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Hemostasis 
 

The primary role of the hemostatic system is to confine bleeding without 

causing thrombotic complications. Upon injury to the vessel wall, platelets 

adhere to the site of trauma and form an aggregate which serves as a primary 

plug that stops bleeding [1]. At the same time, the proteins of the coagulation 

system are activated, which leads to the formation of a fibrin clot (see Figure 

1.1). Coagulation reactions mainly occur at phospholipid surfaces of platelet 

membranes, particularly after ‘flip-flop’ exposure of phosphatidylserine (PS). 

Activation of the coagulation cascade leads to stepwise activation of serine 

proteases (which normally circulate as inactive zymogens) to active enzymes. 

Coagulation can be initiated via two cascades: the extrinsic pathway and the 

intrinsic pathway of coagulation [2,3].  

 

After endothelial damage, the extrinsic pathway is activated by exposure of 

tissue factor (TF) to the bloodstream. TF binds to coagulation factor VII(a) 

(FVIIa) and the TF/FVIIa complex activates factor X (FX) and FIX. The intrinsic 

pathway is triggered by activation of FXII in a process called contact activation, 

which is discussed in more detail further on. Activated FXII (FXIIa) activates 

prekallikrein and FXI, in the presence of the cofactor high molecular weight 

kininogen (HMWK), and FXIa activates FIX. Activated FIX (FIXa) associates 

with the cofactor FVIIIa into the tenase complex (FIXa, FVIIIa, Ca
2+

 and 

phospholipid membrane) which activates FX. FXa associates with FVa to form 

the prothrombinase complex (FXa, FVa, Ca
2+

 and phospholipid membrane) 

which converts prothrombin into thrombin. Thrombin, in turn, catalyses the 

conversion of fibrinogen to fibrin. Fibrin molecules polymerize to fibers that are 

covalently linked by FXIIIa [4]. Thrombin mediates several feedback reactions, 

including the activation of FXI and FXIII, and the activation of the cofactors FV 

and FVIII. Furthermore, thrombin initiates an important inhibitory mechanism 

involving the thrombomodulin mediated activation of protein C. Activated protein 

C (APC), together with the cofactor protein S, inactivates the cofactors FVIIIa 

and FVa and hereby attenuates coagulation. Other important natural 

anticoagulants include antithrombin (which directly inhibits serine proteases 

such as thrombin), tissue factor pathway inhibitor (TFPI) and C1-esterase 

inhibitor (C1-INH).  
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Figure 1.1: Current view of coagulation and related systems.  

The coagulation cascade is a sequential activation of coagulation proteins and consists 
of two pathways initiated by different triggers: the intrinsic pathway and the extrinsic 
pathway. FXa is the central enzyme common to both the extrinsic and the intrinsic 
coagulation pathway. After injury, the extrinsic pathway is initiated by the formation of the 
TF/FVIIa complex and cleaves FX to form FXa. The intrinsic pathway is triggered by 
activation of FXII in a process called contact activation; FXIIa will also produce FXa via 
FXI, FIX and FX activation. FXa associates with FV(a) on a phospholipid membrane and 
converts prothrombin (FII) into thrombin. Thrombin forms fibrin out of fibrinogen and 
activates FXIII. FXIIIa polymerizes the fibrin fibers. Clot formation is accelerated by 
thrombin activation of the cofactors FV and FVIII and by feedback activation of FXI. The 
TF/FVIIa complex can also activate FIX and FX. Thrombin slows down its own formation 
by activation of the protein C pathway. The formed activated protein C (APC) will 
inactivate the cofactors FVa and FVIIIa. After one week the process of fibrinolysis will 
dissolve the fibrin clot.  

 

 

Fibrin formation and fibrinolysis 

The end product of coagulation is the formation of an insoluble fibrin clot, from 

fibrinogen by thrombin. Fibrinogen is a soluble 340 kDa glycoprotein present at 

a concentration of 2 – 4 mg/ml in plasma. It circulates as a dimer consisting of 2 

identical subunits, each formed by three non-identical polypeptide chains: Aα, 

Bβ and γ. Fibrinogen has an elongated structure with three connected nodules: 

the central nodule E and two distal nodules D. Thrombin converts fibrinogen 
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into fibrin monomers by cleaving fibrinopeptide A (FPA) and FPB. These 

monomers polymerize spontaneously and produce fibrin protofibrils which 

assemble into fibers. FXIIIa, activated by thrombin, cross-links the fibrin fibers 

by forming γ-glutamyl-ε-lysyl amide bonds between the monomers and this 

stabilizes the fibrin clot [5].  

 

Degradation of the fibrin clot is dependent on the action of the enzyme plasmin. 

Plasmin is formed from plasminogen by plasminogen activators, among which 

tissue-type plasminogen activator (tPA) and urokinase plasminogen activator 

(uPA) are the most important. The conversion of plasminogen into plasmin is 

controlled at different levels and occurs at the fibrin surface. Fibrinogen is a 

rather inert molecule, whereas fibrin interacts with a number of proteins, among 

which tPA and plasmin(ogen). Interaction of plasminogen and tPA with fibrin 

provides efficient activation of plasminogen by tPA. Moreover fibrin degradation 

products stimulate fibrinolysis. Thus fibrin plays an active role in its own 

degradation and hereby restricts fibrinolysis to the site of the blood clot. Initial 

cleavage of fibrin by plasmin occurs in the αC-domains followed by multiple 

cleavages between the D and the E regions. Such cleavages generate COOH-

terminal Lys residues, which provide additional binding sites for plasmin and 

thus play an important role in the propagation of fibrinolysis. Thrombin-activated 

fibrinolysis inhibitor (TAFI) competes for these plasminogen binding sites and 

hereby reduces fibrinolysis. The activity of the enzymes tPA and uPA is 

inhibited by plasminogen activator inhibitor-1 (PAI-1), which is released from 

platelets incorporated into the thrombus. The formed plasmin is controlled by 

α2-antiplasmin [6]. 

 

The structure of the fibrin clot and the susceptibility to fibrinolysis are important 

determinants of thrombotic risk [7]. Many factors influence the structure and 

stability of the clot, including the concentration of thrombin and fibrinogen, 

fibrinogen (splice) variants and other plasma proteins. High concentrations of 

thrombin lead to fibrin clots with thin fibers en small pores, properties that make 

a clot less susceptible to fibrinolysis [8]. Furthermore, the concentration of 

fibrinogen and fibrinogen splice variants, such as γ’, influence the structure of 

the fibrin clot. Differential splicing and alternative polyadenylation of the γ chain 

of fibrinogen leads to the formation of a longer γ-chain called γ’, which results in 

a clot with thinner fibers, smaller pores, increased branching and increased 

resistance to fibrinolysis. It is a natural occurring variant and the ratio of 

“normal” γ chain (γA) to γ’ is a determinant of thrombotic risk [9].  
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Contact activation system 
 

The contact system consists of three zymogens, factor XII, prekallikrein and 

factor XI and the nonenzymatic co-factor high molecular weight kininogen 

(HMWK). The physiological function of the contact activation system in vivo is 

still unclear. Deficiencies in FXII, prekallikrein or HMWK are not associated with 

a bleeding tendency and therefore are not essential for hemostasis. Deficiency 

in FXI is associated with a mild bleeding phenotype, however, it can also be 

activated by thrombin, bypassing the contact activation system.   

 

Coagulation factor XII 

FXII was discovered in 1955, due to a prolonged clotting time in the aPTT test 

in an asymptomatic patient, John Hageman (FXII is also referred to as 

Hageman factor) [10]. FXII is an 80 kDa serine protease that consists of a 

heavy (353 residues) and a light chain (243 residues) held together by a 

disulfide bond. The plasma concentration of FXII is ~30 μg/ml (375 nM), which 

is rather high compared to other coagulation factors, but within the same range 

as prekallikrein and HMWK [11].  

Since its discovery it has been found that FXII is involved in several 

physiological systems. The zymogen FXII plays a role in angiogenesis via the 

activation of ERK1/2, whereas the enzymatic activity of activated FXII (FXIIa) is 

directed towards several biological substrates. FXIIa is able: 1) to initiate the 

generation of thrombin via the intrinsic pathway of coagulation through 

activation of FXI, 2) to initiate the kallikrein kinin system via the activation of 

prekallikrein, 3) to initiate fibrinolysis via the activation of plasminogen and 4) to 

initiate the complement system via the activation of C1 [12].  

 

Several non-physiological and physiological triggers of FXII activation have 

been identified, but it is still unclear which is the in vivo activator of FXII. Non-

physiologic activators include negatively charged surfaces such as glass, ellagic 

acid, dextran sulphate (DXS) and kaolin. Physiological activators include 

sulfatides [13], collagen [14], misfolded proteins [15] and long chain 

polyphosphates (polyP) produced by bacteria [16,17]. The initial step in the 

activation of FXII is its binding to a negatively charged surface, which induces a 

conformational change and forms activated FXIIa (α-FXIIa). α-FXIIa is able to 

activate FXII (autoactivation), prekallikrein and FXI. Furthermore, kallikrein 

reciprocally activates FXII, and via a second cleavage at R334-N335 converts 

α-FXIIa to β-FXIIa (30 kDa). β-FXIIa has lost the heavy chain, which contains 

the binding sites to a surface [18]. β-FXIIa is still able to activate prekallikrein, 

but not FXI [19]. Activation of prekallikrein leads to bradykinin formation: 
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kallikrein cleaves HMWK and releases the nonapeptide bradykinin. Bradykinin 

is a pro-inflammatory peptide which increases the vascular permeability and is 

involved in the regulation of blood pressure. Activation of FXI leads to the 

activation of the intrinsic pathway of coagulation and the formation of a fibrin 

clot. It has been proposed that platelets participate in the activation of FXII, 

however it is still not clear how [20-22].   

Both α-FXIIa and β-FXIIa are mainly inhibited by the natural inhibitor C1-INH, 

90% of FXIIa is inhibited by C1-INH in vivo. C1-INH is a serpin which inhibits 

several enzymes, including C1s (hence the name of this inhibitor), FXIIa, FXIa 

and kallikrein and its plasma concentration is 240 μg/ml [23]. Patients with a 

congenital deficiency in C1INH have a disease called hereditary angioedema, 

which will be discussed later on in this introduction.  

 

 
FXII in coagulation and fibrinolysis 
 

Patients deficient in FXII neither have a bleeding tendency nor a prothrombotic 

state, therefore, the role of FXII in coagulation and thrombosis has long been 

debated. However, data from FXII
-/-

 mice have renewed the interest in the 

contribution of FXII to thrombosis. FXII
-/-

 mice were protected in models of 

arterial thrombosis, pulmonary embolism and ischemic stroke. In these models, 

thrombosis was induced by an external stress factor such as transient occlusion 

of an artery, laser induced thrombus formation in the brain, treatment with FeCl3 

or the infusion of a mixture of collagen and epinephrine. FXII-deficiency caused 

thrombus instability that prevented vessel occlusion in these models [24,25]. 

Administration of purified FXII to FXII
-/-

 mice restored induced thrombus 

formation. Furthermore, pharmacologic inhibition of FXII showed a comparable 

protective effect. These animal models show that, even though FXII is not 

essential for hemostasis, at least in mice it is essential for thrombus formation.   

The proteins of the contact activation system show a high degree of homology 

with those of the fibrinolytic pathway: FXII is homologous to tPA whereas FXI 

and prekallikrein are homologous to plasminogen [26]. Furthermore, FXIIa, FXIa 

and kallikrein are able to stimulate fibrinolysis by activation of plasminogen, 

even though, compared to tPA and uPA, FXIIa, FXIa and kallikrein are only 

weak activators of plasminogen [27].  

 

From clinical studies it is not clear if FXII plays a role in vivo as a procoagulant 

or as a profibrinolytic enzyme. A deficiency in FXII is not associated with a 

bleeding tendency or a prothrombotic phenotype [28]. However, studies in FXII-

deficient patients are limited in size, which may mask subtle effects. The results 
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of clinical studies into the role of FXII in arterial thrombosis are ambiguous. The 

levels of FXII in these studies are measured in different ways: the levels of 

zymogen FXII, the levels of activated FXII and the levels of FXIIa in complex 

with its natural inhibitor C1-INH. Furthermore, a common polymorphism in the 

FXII gene, a -4C>T substitution in the 5’ untranslated region, has been 

described that is associated with lower plasma levels of FXII [29]. In clinical 

studies all these different FXII tests have been used with different results.  

 

FXII and arterial thrombosis 

Table 1.1 shows an overview of the clinical studies that have investigated the 

contribution of FXII to arterial thrombosis. Unfortunately, the results of these 

studies do not point to a clear role for FXII(a) in arterial thrombosis. Elevated 

levels of FXIIa have been found to be associated with coronary heart disease 

(CHD), coronary calcifications and to predict a recurrent cardiovascular event 

after acute myocardial infarction (AMI) [30-33]. However, two other studies did 

not find an association between the levels of FXIIa and CHD, AMI or acute 

coronary syndrome (ACS) [34,35]. Healthy men with high or low levels of FXIIa-

C1INH had an increased risk of CHD [36]. In women only high levels of FXIIa-

C1INH were associated with ischemic stroke whereas these levels were not 

associated with AMI [37]. Furthermore, low levels of FXIIc were associated with 

an increased risk of AMI, CHD and ACS and all cause-mortality [34,38,39], but 

again not in all studies [40-42].  

The association between the -4C>T polymorphism and arterial thrombosis is not 

clear either. The TT-genotype was associated with an increased risk of 

coronary artery disease (CAD) in men with high cholesterol [43]. Pravastatin 

treatment reduced the risk of CAD in men with a CC or CT genotype, but not in 

men with a TT genotype [43]. In patients with CAD before the age of 45, the 

presence of the -4T allele increased the risk of MI, especially in the presence of 

hypercholesterolemia. If both risk factors were present, the risk was increased 

2.26-fold [44]. The TT-genotype was also associated with CAD and ischemic 

stroke [45,46]; however, in patients with pre-existing CAD the TT-genotype had 

a protective effect on the development of ACS [47]. Furthermore, several 

studies did not observe an effect of the polymorphism on arterial thrombosis 

[34,48-51]. A meta-analysis only found a weak, not statistically significant, 

association between -4C>T polymorphism and AMI based on 9 studies [52].   

Due to the differences in the used tests and the differences in results between 

the clinical studies, it is still not clear how FXII influences arterial thrombosis. 

Probably, the effect of FXII on arterial thrombosis differs between groups (men 
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versus women, the location of the thrombosis) and is influenced by other 

cardiovascular risk factors, such as cholesterol levels.  

