86.24] n=43 vs. 

72.26 nm [61.12-98.48], n=18, P=0.4825) probably due to the dominant ASA effect 

discussed above. 

 

5.2.3. Citrullinated fibrinogen 

We have shown that altered fibrin structure formed with CitFg results in a mechanically 

destabilized but chemically resistant clot. 

Mounting evidence underlines the clinical prognostic value of clot structure (57, 382, 

383). Patients with deep vein thrombosis (DVT) have decreased plasma clot permeability 

compared to controls without a DVT history, and densely packed fibrin fibers have been 

detected in distal pulmonary emboli (360, 384). Because of the similarity in the low-flow 

hydrodynamic conditions at the sites of thrombus formation (venous stasis and 

dysrhythmic heart, respectively), findings gained from venous thrombi could provide 
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clues for a better understanding of thrombi causing cardioembolic stroke, presenting the 

most common known stroke etiology (~20% stroke cases) (385). Clot structure, however, 

depends on a multitude of factors, including the concentration of thrombin and fibrinogen. 

In our system, both effective thrombin and fibrinogen concentrations might have 

decreased since CitFg is an uncompetitive inhibitor of thrombin (333). Moreover, the 

formation of CitFg occurs at the expense of effective fibrinogen concentrations since 

thrombin cleaves next to native peptidyl-arginine only (334). The net effects of these (and 

possibly other) factors might have contributed to the decreased median fiber diameter in 

clots containing CitFg, which is in alignment with the single preliminary study on CitFg 

with SEM investigations (334). Here we confirm the SEM findings with an independent 

method that adds structural insights on the level of individual fibers. SAXS indicated that 

the decrease in fiber thickness did not result from a change in intra-fiber protofibril 

density, as the scatter curve peak ranging from 0.6-1.5 nm-1 (corresponding to the cross-

sectional fiber periodicity) (269) was preserved in clots containing various concentrations 

of CitFg. The measured fiber-level biomechanical parameters are in line with this finding: 

the Young modulus of citrullinated fibrin remained in the same order of magnitude as 

that of control fibrin [4](359), suggesting that the decreased fiber stiffness (decreased G’) 

of citrullinated fibrin was primarily a consequence of a thinner fiber structure and not due 

to a change in the mechanical properties of individual fibrin protofibrils. Generally, the 

formation of thinner fibrin fibers leads to a decrease in clot porosity (57), which is in line 

with decreased Ks (permeability constant) values observed by us and the more compact 

space-filling pattern of the clots supported by increased fiber density (LSM) and increased 

mass fractal dimension (SAXS). 

In pure fibrin clots, thinner fibers and lower porosity typically result in slower 

fibrinolysis, even though mathematical modeling of this system has shown more 

complexity (386). This phenomenon is traditionally explained with the different ratios of 

two processes, namely, inter-fiber diffusion of plasmin (slower) versus cutting across 

individual fibers (faster) in dense vs. coarse fibrin (114). In addition to the altered fibrin 

structure seen in our turbidimetry experiments, a loss of plasmin cleavage sites may play 

a role in the lower rate of fibrinolysis. While plasmin cleaves overwhelmingly next to 

lysine residues, there is some evidence that it may generate fibrinogen-derived peptides 

upon cleavage next to peptidyl-arginine (387, 388). As earlier work has shown decreased 
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efficiency of plasmin on soluble CitFg (333), it is plausible that fibrin formed with CitFg 

may show similarly decreased susceptibility to plasmin. Taking this experimental setting 

one step closer to the in vivo scenario, we demonstrated that plasma clots are resolved 

slower when supplemented even with a low % of CitFg: given that citrullination was 

submaximal (confirmed by coagulometry experiments performed in parallel), the ratio of 

citrullinated to native fibrinogen was probably well below 5% in this setup. 

Perhaps even more prominent than the effects on chemical stability, the presence of CitFg 

resulted in markedly altered clot mechanics, as our study uniquely demonstrates. Clots 

formed with CitFg were mechanically less stable, as revealed by the decrease in the 

critical shear stress causing gel/fluid transition (rheometry) in the current study. These 

are in line with previous studies, which showed that thinner fibrin fiber networks were 

associated with decreased G' (56, 389) and an increase in the loss tangent (G''/G') in the 

presence of calcium (389). In the present study, the combination of methods analyzing 

fiber-level structures and macroscopic viscoelasticity revealed that the convoluted fibers 

of citrullinated fibrin (which bear lower bending rigidity seen as decreased persistence 

length) [4](359) allowed for a relatively higher energy loss than energy storage upon 

deformation (increased G''/G'). Thus, in terms of biomechanics, citrullination increased 

the deformability and decreased the stability of fibrin. In in vivo thrombi, such a decrease 

in mechanical stability might lead to a propensity for rupture of deep venous thrombi and 

consequential formation of emboli (390, 391). 