 

FXII and fibrinolysis 

Few studies have determined the effect of FXII on fibrinolysis in vivo. In a septic 

baboon model, inhibition of FXIIa with a monoclonal antibody prior to the septic 

challenge, resulted in a reduced activation of the fibrinolytic system. The 

release of tPA and the appearance of plasmin-α2-antiplasmin (PAP) complexes 

into the circulation of these animals were significantly reduced after treatment 

compared to control animals [63]. In healthy volunteers, the potential to activate 

plasminogen after infusion of desamino D-arginine vasopressin (DDAVP) was 

only partially blocked by specific inhibitors of tPA and uPA. The residual activity 

could be blocked with a monoclonal antibody that inhibits FXII activity. In 

patients deficient in FXII, the potential to activate plasminogen was completely 

blocked by specific tPA and uPA inhibitors. Furthermore, in FXII-deficient 

patients the amount of plasmin formed after DDAVP-infusion was lower than in 

healthy controls and the contact system was activated after DDAVP-infusion in 

healthy volunteers [64,65].   
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Hereditary angioedema 
 

Hereditary angioedema (HAE) is a potentially life-threatening disease 

characterized by episodic attacks of swelling throughout the body. The most 

common cause of HAE is a genetic defect in the genes coding for C1-esterase 

inhibitor (SERPING1) leading to low levels or dysfunctional C1INH (called HAE 

type I and type II (HAE-C1INH), respectively). C1INH is a serine protease 

inhibitor that blocks the activity of proteins in the complement system, the 

contact system of coagulation, and the fibrinolytic system [66]. It is the most 

important inhibitor of the contact activation system: 90% of FXIIa, 50% of 

kallikrein and 50% of FXIa are inhibited by C1INH in plasma from healthy 

individuals [67-69]. Attacks of angioedema are caused by an increase in 

bradykinin. Bradykinin is a vasoactive nonapeptide which acts as a potent 

vasodilator [70]. Activation of the contact system contributes the formation of 

bradykinin in HAE-C1INH patients. Bradykinin is formed from HMWK, mainly by 

the action of kallikrein. Mannose-binding lectin-associated serine protease – 1 

(MASP-1) is also able to digest HMWK and form bradykinin, however much 

slower and less efficient than kallikrein [71].  

Patients with HAE-C1INH show activation of the contact system: in plasma 

samples elevated levels of FXIIa and cleaved HMWK were measured. 

Furthermore, markers of coagulation are also increased: the levels of FVIIa, 

prothrombin fragment 1.2 (a marker of thrombin generation) and D-dimer (a 

marker of fibrin degradation) are increased [72,73]. Even though the contact 

system and the coagulation system are activated during attacks of angioedema, 

patient with HAE-C1INH do not have an apparent increased risk of thrombosis.  

 

 
In-stent thrombosis 
 

In patients undergoing a percutaneous coronary intervention (PCI), often a 

coronary artery stent is placed for recanalization. In 1% to 4% of patients, after 

placement of the stent, a thrombus forms within the stent. This is called stent 

thrombosis (ST). It is an uncommon, but serious complication. Depending on 

the time after the placement of the stent, ST can be categorized into: 1) acute 

(within 24 hours after placement of the stent), 2) subacute (within 30 days after 

placement of the stent), 3) late (1 to 12 months after placement of the stent), or 

4) very late (more than one year after placement of the stent).  

The main predictors of ST are early antiplatelet therapy discontinuation, extent 

of coronary disease, and stent number/length [74]. The contribution of platelets 

to ST is apparent from the fact that dual anti-platelet therapy is effective in 
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reducing the incidence of ST [75]. However, a recent clinical trial has shown 

that inhibition of the coagulation system with the specific FXa inhibitor 

rivaroxaban reduced the risk of ST even further when combined with anti-

platelet therapy [76]. This result highlights that activation of the coagulation 

system also contributes to ST. It was already shown that changes in the fibrin 

clot structure and reduced fibrinolysis are associated with an increased risk of 

in-stent thrombosis [77,78].  

 

 

Outline of this thesis 
 

The research presented in this thesis aims to gain more insight into the 

contribution of the contact system, and mainly FXII, in fibrin clot formation and 

fibrinolysis. Chapters 2, 3 and 4 describe work which was performed in vitro. In 

chapter 2 we identified a novel role for FXII and FXIIa in fibrin clot formation: 

FXII(a) interacts with fibrin(ogen) and changes the structure and rigidity of the 

clot. The structure of the clot is an important determinant of the susceptibility to 

fibrinolysis, and since FXIIa can activate plasminogen we investigated the 

influence of FXIIa on fibrinolysis in chapter 3. In chapter 4, the influence of 

inhibiting FXIIa on the formation and lysis of plasma fibrin clots and whole blood 

thrombi was investigated.   

In chapters 5, 6 and 7 patient studies are described. The contribution of the 

contact system to arterial thrombosis is not fully understood, therefore, we 

determined the contribution of the contact system to the development and 

progression of CAD in patients with a first AMI. In chapter 6, the fibrin clot 

formation and fibrinolysis was determined in patients with stent thrombosis. In 

patients with HAE-C1INH the contact system is poorly controlled, without 

causing an apparent thrombotic tendency. In chapter 7 we investigated why 

activation of the contact pathway does not lead to thrombosis in HAE-C1INH 

patients.  

In chapter 8 we reviewed the genetic variation in coagulation factors and 

platelet receptors and how these variations influence the risk of arterial 

thrombosis. Finally, chapter 9 summarizes the most important findings and 

discusses these findings in relation to literature.   
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Abstract  
 

Recent data indicate an important contribution of coagulation factor (F)XII to in 

vivo thrombus formation. Since fibrin structure plays a key role in clot stability 

and thrombosis we hypothesized that FXII(a) interacts with fibrin(ogen) and 

thereby regulates clot structure and function.  

In plasma and purified systems, we observed a dose-dependent increase in 

fibrin fiber density and decrease in turbidity, reflecting a denser structure, and a 

non-linear increase in clot stiffness with FXIIa. In plasma, this increase was 

partly independent of thrombin generation, as shown in clots made in 

prothrombin deficient plasma initiated with a snake venom enzyme and in clots 

made from plasma deficient in FXII and prothrombin. Purified FXII and α-FXIIa, 

but not β-FXIIa, bound to purified fibrinogen and fibrin with nanomolar affinity. 

Immunostaining of human carotid artery thrombi showed that FXII co-localized 

with areas of dense fibrin deposition, providing evidence for the in vivo 

modulation of fibrin structure by FXIIa. 

These data demonstrate that α-FXIIa modulates fibrin clot structure 

independently of thrombin generation through direct binding of the N-terminus 

of FXIIa to fibrin(ogen). Modification of fibrin structure by α-FXIIa represents a 

novel physiological role for the contact pathway which may contribute to the 

pathophysiology of thrombosis. 
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Introduction 
 
Blood coagulation culminates in the formation of fibrin which binds platelets and 

forms a clot. Fibrin is formed from fibrinogen via cleavage of two fibrinopeptides 

from the Aα- and Bβ-chains N-termini, located in the E-region, by thrombin [1]. 

Fibrinopeptide cleavage exposes binding sites for complementary sites in the D-

region, triggering polymerization and the production of protofibrils. Protofibrils 

aggregate laterally to form fibers, which branch out and form a three-

dimensional network [2]. There is increasing evidence that the structure of fibrin 

regulates thrombosis. Dense fibrin clots with small pores and increased fiber 

density are more resistant to lysis [3]. Structural characteristics affect the 

mechanical properties of fibrin [4]. Both venous and arterial thrombosis have 

been associated with the formation of an altered fibrin network [5-10]. 

 

The role of factor (F)XII in hemostasis has long been contested, since 

deficiency in FXII, unlike deficiencies of other coagulation factors, does not lead 

to a bleeding diathesis in humans [11] or in mice [12]. However, recent in vivo 

data show that FXII-deficiency or inhibition in rodent models reduces thrombus 

formation whilst maintaining normal hemostasis [12-15]. These findings indicate 

the existence of FXII-related mechanisms that are preferentially involved in 

thrombosis but not hemostasis.  

 

Contact activation is triggered by the binding of FXII (80 kDa) to a negatively 

charged surface, and involves the formation of α-FXIIa via autocatalysis. Bound 

α-FXIIa converts prekallikrein into kallikrein. Kallikrein can further convert α-

FXIIa to β-FXIIa by an additional cleavage at R334-N335. α-FXIIa consists of a 

heavy and light chain that are disulphide linked (80 kDa), whereas β-FXIIa (28 

kDa) lacks the heavy chain and loses its capacity to bind to negatively charged 

surfaces [16]. The N-terminal region of FXII (α-FXIIa heavy chain) shows strong 

homology with tissue-type plasminogen activator (tPA), with the presence of 

Fibronectin Type I, Epidermal Growth Factor and Kringle domains [17,18].  

 

In view of the homology between FXII and tPA and in search for a mechanism 

by which to explain the differential roles of FXII in thrombosis and hemostasis, 

we hypothesized that FXII(a) interacts with fibrin(ogen) and regulates clot 

structure and function. We find that FXII(a) binds to fibrin(ogen), largely via its 

N-terminus, and that this interaction leads to changes in fibrin structure, 

elasticity and susceptibility to lysis, in part independently of thrombin 

generation. 
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Material and methods 
 

Reagents  

Human plasminogen-free fibrinogen, FXII, α-FXIIa, β-FXIIa and thrombin were 

from Enzyme Research Laboratories (Swansea, UK). Fibrinogen AlexaFluor488 

was from Molecular probes, Invitrogen (Carlsbad, CA). Congenital FXII-deficient 

plasma was from George King Bio-medical (St Overland Park, KS). 

Immunodepleted FXII-deficient plasma was from American Diagnostica 

(Stamford, CT). Corn trypsin inhibitor (CTI), normal citrated plasma 

immunodepleted of prothrombin, polyclonal sheep anti-human prothrombin and 

monoclonal anti-human prothrombin were from Haematologic Technologies 

(Essex Junction, VT). CNBr-activated sepharose 4B and protein G-Sepharose 4 

Fast Flow were from GE Healthcare Bio-Sciences (Uppsala, Sweden). PPACK 

(H-D-Phe-Pro-Arg-chloromethylketone, 2HCL) was from Calbiochem (La Jolla, 

CA). Sulfatides, benzamidine and bovine serum albumin (BSA) were from 

Sigma. Chromogenic substrates S-2238 and S-2302 were from Chromogenix 

(Milano, Italy). Recombinant t-PA was from Boehringer Ingelheim (Alkmaar, the 

Netherlands). Synthetic phospholipids DOPS, DOPC, DOPE (1,2-dioleoyl-sn-

glycero-3-phosphoserine, 1,2-dioeoyl-sn-glycero-3-phosphocholine, 1,2-

dioleoyl-snglycero-3-phosphoethanolamine) were from Avanti Polar lipids Inc. 

(Alabaster, AL) and were prepared by sonication as described earlier 

(DOPS/DOPC/DOPE, 20/60/20, mol/mol/mol) [19]. Ecarin was from 

Pentapharm (Basel, Switzerland). Ancrod was from WHO International 

Laboratory for Biological Standards (Hertfordshire, UK) and recombinant hirudin 

was from Hyphen BioMed (Andrésy, France). Polyclonal sheep anti human 

fibrinogen and polyclonal goat anti human FXII were from Affinity Biologicals 

(Ancaster, Canada), polyclonal rabbit anti-human fibrinogen (1:200, #A0080) 

was from Dako (Ely, UK), monoclonal mouse anti-human fibrin (1:200, LS-

C23559) was from Lifespan Biosciences (Seattle, WA) and monoclonal mouse 

anti-human FXII (1:50) was in house [20].  

 

Fibrin formation and fibrinolysis by turbidity  

Fibrin polymerization of purified proteins or plasma was monitored in low 

binding polystyrene 96-well plates (Greiner, Frickenhauser, Germany) by the 

change in turbidity at 405 nm (A405) every 15 s, for at least 1.5 hours at 37˚C 

using a ELx808 plate reader (Biotek Instruments, Winooski, VT).  

Thrombin (0 – 5 nM) and CaCl2 (5 mM) were incubated at 37˚C for 10 minutes 

in the 96-well plates after which fibrinogen (1 mg/ml), preincubated with α-FXIIa 

(0-125 nM), β-FXIIa (94 nM) or FXII (94 nM) in Hepes-buffer (25 mM Hepes pH 
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7.4, 150 mM NaCl ) for 10 minutes at 37˚C, was added. All concentrations are 

final concentrations.  

To congenital FXII-deficient plasma (final concentration: 76%) we added FXII  

(0 – 100%; normal FXII concentration: 375 nM [21]) and fibrin formation was 

initiated with sulfatide (4 μM), a natural activator of FXII present in mammalian 

tissue [22] and CaCl2 (16 mM), in the presence of phospholipid vesicles (4 μM). 

To monitor fibrinolysis, tPA (0.1 µg/ml) was added to the clotting mixture. Clot 

lysis time (to 50% lysis) was calculated as the time between maximal and half-

maximal turbidity.  

 

Inhibition with PPACK 

To inhibit the enzymatic activity of α-FXIIa, α-FXIIa (250 nM) was incubated with 

PPACK (1000 nM) for 30 minutes at room temperature, in Hepes-buffer (25 mM 

Hepes, pH=7.4, 150 mM NaCl, 1 mg/ml BSA). After incubation, the free PPACK 

was extensively dialyzed. Using chromogenic substrates, inhibition of FXIIa    

(S-2302) and removal of PPACK (determined by the inhibition of thrombin with 

S-2238) were determined.  

 

Confocal / Two-photon microscopy  

Fibrinogen (0.5 mg/ml) or diluted plasma (25%) were added to a microchamber 

(μ-slide VI for Live Cell analysis; ibidi 80601) together with 5% AlexaFluor488 

fibrinogen. After addition of CaCl2 (5 mM) and thrombin (0.625 nM), sulfatides 

(0.4 µM) or ancrod (0.1 U/ml), clots were formed for minimally two hours in the 

dark, in a moist atmosphere at room temperature. Experiments in plasma were 

performed in the presence of phospholipid vesicles (4 µM).  

Purified fibrinogen was incubated with α-FXIIa (0 – 30 nM), β-FXIIa (0 – 30 nM) 

or FXII (0 – 30 nM). To congenital FXII-deficient plasma and double deficient 

plasma (deficient in FXII and prothrombin), we added purified FXII (0 – 100% in 

undiluted plasma) activated with sulfatides. To plasma immunodepleted of 

prothrombin we added hirudin (final concentration: 30 nM) to block residual 

thrombin activity and α-FXIIa (30 nM) or CTI (75 μg/ml). 

 

For laser scanning confocal microscopy (Upright Zeiss LSM-510 META 

Axioplan 2), clots were visualized using a 40X oil immersion lens. 

AlexaFluor488 fibrinogen was excited with a 488 nm argon laser. Images were 

averaged eight times. For the two-photon laser scanning microscopy [23], 

images were recorded with an Eclipse E600FN upright microscope (Nikon, 

Tokyo, Japan) equipped with a Radiance 2100MP optical imaging system (Bio-

Rad, Hemel Hampstead, United Kingdom). Fluorophores were excited by a 
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Spectra-Physics Tsunami Ti:Sapphire laser (Spectra-Physics, Mountain View, 

CA) mode-locked at 800 nm. Images were obtained with a 40X oil immersion 

lens and fluorescence was detected at 520–560 nm. Further magnification was 

achieved by optical zoom in the scan head. Images were taken in five different 

areas of the clot. ImageJ (1.43, National Institutes of Health) was used to 

determine fiber density, by counting the number of fibers crossing lines of 100 

µm placed in the image using the plugin grid. 

 

Scanning electron microscopy  

Scanning electron microscopy (EM) was carried out as described [24] with the 

following modifications. Clots were formed by mixing fibrinogen (1 mg/ml) with 

0.25 U/ml thrombin and 5 mM CaCl2 in the absence and presence of α-FXIIa (0, 

31.25 or 125 nM) in 20 mM Hepes pH 7.4; 150 mM NaCl. After 2 hours at room 

temperature, clots were washed in sodium cacodylate buffer and fixed overnight 

in 2% glutaraldehyde. Clots were dehydrated with an acetone gradient and 

sputter coated with platinum palladium. Plasma clots were prepared in a similar 

manner using immunodepleted FXII-deficient plasma with 0.1 U/ml thrombin, 10 

mM CaCl2 and 4 μM phospholipid vesicles. In some experiments CTI (75 μg/ml) 

was added to inhibit FXIIa. Samples were analyzed with a field-emission 

scanning EM (FEI Quanta 200F, Hillsboro, OR) in 10 different areas of the clot 

and over at least 3 different samples. 

 

Fibrin pore-structure  

The average pore size of the fibrin clot (expressed as the Darcy constant Ks) 

was determined in permeation studies, where the flow rate of a buffer through a 

fibrin clot is measured. FXII-deficient plasma, to which 1, 10 or 100% FXII was 

added, was incubated with sulfatides (1 μM), phospholipid vesicles (4 μM) and 

CaCl2 (16 mM) for four hours in a moist chamber at room temperature. 

Permeation of Hepes-buffer (25 mM Hepes pH = 7.4, 150 mM NaCl) through 

the clot was quantified as described previously [25]. Briefly, using the flow rate 

and the following equation: Ks = (Q x L x η) / (T x A x P), the Darcy constant Ks 

in cm
2
 was calculated. (Q = volume of liquid (ml), L = clot length (cm), η = 

viscosity (poise), T = time (s), A = cross-sectional area (cm
2
), and P = pressure 

drop (dyne/cm)).  

 

Clot viscoelasticity 

A magnetic microrheometer, previously described [26,27], was used to examine 

clot viscoelastic properties. The procedure of Evans et al [28] was used to 

extract the frequency dependent storage (G’; represents elastic energy stored 
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during deformation and clot stiffness) and loss (G’’; represents energy 

dissipated during deformation) modulus. The magnetic microrheometer 

operates by exerting a force on a 4.5 μm superparamagnetic particle (Dynal, 

Oslo) using an external magnetic field generated by 4 electromagnets. The 

device was used in conjunction with an Olympus IX71 inverted optical 

microscope incorporating an ultra-long working distance objective (40x 

magnification) and CCD camera. Particle tracking, electromagnet control and 

image analysis was performed using custom written Labview 7.1 software 

(National Instruments). Purified fibrinogen (1 mg/ml) was mixed with CaCl2 (5.0 

mM), TBS buffer (50 mM Tris, 150 mM NaCl, pH 7.4), magnetic particles 

suspended in distilled water and α-FXIIa at 0, 31.25 or 125 nM. Thrombin (0.25 

U/ml) was added and the mixture was quickly transferred to a square glass 

capillary. For plasma clots, FXII-deficient plasma was diluted six times in TBS 

buffer and then mixed with CaCl2 (7.5 mM), magnetic particles and α-FXIIa.  

 

FXII-FII double deficient plasma  

Congenital FXII-deficient plasma was batch wise immunodepleted for 

prothrombin. We coupled polyclonal sheep anti-human prothrombin and 

monoclonal anti-human prothrombin onto CNBr-activated sepharose 4B. This 

sepharose was added to the plasma and rotated for 0.5 hour. The plasma was 

removed and the sepharose washed with high salt buffer (25 mM Hepes pH 7.4; 

1 M NaCl), followed with low salt buffer (25 mM Hepes pH 7.4; 150 mM NaCl). 

The procedure was repeated until prothrombin concentration did not change. 

Turbidity measurements showed that the process also removed part of the 

fibrinogen. Therefore, purified fibrinogen was added to the undiluted plasma to 

achieve a final concentration of 2 mg/ml .  

Prothrombin concentrations were quantified with the chromogenic substrate 

S2238 in triplicate in a 1:100 final dilution of plasma after complete activation 

with Ecarin the venom activator of Echis Carinatus (0.5 Unit/ml Ecarin). 

 

Thrombin generation  

The calibrated automated thrombogram method (Thrombinoscope, the 

Netherlands) was used to measure thrombin generation with several 

modifications. We added purified FXII to congenital FXII-deficient plasma (0 to 

100%) and to plasma deficient in FXII and prothrombin. Clotting was triggered 

with 0.4 μM sulfatide and 4 μM phospholipid vesicles and determination of 

thrombin generation was started upon addition of fluorogenic Z-Gly-Gly-Arg-

AMC substrate with 16 mM CaCl2 and was followed continuously in plasma 

(final concentration 67%).   
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Surface plasmon resonance (SPR) 

Binding of FXII, α-FXIIa and β-FXIIa to fibrinogen and fibrin was analyzed with a 

Biacore 3000 (BIAcore, Stevenage, UK) as previously described [24,29] with 

the following modifications. Samples were analyzed in 20 mM Hepes, 140 mM 

NaCl, and 2.5 mM CaCl2 with 0.05% P-20, pH 7.4, and the experiments were 

performed at 25°C. Fibrinogen was coated to a carboxymethyldextra–coated 

biosensor chip (CM5) by amine coupling, to yield approximately 1000 response 

units. Immobilized fibrinogen was converted to fibrin by running 5 U/ml of 

thrombin at 2 μl/minute for 20 minutes. Thrombin was removed by injecting 1M 

NaCl.  

FXII, α-FXIIa or β-FXIIa were dialyzed overnight in 20 mM Hepes, 140 mM 

NaCl, and 2.5 mM CaCl2. Protein concentrations were measured by nanodrop 

3.1.0 (Thermo Scientific, Wilmington, DE). Extinction coefficients (1%, 280 nm) 

of 14.1 and 15.2 were used for calculation of the concentration for FXII, α-FXIIa 

and β-FXIIa respectively [30]. FXII, α-FXIIa or β-FXIIa preparations were 

injected for 3 minutes at 30 μl/minute, and the dissociation was monitored for 3 

minutes. The surface was regenerated with 3 M NaCl, pH 7.4 at 30 μl/minute, 

followed by buffer (60 μl) and re-equilibration with running buffer for 5 minutes. 

Benzamidine (5 mM) was included during dialysis and in the running buffer to 

prevent FXII activation. Control experiments with gel electrophoresis and 

amidolytic activity with S2302 showed negligible FXII activity after dialysis (data 

not shown).  

 

Immunoprecipitation 

FXII was immunoprecipitated from normal pooled plasma with a polyclonal anti-

human FXII antibody. The immunoprecipitate was isolated from plasma by 

protein G-Sepharose 4 Fast Flow. The sepharose was intensively washed and 

the extracted protein was subjected to SDS gel electrophoresis. The sample 

was run on two separate 4-15% acrylamide gradient gels (Bio-rad) with 

Tris/glycine buffer. Afterwards the proteins were analyzed by western blotting 

and transferred to sheets of Immobilon-P transfer membrane and detected with 

1) a polyclonal goat anti-human FXII antibody and 2) a polyclonal sheep anti-

human fibrinogen antibody.  

 

Immunostaining  

Three human thrombi were collected during carotid endarterectomies. The 

specimens were obtained from the Maastricht Pathology Tissue Collection. 

Collection, storage, and use of tissue and patient data were performed in 

agreement with the Code for Proper Secondary Use of Human Tissue in the 
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Netherlands (http://www.fmwv.nl). Paraffin sections (4 μm) were 

immunohistochemically stained for both fibrin(ogen) and FXII(a) as described 

[31].  

 

Statistical analysis  

Data are expressed as mean and range or standard error of the mean (SEM) as 

indicated. Statistical analyses were performed with GraphPad Prism 5 using 

oneway analysis of variance (ANOVA), Bonferroni for post hoc comparison, or t 

test (GraphPad Software) when appropriate, and P values less than 0.05 were 

considered statistically significant.  

 

 

Results  
 

FXIIa and fibrin structure in purified systems 

At a fixed thrombin concentration, purified α-FXIIa increased the lag time to 

fibrin formation and decreased maximal turbidity (Figure 2.1A). Since thrombin 

is an important determinant of fibrin formation and clot architecture, we 

confirmed that these effects of α-FXIIa on clot formation and structure occurs at 

different thrombin concentrations (Figure 2.1B-C). The effects were strongest at 

the lower end of the thrombin concentrations tested. Next, fibrin clots were 

visualized by scanning EM in the presence of α-FXIIa at a fixed thrombin 

concentration (2.5 nM). Figure 2.1F shows a dose-dependent increase in fibrin 

structure compactness, with thinner fibers and smaller pores at higher α-FXIIa 

levels compared to control clots. These findings agree with the lower maximum 

turbidity observed in the presence of α-FXIIa, since lower turbidity is correlated 

with thinner fibrin fibers [32]. The presence of FXII-zymogen or β-FXIIa did not 

influence fibrin clot structure by turbidimetric assays or microscopy (data not 

shown). Inhibition of α-FXIIa with PPACK or CTI reversed the effect on fibrin 

structure, indicating that the proteolytic activity of α-FXIIa is necessary to 

change fibrin structure (Figure 2.1 D-F).  
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Figure 2.1. Effect of α-FXIIa on fibrin polymerization and fibrin structure.  

(A – E) Human fibrinogen (1 mg/ml) was incubated with α-FXIIa (0 – 125 nM) in Hepes-
buffer (25 mM Hepes, 150 mM NaCl, pH = 7.4). for 10 minutes at 37˚C before clotting 
was initiated with CaCl2 (5 mM) and thrombin (0.1 – 5 nM). Turbidity was monitored 
every 15 s at 405 nm at 37˚C. (A) Time course of fibrin clot formation with three α-FXIIa 
concentrations (0, 31.25 and 125 nM; each in duplicate) initiated with 0.5 nM thrombin. 
(B) Lag time of fibrin formation and (C) maximal turbidity as a function of thrombin 
concentration. (D-E) To inhibit α-FXIIa, PPACK (1000 nM) was incubated with α-FXIIa 
and removed via dialysis in Hepes-buffer (25 mM Hepes, 150 mM NaCl, 1 mg/ml BSA, 
pH = 7.4). Clotting was initiated with 1 nM thrombin. (D) Lag time of fibrin formation, (E) 
maximal turbidity. Figures B-E represent the mean ± range of two separate experiments. 
(F) Representative scanning electron microscopy images of clots (n=6) prepared by 
incubating fibrinogen (1 mg/ml) with α-FXIIa (0 – 125 nM), thrombin (2.5 nM) and CaCl2 
(5 mM) in Hepes-buffer (20 mM Hepes, 150 mM NaCl, pH = 7.4) for 2 hours at room 
temperature. To inhibit α-FXIIa, corn trypsin inhibitor (CTI; 75 μg/ml) was added to 125 
nM α-FXIIa. Scale bars = 1 μm 

 

 

FXIIa and clot architecture in plasma 

We next investigated the impact of FXIIa on fibrin clot structure in plasma. 

Turbidity showed a dose-dependent decrease in lag time and maximum 

turbidity with increasing FXII concentration (Figure 2.2A). No clotting was 

observed without the addition of FXII to FXII-deficient plasma within 60 minutes.  

The lag time decreased with increasing levels of FXII presumably due to 

increased thrombin generation via FXII activation. To view the corresponding 

fibrin structure we performed confocal microscopy experiments. Figure 2.2B-C 



New role of FXIIa in fibrin structure 

37 

 

shows a dose dependent increase in fiber density with increasing levels of FXII 

(p < 0.05). Moreover, scanning EM in plasma at higher FXII concentrations 

revealed a denser structure with thinner fibers (data not shown) and the 

permeation constant (Darcy constant Ks), which is a direct measure of the pore-

size, decreased at higher levels of FXII indicating smaller pore-size. The Ks for 

clots produced with 1 μM sulfatides and 1, 10 or 100% FXII in FXII-deficient 

plasma was 33.2, 26.4, and 19.3 x 10
-9 

cm
2
 respectively (supplemental Table 

S2.1). Furthermore, turbidimetric lysis assays showed that the clot lysis time in 

plasma increased and the maximum rate of lysis decreased in a FXII 

concentration dependent manner (supplemental Figure S2.1). 

 

Figure 2.2. Effect of FXII-concentration on fibrin structure in plasma.  

(A) FXII-deficient plasma was reconstituted with purified FXII and clotting was initiated 
via contact activation with sulfatides, in the presence of phospholipid vesicles and CaCl2. 
Turbidity was monitored every 15 s at 405 nm at 37˚C. Final concentrations were      
76% plasma, variable FXII concentrations (0% - 100% of normal plasma concentration), 
4 μM sulfatides, 4 μM phospholipid vesicles and 16 mM CaCl2. Figure shows the               
mean ± range of three measurements. (B) Representative figures of immunofluorescent 
staining of fibrin clots. FXII-deficient plasma was reconstituted with purified FXII. 
AlexaFluor488 fibrinogen was added and clotting was initiated with sulfatides, 
phospholipid vesicles and CaCl2. Final concentrations were 25% plasma,                     
5% AlexaFluor488 fibrinogen of the total fibrinogen concentration, a range of FXII (0% - 
100% of normal plasma concentration), 0.4 μM sulfatides, 4 μM phospholipid vesicles,   
5 mM CaCl2, and 25 mM Hepes (pH = 7.4), 150 mM NaCl. (C) Fiber density was 
calculated from the data shown in panel B. Per condition, two separate clots were made, 
images were taken in different areas of the clot and fiber density was determined in five 
images by counting the number of fibers that crossed a line of 100 μm. Bars represent 
mean ± SEM with statistical significance noted as * p < 0.05). Scale bars = 25 μm 
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Viscoelastic properties 

We used magnetic tweezers equipment to probe the effect of α-FXIIa on clot 

viscoelastic properties. We found a non-linear increase in clot stiffness (G’) in 

the presence of α-FXIIa. Stiffness of clots made from purified fibrinogen 

increased nearly two-fold with 31 nM and 1,3-fold with 125 nM α-FXIIa (Table 

2.1). The stiffness of plasma clots increased 1.7-fold and 1.2-fold with 31 nM 

and 125 nM α-FXIIa respectively. The non-linearity of these data suggest that 

an optimal degree of fiber branching and thickness occurs, which leads to 

maximal stiffness. At higher α-FXIIa concentration, fibers may become too thin 

to support maximal stiffness. The loss modulus (G’’) and viscous fraction 

(G’’/G’) of the clot did not change significantly with FXIIa.  