While we and others have previously demonstrated the inhibitory effects of DNA, 

histones, and NETs on clot lysis (258, 268, 269), our current findings point to another 

potential mechanism through which neutrophils could influence clot structure and 

stability, namely, the generation of CitFg via neutrophil-derived PAD enzymes. The 

mechanisms described by us could contribute to decreased in vivo fibrinolytic 

susceptibility, with implications for thrombolytic efficacy in DVT studies.  

CitFg has been detected previously alongside PAD4 in a murine model of wound healing 

(392) as well as in human atherosclerotic plaques – the rupture of which often trigger 

thrombosis – and in the synovia and serum of patients with rheumatoid arthritis (330, 

331), a condition associated with a higher risk for cardiovascular disease (393). 

Furthermore, PAD4-catalyzed CitFg formation might attract attention from a therapeutic 

perspective. Even though the exact role of PAD4 in NETosis is still debated (394), 
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inhibition of PAD4 has shown promising in vitro results in inhibiting NET formation 

(395) and, in a previous study using the IVC stenosis model, genetic knockout of PAD4 

decreased the likelihood of thrombosis (316). However, therapeutic inhibition of PAD in 

the circulation would not only silence NETosis but also likely affect the amount of 

citrullinated plasma proteins such as fibrinogen. With specific regards to thrombosis, it is 

tempting to visualize cell-impermeable PAD inhibitors that hinder the formation of the 

antifibrinolytic CitFg but avoid the hazards of disturbed gene expression stemming from 

altered histone modification. Future studies will decide if this vision becomes a reality.  
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6. Conclusions 

 

Our most important conclusions are the following: 

1.  Staphylocoagulase has an impact not only on prothrombin but also alters thrombin 

catalyzed fibrin polymerization. 

2.  Concerning fibrin structure, we observed a general trend for SCG to produce a 

fibrin matrix with thicker individual fibers, preserved intrafibrillar density, and increased 

clot porosity. 

3.  Fibrin clots formed in the presence of SCG have lower elasticity and viscosity. 

Plasma clots showed opposing results: increased elasticity and viscosity. 

4.  When present, SCG renders clots less resistant to mechanical forces and shear 

stress. 

5.  Lysis of both plasma and pure fibrin clots is generally potentiated in SCG-formed 

clots – with a more accentuated effect with SCG-PT. 

6.  NETs are present in arterial clots and the NET content of thrombi varies at 

different locations (brain, heart, peripheral arteries). 

7. DNA and citrullinated histones in thrombi correlate with patient age and systemic 

inflammatory markers. 

8.  Thicker fibrin fibers are formed in coronaries, unlike those formed in brain and 

peripheral arteries. 

9. Markers of NETs are present in higher amounts in thrombi from mice bearing 

human pancreatic tumors. 

10. Citrullinated fibrinogen leads to the formation of a thinner fiber matrix with 

increased fibrin fiber density and lower permeability. 

11. Clots with CitFg are less elastic, less viscous, and show decreased resistance 

against mechanical forces and shear stress but increased lytic resistance. 
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Implications: 

1.  Our lysis results of clots formed in the presence of SCG suggest a shorter lifespan 

of these clots in vivo. 

2.  The opposing results of the viscoelastic properties of fibrin and plasma clots can 

be the result of the direct effects of SCG on fibrin(ogen). 

3. Clots formed in the presence of SCG tend to disrupt easier and form emboli. 

4. Certain routine laboratory findings may have a predictive value for NET content 

and the structure of thrombi. These findings could lead to better therapeutic strategies, 

but the predictive model must be further tested. 

5. Neutrophils and NET formation enhance venous thrombosis in pancreatic cancer. 

6.  Therapeutic inhibition of PAD in the circulation would not only silence NETosis 

but also likely affect the amount of citrullinated plasma proteins such as fibrinogen. 

7. Cell-impermeable PAD inhibitors might hinder the formation of the 

antifibrinolytic CitFg but avoid the hazards of disturbed gene expression stemming from 

altered histone modification. 
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7. Summary 

The mortality rates of thromboembolic diseases remain high despite the continuous 

expansion of treatment options. For better prognosis, novel therapeutic targets are needed. 

We studied the interrelations of the immune and the hemostatic systems to identify such 

molecular mechanisms; we examined the structural, mechanical, and lytic behavior of 

thrombi and determined novel determinants of thrombus structure. 