 

Table 2.1. Effects of FXIIa on viscoelastic properties of fibrin clots produced with 
purified fibrinogen and plasma 

 Plasma Purified fibrinogen 

[α-FXIIa] (nM) 0 31 125 0 31 125 

G’ (Pa) 2.89  0.07 4.9  0.2 3.47  0.05 1.95  0.05 3.84  0.08 2.52  0.04 

G’’ (map) 0.8  0.1 1.1  0.2 1.2  0.1 0.20  0.02 0.75  0.02 0.32  0.03 

G’’/G’ (10
-3
) 0.28  0.02 0.22  0.04 0.36  0.02 0.10  0.01 0.20  0.07 0.36  0.03 

G’: storage modulus or clot stiffness. G’’: loss modulus. G’’/G’: viscous fraction of the clot 

 

Thrombin-independent effects  

FXII and prothrombin deficient plasma 

As thrombin influences fibrin clot structure [33], we aimed to investigate if (at 

least part of) the effects of FXIIa on fibrin structure in plasma were independent 

of thrombin generation. First, we compared thrombin generation in FXII-

deficient plasma to which purified FXII (up to 100%) was added with that in the 

absence of FXII. Fully reconstituted FXII-deficient plasma showed a 38-fold 

increase in thrombin peak height as compared to the non-reconstituted plasma 

(295 nM Ila vs. 7.7 nM Ila; supplemental Figure S2.2A; supplemental          

Table S2.2). To test if FXII also contributes to a fibrin structure change 

independent of the effect on thrombin formation, the prothrombin in the FXII-

deficient plasma was removed by immunodepletion to yield plasma deficient in 

both FXII and prothrombin. The prothrombin concentration dropped to 3.2% as 

measured after activation of prothrombin with Ecarin and quantification with the 

chromogenic substrate S-2238. Using this double-deficient plasma we analyzed 

the effect of FXII (0-100%) on fibrin structure. Sulfatides were added to initiate 

contact activation and fibrin formation was initiated after 10 minutes by addition 

of thrombin (0.625 nM), phospholipid vesicles and CaCl2. Confocal microscopy 
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showed a denser fibrin structure at higher FXII levels (Figure 2.3A-B), despite a 

marginal increase in thrombin peak height from 13.3 nM in the absence of FXII 

to 16.2 nM with 100% FXII (supplemental Figure S2.2B; supplemental Table 

S2.2).  

 

 

Figure 2.3. Effect of FXIIa on fibrin fiber density, independent from additional 
thrombin formation.  

(A-B) Plasma deficient in FXII and prothrombin was reconstituted with FXII. Sulfatides 
and AlexaFluor488 fibrinogen were added and clotting was initiated with 0.625 nM 
thrombin, in the presence of phospholipid vesicles and CaCl2. Final concentrations were 
25% plasma, 5% AlexaFluor488 fibrinogen of the total fibrinogen concentration, FXII (0% 
or 100% of normal plasma-concentration), 0.4 μM sulfatides, 4 μM phospholipid vesicles, 
5 mM CaCl2, in Hepes-buffer (25 mM Hepes, 150 mM NaCl, pH = 7.4). Per condition, 
two separate clots were made, pictures were taken in different areas of the clot.  
(C-D) Prothrombin-deficient plasma, in the presence of hirudin, was incubated with the 
FXIIa-inhibitor corn trypsin inhibitor (CTI) or with α-FXIIa. AlexaFluor488 fibrinogen was 
added to the plasma and clotting was initiated by the addition of ancrod and CaCl2. Final 
concentrations were 25% plasma, 30 nM hirudin, 75 µg/ml CTI, 30 nM α-FXIIa, 5% 
AlexaFluor488 fibrinogen of the total fibrinogen concentration, 0.1 U/ml ancrod,               
5 mM CaCl2, in Hepes-buffer (25 mM Hepes, 150 mM NaCl, pH = 7.4). (B and D) Fiber 
density was calculated from the data shown in the corresponding panel. Per condition, 
two separate clots were made, pictures were taken in different areas of the clot and fiber 
density was determined in five pictures by counting the number of fibers that crossed a 
line of 100 μm. Bars represent mean ± SEM with statistical significance noted as              
* p < 0.05). Scale bars = 25 μm  
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Fibrin formation by ancrod  

To further investigate the direct effect of FXIIa on clot structure in plasma, we 

clotted prothrombin depleted plasma (prothrombin <1%) with the fibrin snake 

venom activator ancrod in the presence of hirudin, a thrombin inhibitor. We 

added either α-FXIIa or CTI (a potent inhibitor of FXIIa) to the plasma. Confocal 

microscopy of these clots showed an increase in the fiber density in the 

presence of α-FXIIa compared to inhibitor (Figure 2.3C-D).   

 

FXII(a) binding to fibrin(ogen) 

In view of the homology between FXII and tPA, we investigated whether FXII, α-

FXIIa and β-FXIIa bind to fibrinogen and fibrin by SPR [24,29]. Figure 2.4 shows 

binding of FXII, α-FXIIa and β-FXIIa to fibrinogen and fibrin at four protein 

concentrations. Supplemental Figures S2.3-S2.4 show all tested 

concentrations, including separate global kd and ka fittings used for calculation 

of kinetic constants. FXII and α-FXIIa bound with similar affinity to fibrinogen 

and fibrin (Figure 2.4; Table 2.2). Overall binding response was higher for FXII 

when compared with similar concentrations of α-FXIIa. The affinity of β-FXIIa to 

fibrinogen and fibrin was 20-40 fold lower (Table 2.2) compared to FXII or α-

FXIIa, and a significant binding response was only observed at 300 nM β-FXIIa 

and higher concentrations (Figure 2.4, supplemental Figure S2.4). These data 

indicate the presence of a high-affinity binding site on the heavy chain of FXII 

and α-FXIIa for fibrinogen and fibrin.  

Immunoprecipitation of FXII from normal pooled plasma, showed that fibrinogen 

co-precipitates with FXII. Blotting of the precipitate showed positive staining for 

FXII and for fibrinogen (Figure 2.4G-H).  

 

Table 2.2. Surface plasmon resonance analyses of FXII(a) binding to fibrin(ogen) 

 
kd 

(off-rate, 1/s) 
ka 

(on-rate, 1/Ms) 
KD 

(dissociation constant, M) 

FXII to fibrinogen 2.9×10
-3
 9.8×10

5
 3.0×10

-9
 

FXII to fibrin 2.9×10
-3
 11.8×10

5
 2.5×10

-9
 

α-FXIIa to fibrinogen 1.8×10
-3
 4.3×10

5
 4.1×10

-9
 

α-FXIIa to fibrin 1.8×10
-3
 3.9×10

5
 4.6×10

-9
 

β-FXIIa to fibrinogen 8.2×10
-4
 8.7×10

3
 9.4×10

-8
 

β-FXIIa to fibrin 8.7×10
-4
 9.2×10

3
 9.4×10

-8
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Figure 2.4. Binding of FXII(a) to fibrin(ogen) analyzed by surface plasmon 
resonance.  

Panels A and B show the binding to fibrinogen of (from top to bottom) 25, 12.5, 6.25 and 
0 nM FXII and α-FXIIa respectively. Panel C shows the (negligible) binding of β-FXIIa to 
fibrinogen at concentrations of (from top to bottom) 312.5, 156.3, 78.1 and 0 nM. Bottom 
panels show binding of FXII (panel D), α-FXIIa (panel E) and β-FXIIa (panel F) to fibrin at 
identical concentrations as in panels A-C respectively. For reasons of clarity, not all 
tested concentrations are shown in this figure. Supplemental Figures S2.3-2.4 show the 
responses for all tested concentrations, including the ka and kd fitting which were used 
to determine the KD-values as presented in Table 2.2. The graphs represent the mean of 
three experiments. Panels G and H show Western blots after immunoprecipitation of FXII 
from normal pooled plasma. In panel G, the blot was stained for FXII with polyclonal  
anti-human FXII and in panel H the blot was stained for fibrinogen with polyclonal anti-
human fibrinogen. (G) Lane 1 (0.05 μg non-reduced FXIIa) and lane 2 (0.05 μg reduced 
FXIIa) are controls, lane 3 is reduced immunoprecipitate, lane 4 is non-reduced 
immunoprecipitate and lane 5 is a molecular weight marker. (H) Lane 1 is a molecular 
weight marker, lane 2 (0.25 μg reduced fibrinogen) is control and lane 3 is reduced 
immunoprecipitate. The blots show the presence of zymogen FXII (80 kD; panel G) and 
the Aα-chain (66 kD), Bβ-chain (52 kD) and γ-chain (46 kD) of fibrinogen (panel H).  
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FXII and fibrin(ogen) in carotid thrombi 

We next aimed to find evidence for a role of FXII in fibrin structure in vivo. For 

this we obtained thrombi from the human carotid artery, removed during carotid 

endarterectomy and immunostained these samples for fibrin(ogen) and FXII(a). 

We observed that carotid artery thrombi stained positive for both FXII(a) and 

fibrin(ogen) and that the proteins co-localized in the thrombi. The areas that 

stained positive for FXII(a) coincided with the areas of the thrombus that 

showed denser fibrin architecture (Figure 2.5). 

 

 

Figure 2.5. Staining of FXII(a) and fibrin(ogen) in human carotid thrombi. 

Representative images of three human carotid thrombi. (A) Overall figure: hematoxylin 
and eosin (HE) staining, (B) immunohistochemical double staining for fibrin(ogen) and 
CD68 (staining for monocytes/macrophages), and (C and D) immunohistochemical 
double staining for FXII(a) and CD68 of a human carotid thrombus. Magnification 2.5X 
for panel A, 10X for panel B and C and 40X for panel D. In panel D the FXII/FXIIa-
positive and negative areas are outlined.  

 

 

Discussion 
 

The structure of a fibrin clot is an emerging determinant of thrombotic events 

[34-36]. Ex vivo clots of patients with premature coronary artery disease are 

stiffer, form a denser fibrin network and are more difficult to lyse [7]. Our 

experiments show that FXIIa changes fibrin clot structure in a dose-dependent 

manner. The effects of FXIIa on fibrin structure are consistent with those 

observed in patients with thrombosis. Using a combination of deficient plasmas 

and purified proteins we show that the effects of FXIIa on fibrin structure are 

partly independent of the role of FXIIa in thrombin generation. We find that 

binding of FXII(a) to fibrinogen and fibrin is of high affinity and involves the 

heavy chain of FXII(a), providing a potential mechanism for the observed direct 

influence of FXIIa on fibrin structure. Finally, evidence is provided for the 

colocalization of FXII(a) with areas of dense fibrin(ogen) deposition in human 

thrombi obtained from patients with carotid artery disease.  
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Clotting of purified fibrinogen in the presence of α-FXIIa led to the formation of 

fibrin with a denser structure. Experiments in congenital FXII-deficient plasma, 

to which purified FXII was added, also showed a denser clot structure. This 

FXIIa-dependent change in fibrin structure was correlated with decreased 

fibrinolysis [37]. Since the level of thrombin generation in the experiments with 

FXII-deficient plasma was directly influenced by the FXII-concentration, we 

immunodepleted prothrombin from this plasma. Using this double-deficient 

plasma we also observed a denser clot structure at 100% added FXII compared 

to no addition of FXII. However, this plasma was not entirely prothrombin free, 

with approximately 3% residual protein detected. To investigate fibrin formation 

completely independent of intrinsic pathway driven thrombin generation, we 

added hirudin to a commercial prothrombin depleted plasma to avoid any 

thrombin activity and induced fibrin formation with ancrod, a snake venom 

enzyme. We compared the structure of the fibrin clots formed in the presence of 

FXIIa with those formed in the presence of CTI to inhibit FXIIa formation and/or 

any FXIIa that might have been formed. We observed significantly denser clot 

structures in the presence of α-FXIIa, confirming that FXIIa influenced clot 

structure independent of its effects on thrombin. 

 

The contribution of FXII to in vivo thrombin formation has long been debated. 

Contact activation can be assayed effectively using in vitro coagulation tests, 

but patients deficient in FXII do not show a bleeding tendency [16]. Clinical 

studies point to a contribution of FXII in arterial thrombosis in humans, but the 

data are ambiguous [20,38-42]. Both low and high levels of FXII, FXIIa or FXIIa-

C1-esterase inhibitor have been associated with an increased risk of 

thrombosis. Some of the inconsistencies in clinical studies may be related to 

differences in assay methodologies since different aspects of the contact 

pathway were determined. In addition, true differences in the effects of FXII(a) 

related to the populations (young women versus elderly individuals) and 

vascular bed specific factors (coronary or cerebral thrombosis) may be involved.  

 

Surface plasmon resonance binding experiments showed that purified FXII and 

α-FXIIa were able to bind to purified fibrin and fibrinogen with similar nanomolar 

affinity. This high binding affinity suggests that FXII and fibrinogen circulate as a 

complex in plasma, which was confirmed by western blots and positive staining 

for fibrinogen after immunoprecipitation of FXII from plasma. Our data indicate 

that the heavy chain of FXII(a) is involved in this interaction but the location of 

the binding site(s) on fibrin(ogen) is unknown. One candidate could be the 

COOH-terminal two-thirds of the Aα-chains of the fibrinogen molecule, also 

called αC-region, which is an important determinant of fibrin structure [43]. The 
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αC-region is important for lateral aggregation during fibrin polymerization and 

determines its susceptibility to fibrinolysis [44]. Regulators of fibrinolysis, such 

as tPA and plasminogen bind to this region and FXII contains several domains 

which are homologous to tPA [45,46]. However, the binding site for tPA and 

plasminogen are concealed in fibrinogen and are only exposed upon fibrin 

formation. Therefore, the binding affinity of tPA and plasminogen for fibrin is 

higher than for fibrinogen [24,29]. FXII(a) on the other hand bound to a site 

which is exposed in both fibrin and fibrinogen. Turbidity assays with purified 

proteins showed a delay in lateral aggregation in the presence of α-FXIIa as 

represented by an increase in lag time. The αC-region of fibrinogen is important 

for lateral aggregation and binding of α-FXIIa to this part of the molecule might 

explain the delay. Furthermore, within the αC-region there is a cluster of 

negatively charged amino acids (E448-D449, D452) [47] which could serve as a 

binding site for FXII and α-FXIIa. Further studies will be required to determine 

the fibrinogen binding site for FXII(a).  

 

FXII and α-FXIIa have the same molecular weight (80 kDa) because activation 

results from a single cleavage that allows the disulphide bonded heavy and light 

chains to remain associated. β-FXIIa (28 kDa) is formed following an additional 

cleavage of α-FXIIa by kallikrein and contains the active site, but has lost the 

heavy chain. β-FXIIa exhibited a 20-40 times lower affinity for fibrin(ogen) than 

FXII or α-FXIIa. This implies that at least one high affinity binding site for 

fibrin(ogen) is located on the heavy chain. The heavy chain of FXII(a) contains 

several binding sites for negatively charged surfaces, such as in the Fibronectin 

Type I domain [48]. Despite the similar binding profiles to fibrin(ogen), changes 

in fibrin clot structure were only observed with α-FXIIa. This implies that both 

binding and enzymatic activity were involved in α-FXIIa associated changes in 

fibrin clot structure. Our findings that CTI and PPACK reversed the effects of 

FXIIa on fibrin structure appear to be in agreement with the requirement of 

proteolytic activity. Another possibility is that conformational changes of FXII 

during activation may lead to the observed effects on fibrin clot structure. CTI 

and PPACK are known to inhibit the proteolytic activity of FXIIa, however, this 

does not exclude that they can affect the conformation of FXIIa. Future studies 

will need to be performed to investigate this further.  
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Figure 2.6. Schematic representation of the new insights in the role of FXIIa in 
fibrin clot formation.  

Activation of FXII leads to the formation of two forms of activated FXII: α-FXIIa (two-
chain molecule composed of a heavy chain and a light chain held together by a disulfide 
bond, the same molecular weight as FXII) and further proteolytic cleavage results in β-
FXIIa (loss of the heavy chain). α-FXIIa can initiate thrombin formation via the intrinsic 
pathway of coagulation by activating FXI. FXII and α-FXIIa can both bind with the same 
affinity to fibrinogen and fibrin and binding of α-FXIIa leads to a direct effect on fibrin 
structure. 

 
 

Once triggered, the coagulation pathway interacts to generate a burst of 

thrombin which will convert fibrinogen to fibrin. Our findings indicate the need 

for a revision of the coagulation pathway with a new role for α-FXIIa in fibrin 

formation, additional to its role in thrombin generation (Figure 2.6). After the first 

cleavage, FXII is converted to α-FXIIa. α-FXIIa promotes thrombin formation via 

the intrinsic pathway of coagulation but also directly increases the fiber density 



Chapter 2 

46 

 

within the clot and makes it resistant to fibrinolysis. After a second cleavage, β-

FXIIa is formed, which does not influence the fibrin structure. Hence the ratio of 

α- over β-FXIIa can be expected to be an important determinant of the structure 

and function of the fibrin clot. 

 

We found in vivo evidence for the role of FXIIa in fibrin structure and function, 

since in human carotid thrombi, FXII(a) co-localized with fibrin(ogen), and 

denser fibrin(ogen) depositions were observed in FXII(a) positive areas. 

Therefore, higher levels of FXII(a) may contribute to the denser fibrin(ogen) 

structures which stabilize the thrombus. Interestingly, previous studies using 

animal models found that FXIIa was associated with increased thrombus 

formation through an interaction with platelets, which provide a surface for FXII 

activation [12,49]. Our findings suggest that the role of FXIIa is not limited to 

platelet-driven thrombus formation, but that effects on fibrin clot structure and 

function play an additional role in thrombus stabilization.  

 

Factor XII was discovered as a coagulation protein, but many functions of FXIIa 

have been discovered: e.g. complement activation [50], fibrinolysis [11], 

angiogenesis [51,52] and bradykinin formation [11]. It has been reported that 

FXIIa shows profibrinolytic activity via direct activation of plasminogen. 

However, FXIIa is a very poor enzyme in activating plasminogen compared to 

tPA and will be overruled when tPA is present [11]. When we added tPA to the 

system we observed that the clot lysis time increased dose-dependently with 

the α-FXII concentration. Therefore, in these experiments the additional 

thrombin formation and direct effects of FXIIa on clot structure appeared to be 

more important than any profibrinolytic effect that FXIIa may have through 

plasminogen to plasmin conversion.  

 

Our study provides evidence for a distinct contribution of FXII in a concentration 

dependent manner to pathologic thrombus formation via the formation of 

compact fibrin structures with increased fiber density and reduced pore-size. In 

vivo, many components participate in the formation of a thrombus. Disruption of 

the vessel wall or atherosclerotic plaque exposes the subendothelium which 

leads to platelet activation and thrombin formation. The platelets form 

aggregates which are stabilized by fibrin fibers. FXII and α-FXIIa bind to 

fibrinogen and fibrin, through the N-terminal heavy chain of FXII. The direct 

effects of FXIIa on fibrin structure and function are synergistic with its indirect 

effects on fibrin formation through enhanced thrombin generation, contributing a 

novel mechanism that consolidates the fibrin clot. Collagen, within the 

subendothelium, amyloid deposits and polyphosphates, released from platelets, 
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are able to activate FXII [49,53,54]. During the process of thrombus formation, 

FXII bound to fibrinogen can be activated and modulate fibrin structure. These 

findings indicate direct regulation of the fibrin fraction of the thrombus by FXIIa 

and suggest that interference with FXIIa mediated effects on fibrin may prove 

useful for the treatment of thrombosis. 
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Supplemental data 
 
Table S2.1. Effect of FXII concentration on permeation of the clot 

 1 μM sulfatides 0.4 μM sulfatides + 5 nM thrombin 

Concentration FXII (%) Ks (cm
2
 x 10

-9
) 

#
 Ks (cm

2
 x 10

-9
) 

1 33.2 15.5 

10 26.4 7.4 

100 19.3 7.9 
# 

The coefficient of permeability, the Darcy constant Ks represents the average pore size 
of the fibrin structure by measuring the flow rate of a buffer through a fibrin clot. Using 
the flow rate and the following equation: Ks = (Q x L x η) / (T x A x P), the Darcy constant 
Ks in cm

2
 can be calculated. (Q = volume of liquid (ml), L = clot length (cm), η = viscosity 

(poise), T = time (s), A = cross-sectional area (cm
2
), and P = pressure drop (dyne/cm). 

The experiments are based on clots made with FXII-deficient plasma to which purified 
FXII was added at the concentrations indicated above, and clotting (in the presence of 
calcium and phospholipid vesicles) was triggered with sulfatides and thrombin or 
sulfatides alone.  

  

 

Figure S2.1. Effect of FXII(a) on fibrinolysis rates.  

FXII-deficient plasma was reconstituted with purified FXII and clotting was initiated via 
contact activation with sulfatides, in the presence of phospholipid vesicles and CaCl2. 
Turbidity was monitored every 15 s at 405 nm for 5 hours at 37˚C. Final concentrations 
were 76% plasma, a range of FXII concentrations (0% - 100% of normal plasma 
concentration), 0.1 μg/ml tPA, 4 μM sulfatides, 4 μM phospholipid vesicles 
(DOPS/DOPC/DOPE, 20/60/20) and 16 mM CaCl2. For clarity, the curves only show the 
lysis phase. The figure shows the mean ± range of three measurements. 
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Figure S2.2. Thrombin generation at varying FXII concentrations.  

FXII-deficient plasma or plasma deficient in both FXII and prothrombin was 
supplemented with increasing amounts of purified FXII as indicated in the figure. Contact 
activation was triggered with sulfatides in the presence of phospholipid vesicles and 
immediately thereafter the determination of thrombin generation was started with the 
addition of fluorogenic AMC substrate and CaCl2 and was followed continuously in 
plasma. Final concentrations were 67% plasma, 0.4 μM sulfatides, 4 μM phospholipid 
vesicles (DOPS/DOPC/DOPE, 20/60/20) and 16 mM CaCl2. Panel A shows FXII-
deficient plasma and panel B shows plasma deficient in both FXII and prothrombin. Each 
thrombin generation curve is based on the mean of two experiments. 

 

 

Table S2.2. Effect of different amounts of FXII on thrombin generation 

Deficient plasma 
FXII added to  
Plasma (%) 

Peak height  
(nM IIa) 

ETP  
(nM IIa.min) 

FXII-deficient plasma 100 295.0 1317 

FXII-deficient plasma 50 211.7 1267 

FXII-deficient plasma 10 64.1 1065 

FXII-deficient plasma 5 40.6 820 

FXII-deficient plasma 1 17.8 504 

FXII-deficient plasma 0 7.7 No tail 

    

FXII and PT deficient plasma 100 16.2 No tail 

FXII and PT deficient plasma 0 13.3 No tail 

ETP: Endogenous thrombin potential or area under the curve; PT: prothrombin. 
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Figure S2.3. Surface plasmon resonance analysis of the binding between FXII/α-
FXIIa and fibrinogen/fibrin.  

Data were analyzed by a 1:1 binding model with separate kd fitting (black lines, top 
panels A-D) and ka fitting (black lines, bottom panel E-H). Panels A and B show binding 
of (from top to bottom) 25 nM, 20 nM, 15 nM, 12.5 nM, 6.25 nM, 3.1 nM, 1.6 nM and       
0 nM FXII to fibrinogen and fibrin respectively. Panels C and D show binding of (from top 
to bottom) 200 nM, 100 nM, 50 nM, 25 nM, 12.5 nM, 6.25 nM, 3.1 nM, 1.6 nM and 0 nM 
α-FXIIa to fibrinogen and fibrin respectively. Panels E-H show the same binding 
experiments as A-D, but with ka-fitting. Each binding curve is shown in triplicate.  

 

 

Figure S2.4. Surface plasmon resonance analysis of the binding between β-FXIIa 
and fibrinogen/fibrin.  

Data were analyzed by a 1:1 binding model with separate kd fitting (top panels) and ka 
fitting (bottom panels). Panels A and B show binding of (from top to bottom) 1250 nM, 
625 nM, 312.5 nM, 156.3 nM, 78.1 nM, 39.1 nM, 19.5 nM, 9.8 nM, 4.9 nM and 0 nM      
β-FXIIa to fibrinogen and fibrin respectively. Panels C and D show the same binding 
experiments as A and B, but with ka-fitting.  
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Abstract 
 

Background and objectives: Activated coagulation factor XII (α-FXIIa) is able to 

bind to fibrin(ogen) and increase the density and stiffness of the fibrin clot. 

Conversely, the proteins of the contact system and the fibrinolytic system show 

a high degree of homology and FXIIa can convert plasminogen into plasmin. 

Therefore, we studied the contribution of α-FXIIa to overall clot stability and 

fibrinolysis in the absence and presence of tissue plasminogen activator (tPA).  

Methods and results: We observed that α-FXIIa directly converted plasminogen 

into plasmin and reduced clot lysis time at all tPA concentrations tested (0 -

1500 pM). Simultaneous assessment of plasmin generation (with the 

chromogenic substrate S-2251) alongside turbidity measurements, showed 

earlier onset of plasmin formation in the presence of α-FXIIa. Fibrinolysis of 

clots formed under flow conditions, revealed that incorporation of α-FXIIa, 

together with plasminogen, into the clot accelerated clot break-down and 

increased plasmin generation by tPA, compared to clots prepared in the 

absence of α-FXIIa. Scanning electron microscopy (SEM) revealed that the 

pore size increased more in the presence than in the absence of α-FXIIa when 

fibrinolysis was initiated with tPA during clot formation.  

Conclusions: α-FXIIa enhanced fibrinolysis, irrespective of whether tPA was 

present during clot formation or was added afterwards to initiate fibrinolysis. 

Visualization by SEM showed that in the presence of α-FXIIa, the clot lysed 

faster. We postulate that FXIIa first strengthens the clot structure during clot 

formation and thereafter helps to initiate fibrinolysis.  
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Introduction 
 

Coagulation factor XII (FXII) is an 80 kDa serine protease consisting of a heavy 

(353 residues) and a light chain (243 residues) held together by a disulfide bond 

and is part of the contact activation system. FXII and its activated form FXIIa 

play a role in several physiological processes, such as coagulation, fibrinolysis 

and angiogenesis. Activation of FXII initiates the intrinsic pathway of 

coagulation and via sequential activation of coagulation factors XI, IX, VIII and 

X, thrombin is generated, which converts fibrinogen into fibrin. Furthermore, 

FXIIa participates in the fibrinolytic system. There is a high degree of homology 

between the proteins of the contact system and those of the fibrinolytic system: 

FXII is homologous to tissue plasminogen activator (tPA) and the two main 

substrates of FXIIa, prekallikrein and FXI, are homologous to plasminogen [1]. 

FXIIa, FXIa and kallikrein can all three convert plasminogen to plasmin, 

however, at a lower rate than tPA and urokinase plasminogen activator (uPA) 

[2-5].  

 

Fibrinolysis is the process whereby fibrin clots are degraded by plasmin [6]. 

Plasmin is generated from plasminogen by plasminogen activators, among 

which tPA and uPA are the most important physiologically. During clot 

formation, little fibrinolysis takes place, due to inhibition of the fibrinolytic system 

by plasminogen activator inhibitor-1 (PAI-1) which inhibits tPA and uPA, and α2-

antiplasmin which inhibits plasmin. The binding of tPA and plasminogen to 

partially cleaved fibrin (which exposes free lysines for further tPA and 

plasminogen binding) results in enhanced plasmin generation. This is regulated 

by thrombin-activatable fibrinolysis inhibitor (TAFI). When activated, TAFIa 

cleaves the free lysines exposed on fibrin and thereby reduces the enhanced 

rate of plasmin generation [7]. Eventually, fibrin plays a crucial role in its own 

degradation due to increased plasmin generation: the activation of plasminogen 

by tPA is greatly enhanced in the presence of fibrin, but not in the presence of 

fibrinogen [8]. This mechanism restricts fibrinolysis to the site of the clot. This is 

important to protect fibrinogen and other plasma proteins from degradation by 

plasmin.  

 

An important determinant of the rate of clot dissolution is the structure of the 

fibrin clot [9]. Dense fibrin clots, characterized by thin fibers and small pores, 

are more difficult to lyse than looser structures. The mechanisms underpinning 

this may include restricted access of fibrinolytic factors to a denser clot, but also 

reduced binding of plasminogen and its activators thereby reducing plasmin 

generation rates [10-12]. Recently, we have shown that α-FXIIa is able to 
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change the fibrin clot structure: in the presence of α-FXIIa denser fibrin clots 

were formed composed of thinner fibers [13]. In general, dense fibrin clot 

structures have been associated with decreased fibrinolysis [9]. However, 

activated FXII (FXIIa) is also capable of stimulating fibrinolysis by activation of 

plasminogen [5].  

 

Because of these potentially counteracting mechanisms by which FXIIa could 

influence fibrinolysis, the aim of our current study was to investigate the effects 

of α-FXIIa on fibrinolysis in clots made under the influence of FXIIa. We 

determined the ability of α-FXIIa to form plasmin from plasminogen and we 

determined the effect of α-FXIIa on fibrinolysis, both under static conditions and 

in flow conditions. Furthermore, we visualized the effect of FXIIa on fibrinolysis 

using scanning electron microscopy (SEM).  

 

 

Materials and methods 
 

Materials 

Human plasminogen-free fibrinogen, α-FXIIa, plasminogen and thrombin were 

from Enzyme Research Laboratories (Swansea, UK). Fibrinogen AlexaFluor488 

was from Molecular probes, Invitrogen (Carlsbad, CA). Chromogenic substrates 

S-2251 was from Chromogenix (Milano, Italy). Recombinant tissue type-

plasminogen activator (t-PA) was from Boehringer Ingelheim (Alkmaar, the 

Netherlands). Osmium tetroxide and sodium cacodylate were from Electron 

Microscopy Sciences (Hatfield, PA). Bovine serum albumin (BSA), 

gluteraldehyde and hexamethyldisilazane (HMDS) were from Sigma-Aldrich (St 

Louis, USA). Ethanol was from Merck (Darmstadt, Germany).  