Staphylococcus aureus is a Gram-positive coccal bacterium that can cause a broad palette 

of pathologies. One of its virulence factors is staphylocoagulase, a protein that binds to 

prothrombin, and the formed SCG-PT complex expresses thrombin-like proteolytic 

activity through a non-proteolytic zymogen activation of prothrombin. Our results 

showed that thrombi formed in the presence of staphylocoagulase are chemically less 

resistant against plasmin-mediated lysis, partially explained by the fibrin matrix made up 

from thicker individual fibers in the presence of SCG-(P)T. These clots had increased 

porosity and decreased resistance against shear stress, which makes them prone to 

disruption and emboli formation. 

Neutrophil extracellular traps (NETs) are net-like structures composed of decondensed 

chromatin, and antimicrobial peptides emitted to the extracellular space by 

polymorphonuclear cells during NETosis. Previous results show that NETs render clots 

more resistant against lytic and mechanical forces. Examining thrombi removed during 

therapeutic intervention from coronary, peripheral artery disease and acute ischemic 

stroke patients, we showed not only that NETs are present in varying amounts in arterial 

thrombi from different localizations, but also found associations of NET content with 

systemic inflammatory markers and patient age. Furthermore, malignancy increased the 

NET content of clots in a murine in vivo venous thrombosis model.  

Peptidyl-arginine-deiminase 4 can citrullinate fibrinogen upon NETosis. Our results 

showed that thrombi formed in the presence of such fibrinogen have thinner fiber matrix, 

with increased fiber density and lower permeability. These clots were less elastic, less 

viscous, and showed decreased resistance against mechanical forces and shear stress. 

These findings were accompanied by increased lytic resistance. 

In summary, our findings improved the understanding of the molecular links between 

inflammation and thrombosis and pave the way to novel diagnostic and therapeutic 

options in cardiovascular diseases. 
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8. Összefoglalás 

A bővülő terápiás lehetőségek ellenére a trombotikus betegségek halálozási aránya 

továbbra is magas, a jobb prognózis érdekében új terápiás célpontokra van szükség. 

Munkánk során az immun- és véralvadási rendszer kapcsolatait tanulmányoztuk ilyen 

lehetőségek feltérképezése céljából. Alvadékok szerkezeti, mechanikai és lítikus 

tulajdonságait vizsgáltuk, új, trombusszerkezetet meghatározó faktorokat írtunk le. 

A Staphylococcus aureus egy Gram-pozitív baktérium, amely számos patológiás 

állapotért felelős. Egyik fontos virulencia-faktora a stafilokoaguláz, egy fehérje, amely 

protrombinhoz kötődik. A létrejövő SCG-PT komplex a protrombin nem-enzimatikus 

zimogén aktivációját követően trombin-szerű aktivitással rendelkezik. A stafilokoaguláz 

jelenlétében létrejött alvadékok kevésbé rezisztensek plazmin általi lízissel szemben, amit 

részben az SCG-(P)T jelenlétében létrejött vastagabb szálakból álló fibrinmátrix 

magyarázhat. Ez fokozott porozitással, nyíróerőkkel szemben kisebb ellenállással társult, 

ami az ilyen alvadékok könnyebb dezintegrációjához, embolusképződéshez vezethet. 

A neutrofil extracelluláris csapdák (NETek) hálószerű struktúrák, melyek dekondenzált 

kromatinból és antimikrobiális fehérjékből állnak, amiket polimorfonukleáris sejtek 

bocsájtanak ki az extracelluláris térbe NETózis során. A NET-ek az alvadékok lítikus és 

mechanikai erőkkel szembeni ellenállását is képesek fokozni. Szívkoszorúér- és perifériás 

artériás betegségben szenvedő betegekből, valamint stroke-on átesett betegekből 

intervenciós módszerekkel eltávolított vérrögöket vizsgáltunk, melyekben a NET 

komponensek változó mértékben voltak jelen, emellett azok mennyisége összefüggést 

mutatott szisztémás gyulladásos paraméterekkel és a betegek életkorával. Továbbá in vivo 

egér vénás trombózis modellünkben tumor jelenléte fokozta a trombusok NET-tartalmát. 

A NETózis során aktiválódó peptidil-arginin-deimináz 4 képes a fibrinogént citrullinálni. 

A citrullinált fibrinogén jelenlétében képződött alvadékok vékonyabb fibrinszálakból 

épülnek fel nagyobb száldenzitással, melyhez kisebb permeabilitás (porozitás) társul. Az 

alvadékok kevésbé elasztikusak és viszkózusak, emellett csökkent mechanikai ellenállást 

mutatnak, megnövekedett lítikus rezisztenciával. 

Összefoglalva, munkánk elősegíti a trombózis és gyulladás közötti kapcsolatok 

pontosabb megértését, utat nyitva ezáltal újabb diagnosztikai és terápiás módszerek 

fejlesztéséhez kardiovaszkuláris betegségekben. 
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