 

Fibrin coated plates 

Maxisorb 96-well plates (NUNC, Roskilde, Denmark) were coated with          

100 μg/ml fibrinogen in Hepes-buffer (25 mM Hepes, 150 mM NaCl, pH = 7.5) 

at 4˚C for 18 hours. The plate was blocked with 3% w/v BSA 0.01% Tween-20 

in Hepes-buffer for 90 minutes at 37˚C. Fibrinogen was converted to fibrin with 

10 nM thrombin, 5 mM CaCl2 in 0.5% w/v BSA in Hepes-buffer for 1 hour at 

room temperature and was washed 3 times to remove thrombin with Hepes-

buffer containing 750 mM NaCl and then with Hepes-buffer containing 150 mM 

NaCl. These coated plates were used to assess plasmin generation on fibrin.  
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Plasmin generation assay 

Plates coated with fibrin or low binding polystyrene 96-well plates (Greiner, 

Frickenhauser, Germany) were used. Fibrinogen (0 - 1 mg/ml), plasminogen  

(75 nM) and α-FXIIa (0 – 125 nM) in Hepes-buffer (pH = 7.5) were added to the 

plate and the measurement was started after tPA (0 – 150 pM) and the 

chromogenic substrate S-2251 (0.8 mM) were added. The amidolytic activity 

was recorded at 405 nm for 5 hours, every 25 s at 37˚C with an ELx808 plate 

reader (Biotek Instruments, Winooski, VT). 

 

Fibrin formation and fibrinolysis by turbidity  

Fibrin polymerization was monitored in low binding 96-wells plates by the 

change in turbidity at 405 nm (A405) every 15 s, for at least 1.5 hours at 37˚C.  

Fibrinogen (0.5, 1 or 3 mg/ml), plasminogen (240 or 300 nM), α-FXIIa (varying 

concentrations between 0 and 375 nM) and tPA (varying concentrations 

between 0 and 1500 pM) were added to thrombin (2.5 nM) and CaCl2 (5 mM) in 

Hepes-buffer (pH = 7.5). All concentrations are final concentrations.  

To monitor plasmin activity and clot turbidity simultaneously and under the 

same reaction conditions, parallel clots were prepared with fibrinogen (1 mg/ml), 

plasminogen (300 nM), tPA (50 pM), thrombin (2.5 nM), CaCl2 (5 mM) and 

either S-2251 (0.45 mM) or Hepes-buffer. Readings were taken at 405 nm. 

Plasmin activity was detected in the samples containing S-2251, from which the 

signal arising from the changing turbidity of the forming and lysing clot was 

subtracted.  

 

Chandler loop 

Fibrinolysis was monitored by incorporating 5% (w/w) fibrinogen, labeled with a 

fluorescent tag, into the forming clot and measuring the amount of label 

released as fibrin degradation products during fibrinolysis in Hepes-buffer (0.5% 

w/v BSA, pH = 7.5) containing 7.14 nM tPA.  

Thrombin (2.5 nM), α-FXIIa (62.5 nM) and CaCl2 (5 mM) were added to 

fibrinogen (0.25 mg/ml; 5% (w/w) Fibrinogen AlexaFluor488) and plasminogen 

(183 nM) in a final volume of 1 ml. The mixture was transferred in vinyl tubing 

(inner diameter 3 mm, external diameter 4.2 mm, length 33 cm; Portex, Hythe, 

Kent) and the open ends were joined using a short sleeve of larger tubing to 

form a Chandler loop with a diameter of 10.5 cm. Loops were attached around 

an axle which passed through the center of the loops on a turntable, and the 

axle rotated at 30 rpm for 90 min at room temperature [14]. A single clot was 

formed, removed and transferred to an Eppendorf tube containing 500 μl of tPA 

(7.14 nM) in Hepes-buffer (0.5% w/v BSA). The tubes were placed on a roller 
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mixer (Stuart, UK) and samples were taken at different time intervals for 

fluorescent and plasmin activity measurements: for each measurement 5 μl 

sample was added to 195 μl (fluorescent measurement) or 95 μl (plasmin 

activity) Hepes-buffer (0.5% w/v BSA, pH = 7.5). Released fluorescence was 

measured with an excitation wavelength of 485 nm, an emission wavelength of 

438 nm and a cut-off value of 515 nm (SPECTRAmax M2 microplate reader). 

Plasmin activity was measured with the chromogenic substrate S-2251 at a final 

concentration of 0.45 mM.  

  

Scanning electron microscopy  

To visualize the fibrinolysis process, fibrinogen (1 mg/ml), plasminogen        

(300 nM), α-FXIIa (0 or 125 nM) and tPA (0 or 300 pM) were clotted with 

thrombin (0.5 nM) and CaCl2 (5 mM) on Sefar (sieve mesh, pores: 170 μm) 

during 30 min. After 30 min, the clots were fixed with 2.5% gluteraldehyde 

overnight. After washing the samples, osmium tetroxide in sodium cacodylate 

was added for 1 hour. Next, the samples were dehydrated with a gradient of 

ethanol and HMDS and the samples were left to dry. The samples were 

mounted onto aluminum pin studs with 12 mm carbon conductive tabs (both 

Ted Pella, Inc.) and sputter coated with gold (Quorum Technologies Ltd, 

Ashford, Kent England; vacuum pump: EDWARDS, Crawley, West Sussex, 

UK).  

The samples were photographed with a Phenom G2 Pro desktop SEM 

(Phenom World, Eindhoven, The Netherlands) using Phenom Pro Suite 

software. Every condition was performed in triplo and photographed in 10 

different areas of the clot.  

  

Data analysis 

Data are expressed as mean ± standard deviation (SD). Statistical analysis was 

performed using one-way analysis of variance (ANOVA), Bonferroni for post 

hoc comparison, or t test with PRISM for Windows, version 5.00 (GraphPad 

Software, San Diego, CA, USA). P values less than 0.05 were considered 

statistically significant. 

 
 
Results 
 

Plasmin formation 

First, we determined the potential of α-FXIIa to convert plasminogen to plasmin. 

Therefore we performed plasmin formation assays in buffer and in a solution of 
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fibrinogen (1 mg/ml). The conversion of the chromogenic substrate S-2251, was 

used to detect plasmin formation. Figure 3.1A shows that α-FXIIa was able to 

form plasmin from plasminogen both in buffer and in a solution containing 

fibrinogen in a dose dependent manner. More plasmin was formed if no 

fibrinogen was present. Next, we determined the conversion of plasminogen to 

plasmin by α-FXIIa on top of a layer of fibrin (Figure 3.1B) and observed a dose-

dependent increase in plasmin formation. We repeated this experiment in the 

presence of 15 and 150 pM tPA and observed that at 15 pM tPA, α-FXIIa 

shortened the time to measurable plasmin formation (from 97 ± 1.7 min in the 

absence to 54 ± 4.2 min and 56 ± 1.5 min in the presence of 30 nM and 60 nM 

α-FXIIa, p < 0.001 respectively). At 150 pM tPA, α-FXIIa did not have an 

additional effect on plasmin formation (Figure 3.1C,D). 

 

 

Figure 3.1. Conversion of plasminogen into plasmin by α-FXIIa.  

(A) Hepes buffer or fibrinogen was incubated with plasminogen (75 nM), α-FXIIa (0, 62.5 
and 125 nM) and S-2251 (0.8 mM). The formation of plasmin was measured at 405 nm 
(n=3). (B – D) A maxisorb plate was coated with 100 μg/ml fibrinogen, which was 
converted to fibrin with thrombin (10 nM) and CaCl2 (5 mM). Plasminogen (75 nM),        
α-FXIIa (0, 30 or 60 nM) in the absence (B) or presence of 15 pM tPA (C) or 150 pM tPA 
(D) and S-2251 (0.8 mM) were added to the plate. The formation of plasmin was 
measured at 405 nm (n=3). Bars and curves represent mean ± range (* p<0.05 
compared to 0 nM α-FXIIa).  

 

 

Turbidity and fibrinolysis  

Next, we determined the effect of α-FXIIa in clotting assays. First, we measured 

fibrin formation and subsequent fibrinolysis by tPA (0, 15, 150 or 1500 pM) in 
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the absence and presence of α-FXIIa (0 - 125 nM) (Figure 3.2). We observed 

that fibrinolysis was enhanced by α-FXIIa: at all concentrations of tPA tested, 

the clot lysis time was reduced in the presence of α-FXIIa, but at higher tPA 

concentrations the effect of α-FXIIa on fibrinolysis was masked by the stronger 

effect of tPA. Furthermore, we tested a series of α-FXIIa concentrations at 0.5 

mg/ml fibrinogen at a fixed tPA concentration of 78.8 pM (Table 3.1). α-FXIIa 

reduced maximal absorbance and enhanced fibrinolysis (reduction in clot lysis 

time and increased lysis rate) in a dose-dependent manner. The same effect of 

α-FXIIa on the maximal absorbance and the fibrinolysis parameters was seen at 

3 mg/ml fibrinogen (data not shown). In the absence of tPA, high concentrations 

of α-FXIIa were needed to form enough plasmin to accomplish fibrinolysis (data 

not shown).  

 

 
Figure 3.2. Effect of α-FXIIa on maximal absorbance and clot lysis time at different 
tPA concentrations.  

(A – C) Fibrinogen (1 mg/ml), plasminogen (300 nM) and α-FXIIa (0 or 125 nM) were 
mixed with thrombin (2.5 nM), CaCl2 (5 mM) tPA (0, 15, 150 or 1500 pM). Changes in 
absorbance were measured at 405 nm. (A) Turbidimetric curves of fibrin formation and 
fibrinolysis in the presence of 150 pM tPA. (B) Maximal absorbance and (C) clot lysis 
time at different tPA concentrations (n=3). Bars and curves represent mean ± range.  

 

Table 3.1: Effect of α-FXIIa on fibrinolytic parameters in turbidimetric assays.  

The data are expressed as mean ± standard deviation (SD) 
Clots were formed with 0.5 mg/ml fibrinogen, 240 nM plasminogen, 2.5 nM thrombin,      
5 mM CaCl2 and 78.8 pM tPA  

 

Since α-FXIIa produced a clot with a lower turbidity, characteristic for a clot with 

thinner fibrin fibers, which is normally more difficult to lyse, we wanted to 

[α-FXIIa] (nM) Maximal absorbance Clot lysis time (min) Lysis rate (OD/s) 

0 0.22 ± 0.01 101.30 ± 29.67 -22.6 x 10
-6
 ± 4.2 x 10

-6
 

20 0.22 ± 0.01 100.20 ± 20.39 -24.3 x 10
-6
 ± 4.3 x 10

-6
 

41 0.20 ± 0.02 77.70 ± 23.45 -27.9 x 10
-6
 ± 5.3 x 10

-6
 

81 0.20 ± 0.01 70.57 ± 20.34 -31.2 x 10
-6
 ± 4.6 x 10

-6
 

163 0.18 ± 0.01 60.50 ± 6.53 -34.5 x 10
-6
 ± 4.5 x 10

-6
 

325 0.18 ± 0.01 49.88 ± 4.47 -39.5 x 10
-6 

± 2.1 x 10
-6
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determine if the enhanced fibrinolysis was caused by the formation of additional 

plasmin from plasminogen by α-FXIIa. Therefore, we repeated the turbidity 

experiment with 50 pM of tPA in the presence or absence of the chromogenic 

substrate S-2251. In this manner, we were able to determine the amount of 

plasmin formed during fibrinolysis. Figure 3.3 shows that in the presence of α-

FXIIa, plasmin formation started earlier and coincided with the start of 

fibrinolysis. Furthermore, in the presence of α-FXIIa more plasmin was formed. 

This is in agreement with the fact that in the turbidity experiments in the 

presence of α-FXIIa the clots lysed faster.  

 

 

Figure 3.3. Simultaneous measurement of fibrinolysis and plasmin formation. 

Fibrinogen (1 mg/ml), plasminogen (300 nM) and α-FXIIa (0 or 125 nM) in the presence 
or absence of S-2251 were added to a mix of tPA (50 pM), thrombin (2.5 nM) and CaCl2 
(5 mM). Fibrin formation and fibrinolysis (measured as changes in turbidity) and the 
formation of plasmin (measured as the conversion of S-2251) were measured at 405 nm. 
The curves without S-2251 were subtracted from those in the presence of S-2251 to 
correct for turbidity (n=3). Curves represent mean ± range.  

 

 

Chandler loop 

In the previous experiments, tPA was incorporated into the clot. Furthermore, 

these clots were made under static conditions. To determine the effect of 

external fibrinolysis, we made fibrin clots under flow conditions inside a 

Chandler loop. At different time intervals we took samples to measure 

fibrinolysis (expressed as the increase in fluorescence release due to 

degradation of fluorescent fibrin) and the formation of plasmin (measured with 

the chromogenic substrate S-2251). During clot formation, no measurable 

plasmin was formed. In the presence of α-FXIIa, fibrinolysis started at an earlier 

time point (significantly more fluorescence in the presence of α-FXIIa at time 

point 150 min) and more plasmin was formed (significantly more plasmin 

formed in the presence of α-FXIIa from time point 120 min on) (Figure 3.4). 
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When clots were formed in the absence of plasminogen, addition of tPA and / or  

α-FXIIa to the clots did not result in fibrinolysis. This indicates that tPA and      

α-FXIIa induced fibrinolysis via activation of plasminogen into plasmin (data not 

shown).  

 

 
Figure 3.4. The effect of α-FXIIa on fibrinolysis and plasmin formation in clots 
formed under flow.  

Fibrinogen (0.25 mg/ml, 5% (w/w) labeled with AlexaFluor488), plasminogen (183 nM) α-
FXIIa (0 or 62.5 nM), thrombin (2.5 nM) and CaCl2 (5 mM) in a final volume of 1 ml were 
transferred into a vinyl tube and rotated at 30 rpm for 90 min at room temperature. The 
formed clot was transferred into an eppendorf tube containing tPA (7.14 nM). Plasmin 
activity was measured with S-2251 and fluorescence release was measured at an 
excitation wavelength of 485 nm, an emission wavelength of 438 nm and a cut-off value 
of 515 nm. (A) Fluorescence release during clot formation; (B) Plasmin formation during 
clot formation; (C) Fluorescence release during fibrinolysis; (D) Plasmin formation during 
fibrinolysis (n=3). Data points represent mean ± range.  

 

 

Scanning electron microscopy 

Finally, we visualized clot formation and fibrinolysis using SEM. In the absence 

of tPA, α-FXIIa increased the density of the fibrin fibers (Figure 3.5A,B). This 

result shows that α-FXIIa increased the fiber density also in the presence of 

plasminogen. Furthermore, we added tPA during clot formation to initiate 

fibrinolysis. Figures 3.5C,D show that the pores in the fibrin network were more 

pronounced in the presence of α-FXIIa and tPA, compared to the same 
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experimental conditions without the addition of α-FXIIa. This indicates that in the 

presence of α-FXIIa more fibrinolysis had occurred.  

 
Figure 3.5. The effect of α-FXIIa on fibrin structure and fibrinolysis.  

Representative SEM images of clots prepared from fibrinogen (1 mg/ml), plasminogen 
(300 nM), thrombin (0.5 nM) and CaCl2 (5 mM) during 30 min at room temperature.       
(A - B) Clots formed in the absence of tPA and in the absence (A) and presence (B) of 
125 nM α-FXIIa. (C – D) Clots formed in the presence of 300 pM tPA in the absence (C) 
and presence (D) of 125 nM α-FXIIa (n=3). Scale bar represent 6 μm (magnification: 
20.000X).  

 

 

Discussion 
 

FXIIa is a protein with several functions, including activation of the coagulation 

cascade and the fibrinolytic system. Several clinical studies observed a relation 

between levels of FXII and arterial thrombosis, but the results are ambiguous. 

Reduced as well as elevated levels of FXII, FXIIa or FXIIa-C1-esterase inhibitor 

complexes have been associated with an increased risk of thrombosis [15-17]. 

However, other studies did not find an association between FXII(a) levels and 

arterial thrombosis [18,19]. In vivo models showed that FXII
-/- 

were protected 

from experimentally induced thrombus formation [20]. However, humans 

deficient in FXII do not seem to be protected from thrombosis nor do they have 
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a bleeding tendency [21]. In vivo experiments in baboons and in humans 

showed that the activation of the fibrinolytic system is partly dependent on the 

activity of FXII [22,23]. These studies show a role for FXII in both thrombus 

formation and fibrinolysis in vivo.  

 

In this paper we investigated the two activities of α-FXIIa in fibrin formation and 

fibrin degradation. We have shown that α-FXIIa is able to convert plasminogen 

into plasmin and that this plasmin accelerated fibrinolysis in the presence of 

tPA. α-FXIIa decreased the clot lysis time in a concentration dependent manner. 

Simultaneous measurements of plasmin formation, showed that this reduction 

in lysis time was accompanied by a faster onset of plasmin generation. 

Furthermore, we observed that clots made in the presence of α-FXIIa under 

flow in a Chandler loop, lysed faster and produced more plasmin. Since these 

clots only lysed if plasminogen was present, the action of α-FXIIa on fibrinolysis 

was mediated via the formation of additional plasmin from plasminogen.  

 

In vitro studies have shown that not only FXIIa but also the other proteases of 

the contact system, kallikrein and FXIa, are able to cleave plasminogen directly 

and hereby contribute to fibrinolysis [2,4]. Activation of plasminogen by tPA or 

u-PA is several orders of magnitude faster than by enzymes of the contact 

system [5]. Nonetheless, FXIIa was found to have a substantial contribution to 

plasminogen activation [24,25]. Braat et al found that in the dextran sulphate 

euglobulin fraction (DEF) of plasma, 20% of the plasminogen activator activity 

could be attributed to activity of FXIIa [24]. Schousboe et al found that FXIIa is 

an important contributor to plasmin generation, even though the ability of FXIIa 

to generate plasmin from plasminogen is lower for α-FXIIa than for uPA. This is 

due to the fact that the concentration of FXII is 10
3
 to 10

4
 times higher than the 

concentration of prourokinase [25].  

 

The proteins of the fibrinolytic system and of the contact activation system have 

similar origins. Factor XII and tPA for example are homologous: particularly the 

epidermal growth factor and Kringle regions show a high degree of homology 

[26]. We have recently shown that FXII and α-FXII bind with a high affinity to 

fibrin and fibrinogen [13]. This is in contrast to tPA and plasminogen, they only 

bind to fibrin with high affinity [27]. Therefore, in a solution that contains 

fibrinogen, α-FXIIa will bind to fibrinogen, whereas plasminogen will not. This 

could explain why α-FXIIa was better able to convert plasminogen into plasmin 

in buffer than in a solution containing fibrinogen. However in the presence of 

fibrin, α-FXIIa and plasminogen both bind to the fibrin. The fibrin can serve as a 
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surface on which the concentration of the substrate (plasminogen) and the 

enzyme (α-FXIIa) is higher, resulting in more plasmin formation.  

In the presence α-FXIIa, fibrin fibers become thinner, are more densely 

arranged and the clot stiffness increases. In addition, activation of the intrinsic 

pathway of coagulation via α-FXIIa leads to thrombin formation which also 

influences the clot structure [13]. Furthermore, recent data suggest that FXIIa 

can directly activate prothrombin, independent of FXI activation [28]. In vivo, 

these actions of FXIIa could help to stabilize the fibrin clot and prevent 

embolization. Thrombotic models in FXII
-/-

 mice, show that unstable thrombi are 

formed which embolize quickly, indicating that FXII is important for stable 

thrombus formation [20]. This is in agreement with our data from plasma and 

purified experiments which show that α-FXIIa increases clot stiffness [13]. In the 

current study, we provide new evidence for a role of FXII in the process of 

fibrinolysis using clots that were formed under the influence of both α-FXIIa and 

tPA. We have dissected the conditions under which the effect of α-FXIIa on 

fibrinolysis was most obvious, i.e. under conditions of low tPA concentrations. 

While indeed we confirmed our earlier findings that α-FXIIa produced denser 

clots, our new data showed that the effect on the fibrinolytic system led to 

increased fibrinolysis rates, due to increased plasmin generation, despite the 

increased fiber density of the clots. Our data therefore showed that FXII plays a 

dual role in coagulation and fibrinolysis.  

 

The action of α-FXIIa on fibrin structure and clot characteristics were exclusively 

found for α-FXIIa and not for β-FXIIa [13]. Additionally, β-FXIIa is not able to 

activate FXI and therefore will not initiate coagulation [29]. However, α-FXIIa 

and β-FXIIa are both able to convert plasminogen into plasmin [3]. We propose 

that first α-FXIIa strengthens the clot, both via the formation of additional 

thrombin and directly by interacting with fibrin(ogen). This action of FXIIa 

prevents embolization of the recently formed thrombus [20]. During fibrinolysis, 

FXIIa is able to activate plasminogen and may contribute to fibrinolysis from 

within the clot, when in the early stage of fibrinolysis only low levels of 

plasminogen activators are present. The fibrinolytic system is enhanced further 

after the activation of FXI and prekallikrein by FXIIa. FXII and proteins of the 

fibrinolytic system also stimulate angiogenesis. Binding of FXII to the urokinase 

plasminogen activator receptor (uPAR) initiates angiogenesis via stimulation of 

ERK1/2 and Akt [30]. tPA and fibrin fragment E, a fibrin degradation product 

formed during fibrinolysis, enhance angiogenesis [31,32]. Therefore, even after 

clot formation and fibrinolysis, FXII and the proteins of the fibrinolytic system 

participate in the same processes.  
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The controversial results of the role of FXII(a) in arterial thrombosis in clinical 

studies, might be explained by the balance of counteracting effects of FXIIa. 

Our results were obtained in purified systems, in the absence of physiological 

inhibitors, such as PAI-1 and α2-antiplasmin. Therefore, in our experiments 

fibrinolysis occurred immediately after fibrin formation starts. However, in vivo, 

fibrinolysis may be delayed by inhibitors until bleeding is stopped. Under 

pathologic conditions and depending on the time point in the tract of clot 

formation and fibrinolysis, FXIIa will either be pro-thrombotic or pro-fibrinolytic.  

 

In conclusion, we propose that FXIIa first supports the formation of a stable 

thrombus. Subsequently, FXIIa supports fibrinolysis by activating plasminogen 

when concentrations of tPA and uPA are still low. This could explain the 

ambiguous results found in clinical studies for the influence of FXII(a) in arterial 

thrombosis. To further unravel the two activities of FXIIa in time, plasma-based 

and in vivo experiments are needed.  
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Introduction 
 

Several anticoagulant drugs are used in clinical practice nowadays. However, 

the main side effect of these drugs is the increased risk of bleeding. In 2005, it 

was found by Renné et al that mice deficient in coagulation factor XII (FXII) are 

protected from experimentally induced thrombosis without having a bleeding 

phenotype [1]. Humans deficient in FXII do not have a bleeding tendency either. 

Furthermore, elevated levels of activated FXII (FXIIa) have been observed in 

patients with coronary heart disease (CHD) and myocardial infarction (MI) [2-7]. 

Due to these observations, targeting FXIIa has emerged as a potentially safe 

method to prevent thrombosis.   

Several FXIIa-inhibitors have been tested in animal models for their efficacy in 

preventing thrombosis. rHA-Infestin-4 is a serine protease inhibitor which was 

able to prevent experimentally induced arterial thrombus formation in mice and 

rats, and protected mice from ischemic brain injury and silent brain ischemia 

[8,9]. Ixodes ricinus contact phase inhibitor (Ir-CPI) binds with high affinity to 

FXIIa, FXIa and kallikrein and inhibits their enzymatic activity. Mice treated with 

Ir-CPI were protected from induced venous and arterial thrombosis [10]. 

However, both rHA-Infestin-4 and Ir-CPI moderately inhibit fibrinolysis, which is 

theoretically unwanted since reduced fibrinolysis in itself is a risk factor for 

thrombosis [8,11].  

We tested the effect of a specific monoclonal antibody (mAb) directed towards 

human FXIIa (anti-FXIIa mAb) on thrombus formation, clot formation and 

fibrinolysis in whole blood and in platelet poor plasma (PPP) deficient in FXII 

using turbidimetric assays and rotational thromboelastometry (ROTEM) 

experiments.  

 

 

Materials and methods 
 

Materials 

Congenital FXII-deficient plasma (< 1% FXII activity) was from George King Bio-

medical (St Overland Park, KS, USA). Sulfatides were from Sigma. Purified FXII 

was from Enzyme Research Laboratories (Swansea, UK). Recombinant tissue 

type-plasminogen activator (t-PA) was from Boehringer Ingelheim (Alkmaar, the 

Netherlands). Synthetic phospholipids DOPS, DOPC, DOPE (1,2-dioleoyl-sn-

glycero-3-phosphoserine, 1,2-dioeoyl-sn-glycero-3-phosphocholine, 1,2-

dioleoyl-snglycero-3-phosphoethanolamine) were from Avanti Polar lipids Inc 

(Alabaster, AL) and were prepared by sonication as described earlier 
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(DOPS/DOPC/DOPE, 20/60/20, mol/mol/mol) [12]. In-tem, ex-tem and star-tem 

reagents were from TEM International (Munich, Germany). The monoclonal 

antibody directed to human FXIIa (anti-FXIIa mAb) 3F7 was provided by CSL 

Behring GmbH (Marburg, Germany). 
 

Blood drawing 

Blood samples were drawn from 3 healthy individuals and were collected in 

3.2% sodium citrate as anticoagulant. The first collection tube was discarded. 

Immediately upon blood drawing ROTEM experiments were started. All 3 

healthy volunteers gave written informed consent that blood and plasma could 

be used for research purposes. The study was approved by the local 

institutional Ethics Committee and was conducted according to the principles of 

the Declaration of Helsinki. 

 

Turbidity measurements 

Fibrin clot formation and fibrinolysis were monitored in low binding polystyrene 

96-well plates (Greiner, Frickenhauser, Germany) by the change in turbidity at 

405 nm (A405) every 15 s, for 1.5 hours at 37˚C using a ELx808 plate reader 

(Biotek Instruments, Winooski, VT).  

To congenital FXII-deficient plasma, purified FXII (0 – 100%; normal FXII 

concentration: 375 nM [13]) and anti-FXIIa mAb (20 µg/ml) or an equal volume 

of phosphate buffered saline (PBS) buffer were added. The final volume of 

plasma was 80%. Coagulation was initiated with 10 µM sulfatides (an activator 

of FXII), 16 mM CaCl2 and 4 µM phospholipid vesicles. To monitor fibrinolysis,   

0.1 µg/ml tPA was added to the clotting mixture. Clot lysis time was calculated 

as the time from 50% clot formation to 50% clot lysis.  

 

ROTEM 

Thrombus formation was determined with rotational thromboelastometry 

(ROTEM) via the change of elasticity during thrombus formation using standard 

assays in a TEM thromboelastometer (TEM International, Munich, Germany) 

according to the manufacturer's instructions. In a cuvette with a rotating 

cylindrical pin ROTEM experiments were performed with commercially available 

reagents in human whole blood using different ROTEM tests. Freshly obtained, 

citrate-anticoagulated human whole blood (300 μl) to which different amounts of 

anti-FXIIa mAb (0 – 100 µg/ml) or an equal volume of phosphate buffered saline 

(PBS)-buffer was added was activated with a combination of 20 µl Star-tem 

(CaCl2) and 20 µl In-tem (ellagic acid) or 20 µl Star-tem and 20 µl Ex-tem 

(tissue factor (TF)). To measure clot lysis time, tPA was added to the premix of 
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star-tem with in-tem or ex-tem reagent. The final concentration of tPA (0.2% of 

the total volume) was 0.16 µg/ml.  

 

Evaluation parameters of the curves used were the clotting time (CT), maximum 

clot firmness (MCF) and maximum rate of clot formation (α-angle). The two 

latter inform on the maximum elastic clot strength and the rate of fibrin strand 

formation, respectively [14]. The clot lysis time from 50% clot formation to 50% 

clot lysis was calculated from the raw data.  

 

Statistical analysis 

Data are expressed as median and range. Statistical analyses were performed 

with PRISM for Windows, version 5.0 (GraphPad Software, San Diego, CA, 

USA) using one-way analysis of variance (ANOVA), Bonferroni for post hoc 

comparison, or t test (GraphPad Software) when appropriate, and p < 0.05 was 

considered statistically significant.  

 

 

Results and discussion 
 

We tested the effects of anti-FXIIa mAb directed towards human FXIIa on clot 

formation and fibrinolysis with ROTEM and with turbidity assays. ROTEM 

experiments were performed in whole blood, to which we added different 

concentrations of the mAb. In the turbidity experiments we used purchased PPP 

from a patient with a congenital FXII-deficiency and at a fixed concentration of 

20 µg/ml mAb added several concentrations of purified FXII.  

Table 1 shows the results of the ROTEM experiments in whole blood of 3 

healthy donors to which varying amounts of anti-FXIIa mAb (0 – 25 – 50 and 

100 µg/ml) were added. ROTEM assays using INTEM and EXTEM reagents 

were measured. The INTEM assay showed an increase in CT with increasing 

amounts of anti-FXIIa mAb indicating that the mAb concentration-dependently 

inhibited activated FXII (FXIIa) formed by the INTEM reagent. The MCF and    

α-angle were significantly reduced at 100 µg/ml of anti-FXIIa mAb compared to 

no addition, which most likely resulted from FXIIa inhibition. Upon addition of    

tPA, the CLT was significantly increased at 100 µg/ml anti-FXIIa mAb compared 

to 25 µg/ml anti-FXIIa mAb (p = 0.01). In the EXTEM assay, only 100 µg/ml of 

anti-FXIIa mAb was tested and it was observed that the CLT was significantly 

increased at 100 µg/ml anti-FXIIa mAb compared to no mAb (p = 0.04). The CT, 

MCF and α-angle were not affected by the mAb in the EXTEM assay.   
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Table 4.1: ROTEM analysis using in-tem and ex-tem reagents in citrated whole blood of 

3 healthy donors. To the blood, an ascending amount of 0 – 25 – 50 and 100 µg/ml   
anti-FXIIa mAb was added. The data are expressed as median and range. 

 INTEM    EXTEM  

anti-FXIIa mAb 
(µg/ml) 

0 25 50 100 0 100 

CT (s) 
3.2  
[2.6-3.2] 

5.0  
[4.6-5.4] 

6.5  
[5.7-6.5] 

8.0  
[6.3-8.5] 

0.8  
[0.8-0.9] 

0.9  
[0.8-1.5] 

MCF (mm) 66 [63-69] 62 [59-64] 63 [59-63] 57 [56-59] 64 [61-64] 63 [63-65] 

α angle (°) 78 [77-79] 74 [68-74] 71 [63-73] 64 [57-70] 75 [71-75] 74 [72-75] 

CLT (s) 
17.9  
[15.2-24.5] 

17.9  
[15.8-26.8] 

21.1  
[15.8-26.8] 

20.7 
[18.5-31.9] 

12.8  
[12.7-29.8] 

18.1  
[15.8-32.7] 

 

Next, we determined clot formation and fibrinolysis in FXII-deficient plasma in a 

turbidity assay to which we added different amounts of purified FXII to obtain    

0 – 5 – 50 – 100% FXII of normal plasma concentration. Figure 1A shows that 

in the presence of 20 µg/ml anti-FXIIa mAb, (optimal concentration to perform 

this experiment determined with a titration curve, data not shown) the lag time 

before measurable fibrin formation was significantly increased at 50% and 

100% FXII compared to the absence of anti-FXIIa mAb at the same respective 

FXII concentration (p = 0.013 and p < 0.001, respectively). In Figure 1B, the 

maximal absorbance was significantly increased (p < 0.001) at 100% FXII in the 

presence of 20 µg/ml mAb compared to no inhibition of FXIIa and was 

comparable to the maximal absorbance measured in FXII-deficient plasma to 

which we did not add purified FXII or anti-FXIIa mAb. An increased maximal 

absorbance is associated with a clot consisting of thicker fibers and a less 

dense structure. Figure 1C shows that at 100% FXII the CLT was decreased in 

the presence of the anti-FXIIa mAb compared to the absence of the anti-FXIIa 

mAb (p = 0.001). This indicates that the clot formed when FXIIa was inhibited, 

lysed faster than the clot formed without inhibition of FXIIa. 

  



Inhibition of activated FXII reduces clot strength 

77 

 

 

Figure 4.1: The effect of anti-FXIIa mAb on the lag time, maximal absorbance and 
clot lysis time at different FXII-concentrations.  

FXII-deficient plasma (final volume = 80%) was reconstituted with purified FXII (0% - 5% 
- 50% -100% of normal plasma concentration) and to the plasma either 20 µg/ml anti-
FXIIa monoclonal antibody (mAb) or an equal volume of phosphate buffered saline 
(PBS) buffer was added. Clotting was initiated via contact activation with 10 µM 
sulfatides, 4 µM phospholipid vesicles and 16 mM CaCl2. Turbidity was monitored every 
15 s at 405 nm at 37˚C. Figure shows the median ± range of three measurements. From 
the turbidity curves, (A) the lag time, (B) maximal absorbance at 405 nm and (C) clot 
lysis time were determined. * p < 0.05 

 

 

These results indicate that the anti-FXIIa mAb inhibited clotting in a 

concentration-dependent manner, when clotting was initiated via FXII activation. 

Furthermore, in the presence of the anti-FXIIa mAb the firmness of the clot was 

decreased and the fibrin fibers were thicker. In the ROTEM experiments at 100 

µg/ml of anti-FXIIa mAb, the MCF and maximum rate of clot formation (α-angle) 

were reduced, indicating that a weaker clot was formed. In the turbidity 

experiments, we observed that the anti-FXIIa mAb increased the maximal 

absorbance indicating thicker fibrin fibers and a looser clot. The anti-FXIIa mAb 

reduced the CLT in the turbidity experiments, whereas it increased the CLT in 

the ROTEM experiments. Possibly this is due to the difference in concentration 

of anti-FXIIa mAb used: the CLT in the ROTEM experiments was only 

increased at the highest concentrations of anti-FXIIa mAb. At 25 µg/ml anti-

FXIIa mAb, no effect on the CLT was observed in the ROTEM experiments. In 

the turbidity experiments, 20 µg/ml of anti-FXIIa mAb reduced CLT at 100% 

FXII, probably because the clot was weaker due to the inhibition of FXII. At 

lower FXII concentrations, CLT was not influenced by the anti-FXIIa mAb.       

Compared to the other FXIIa-inhibitors rHA-Infestin-4 [8,9] and Ir-CPI [10], anti-

FXIIa mAb had little influence on fibrinolysis. Inhibiting FXIIa will also inhibit its 

profibrinolytic effects: FXIIa is able to stimulate fibrinolysis by converting 

plasminogen into plasmin. However, also in the EXTEM assay the clot lysis time 

was increased at 100 µg/ml anti-FXIIa mAb. This indicates that the mAb 

potentially inhibits fibrinolysis at this concentration independent of the inhibition 

of FXIIa. However, in our experiments FXII was activated with either sulfatides 

or INTEM reagents, both potent FXII activators, leading to much higher 
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concentrations of activated FXII than those observed in in vivo situations. 

Therefore, to inhibit FXIIa in vivo lower levels of anti-FXIIa mAb will suffice. 

 

In conclusion, anti-FXIIa mAb was able to inhibit clotting via FXII activation in a 

concentration dependent manner. The clots formed in the presence of          

anti-FXIIa mAb were less firm and composed of thicker fibers. The effect of  

anti-FXIIa mAb on fibrinolysis was minimal. However, we only tested a limited 

number of healthy individuals and only determined clot formation and 

fibrinolysis. Additional in vitro experiments and in vivo experiments in animal 

models are required in order to better characterize the relevance of modifying 

fibrin clot formation through FXIIa inhibition, prior to clinical testing.   
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Abstract 
 

Introduction: The contribution of the contact system to arterial thrombosis is 

unclear, results of clinical studies are conflicting. Particularly, little is known 

about the involvement of the contact system in the progression of arterial 

thrombosis. Therefore, we investigated the activation of the contact system 

during an acute myocardial infarction (AMI) and 3 and 6 months following the 

acute event.   

Methods: Plasma of patients with a first AMI was collected on admission and 3 

and 6 months after the AMI. The levels of complexes of activated factor XI 

(FXIa), FXIIa and kallikrein with C1-esterase inhibitor (C1INH) and the levels of 

complexes of FXIa with α1-antitrypsin (AT) were measured in these plasmas. 

Recurrent cardiovascular events were recorded during a one year period after 

the AMI.  

Results: We observed that the levels of FXIa-C1INH were elevated during the 

acute phase compared to the steady-phase 3 and 6 months after the AMI. The 

levels of FXIa-AT, FXIIa-C1INH and kallikrein-C1INH did not change over time. 

The levels of FXIa-C1INH, FXIa-AT, FXIIa-C1INH and kallikrein-C1INH were 

not predictive for a recurrent event.     

Conclusion: We observed that during an AMI, the activation of FXI was 

increased. The levels of FXIIa-C1INH were not elevated, suggesting that 

activation of FXI during the acute phase did not result from contact activation. 

The levels of the enzyme inhibitor complexes were not predictive for a recurrent 

event one year after the first AMI.  
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Introduction 
 

Acute myocardial infarction (AMI) is a major cause of morbidity and mortality 

worldwide. It is the result of partial or complete occlusion of the coronary 

arteries due to coronary thrombus formation, impairing myocardial blood supply. 

A hypercoagulable state, characterized by activation of the coagulation system, 

is detectable in patients with AMI [1-3]. Furthermore, within atherosclerotic 

lesions, coagulation factors, including contact factor components, are 

abundantly present [4]. This way, hypercoagulability in blood and in 

atherosclerotic lesions may have impact on the course of atherosclerosis as 

well as the risk of atherothrombotic complications.  

     

The role of the contact activation system of coagulation in the development and 

progression of coronary artery disease (CAD) is still unclear. In animal studies, 

deficiency in coagulation factor XI (FXI) or FXII is associated with a decreased 

risk for arterial thrombosis, however, the results from clinical studies are not 

straightforward. Several studies found that high levels of FXI or activated FXI 

(FXIa) are associated with an increased risk of CAD [2,5,6], however, in studies 

focussing only on women this association is less clear [7-9]. Furthermore, FXI 

deficiency does not protect against AMI [10]. The association between FXII and 

CAD is complex, with a different association depending on whether zymogen or 

enzyme levels were measured. Low levels of FXII were found to be a risk factor 

for AMI, coronary heart disease (CHD) and all-cause mortality [5,11,12], high 

levels of FXIIa and low levels of FXIIa in complex with its main natural inhibitor 

C1-esterase inhibitor (FXIIa-C1INH) were associated with an increased risk of 

CHD [13-18]. However, other studies that measured FXII, FXIIa or FXIIa-C1INH 

did not confirm an association with CHD [6,8,12,19,20]. In all these studies the 

levels of FXI or FXII were measured at one single time point. We set up a study 

to determine the activation of the contact system during the acute phase as well 

as during follow-up in patients with a first AMI and used these data to determine 

whether contact activation could be used as a marker for the occurrence of a 

recurrent thrombotic event.  

 

 

Materials and methods 
 

Study design 

The study design has been described previously [21]. Consecutive patients with 

a first AMI were included. Patients were included if they met the following 

inclusion criteria: chest pain lasting longer than 30 min but not exceeding 24 h, 
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ST-segment elevation > 1 mm on electrocardiography and biochemical 

evidence of myocardial necrosis. Exclusion criteria were a history of AMI or 

stroke and present use of oral anticoagulants. Blood samples were drawn on 

admission and before administration of low-molecular-weight-heparin (LMWH) 

or any other intervention and repeated after 3 months and 6 months. To rule out 

the use of LMWH before blood sampling, anti-Xa levels were determined in all 

baseline samples. Only samples with undetectable anti-Xa (≤ 0.05 U/ml) were 

considered to be free of LMWH and only these samples were included in the 

analysis.  

The clinical outcome was recorded 3 months, 6 months and 12 months after 

inclusion. The combined end point comprised cardiovascular death, recurrent 

MI, a second coronary intervention [percutaneous coronary intervention (PCI) or 

coronary artery bypass grafting (CABG)] and ischemic stroke. The study 

protocol was approved by the Medical Ethics Review Committee of the 

Maastricht University Medical Center, The Netherlands. All patients gave written 

informed consent. Venous blood was collected in 10 mM EDTA containing 100 

μg/ml soybean trypsin inhibitor (STI) and 20 mM benzamidine for the 

measurement of enzyme inhibitory complexes and in 3.2% (w/v) citrated tubes 

for other measurements. 

 

Assays 

The levels of FXIa, FXIIa and kallikrein in complex with C1-esterase inhibitor 

(C1INH) and FXIa in complex with α1-antitrypsin (FXIa-C1INH, FXIIa-C1INH, 

kallikrein-C1INH and FXIa-AT) were measured in plasma with enzyme-linked 

immunosorbent assays (ELISAs), as described previously [18]. The detection 

limits were 0.03 arbitrary units (A.U.) for all assays and values below the 

detection limit were set at 0.03 A.U. The inter- and intra-assay coefficient 

variations (CVs) of these assays have been published [18].  

The levels of FXIc and FXIIc were determined by one-stage aPTT-based 

clotting assays, performed on a Sysmex CA-7000 Automated Coagulation 

Analyzer with reagents obtained from Dade Behring (Liederbach, Germany) and 

calibrated to WHO standards. D-dimer measurements in platelet-poor plasma 

were performed using the Ddimer Plus test (Dade Behring Inc., Liederbach, 

Germany) according to the manufacturer’s instructions. Prothrombin fragment 

1.2 (F1.2) was quantified by ELISA according to the manufacturer’s instructions 

(Dade Behring Inc.). Anti-Xa activity was determined using the Coamatic 

Heparin test (Instrumentation Laboratory, Breda, The Netherlands). 
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Statistical analysis 

The data are expressed as median [interquartile range (IQR)] or as mean 

(standard deviation (SD)). Differences between two groups were analyzed using 

the Mann-Whitney U test (levels of inhibitory complexes, D-dimer and F1.2) or 

the Student’s t-test (levels of FXIc and FXIIc), depending on distribution 

characteristics. Correlations between the enzyme inhibitory complexes were 

determined using Spearman’s rho correlation. The difference in the levels of the 

inhibitory complexes between the different time points was determined by the 

Friedman test, followed by the Dunn’s multiple comparison test. The association 

between dichotomized levels of enzyme inhibitory complexes and outcome was 

assessed using Pearson chi-square test, and expressed as corresponding odds 

ratios (ORs) and 95% confidence intervals (CIs). Results were viewed to be 

statistically significantly different at p < 0.05. Statistical analyses were 

performed using IBM SPSS Statistics 20 for Windows (Armonk, New York: IBM 

Corp.) and Prism for Windows 5.00 (GraphPad Software Inc., San Diego, CA, 

USA). 

 

 

Results 
 

Of the 135 patients included in this clinical study, plasma samples of 89 patients 

on admission were available for the measurement of enzyme inhibitory 

complexes. In total, 16 patients were excluded because anti-Xa levels were      

> 0.05 U/ml. Of 30 patients, the availability of plasma was not sufficient to 

perform analyses. The baseline characteristics of these 89 patients are 

represented in Table 5.1. Fourteen patients had a recurrent cardiovascular 

event during the follow-up period of 1 year. The levels of the enzyme inhibitory 

complexes on admission did not differ between patients stratified for gender, 

smoking, the presence of hypertension, diabetes mellitus or 

hypercholesterolemia and did not correlate with age.  

 

Table 5.1: Baseline characteristics of the study population 

 Total group Male Female 

N (%) 89 (100%) 66 (74%) 23 (26%) 

Age, years (range) 61 (34 – 88) 60 (39 – 83) 66 (34 – 88) 

Hypertension, n (%) 23 (25.8%) 18 (27.3%) 5 (21.7%) 

Smoking, n (%) 5 (5.6%) 3 (4.5%) 2 (8.7%) 

Type 2 diabetes, n (%) 47 (52.8%) 33 (50.0%) 14 (60.9%) 

Hypercholesterolemia, n (%) 18 (20.2%) 14 (21.2%) 4 (17.4%) 
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Enzyme-inhibitory complexes 

From 70 patients, complete sets of plasma samples from the three time points 

(on admission and at 3 months and 6 months after the acute event) were 

available to measure the levels of the enzyme inhibitory complexes. Figure 5.1 

shows the levels of the enzyme inhibitory complexes on admission and during 

the follow-up period. For most patients, the levels of FXIa-C1INH were highest 

on admission and declined during follow-up. There was a statistically significant 

reduction in FXIa-C1INH complex levels with 55.7% of the patients at 3 months 

and 70% at 6 months showing a decline in this inhibitor complex compared with 

levels on admission. The median level of FXIa-C1INH declined by 7.2% [IQR:    

-19.9% - 25.9%] and 9.5% [IQR: -7.1% - 22.1%] at 3 and 6 months, 

respectively. The levels of FXIa-AT, FXIIa-C1INH and kallikrein-C1INH did not 

change significantly over time.  

 

 
Figure 5.1: Levels of FXIa-C1INH (A), FXIa-AT (B), FXIIa-C1INH (C) and kallikrein-
C1INH (D) of patients after a first myocardial infarction.  

Levels of activated factor XI (FXIa), FXIIa and kallikrein in complex with C1-esterase 
inhibitor (C1INH) and FXIa in complex with α1-antitrypsin (AT) were measured in patients 
with a first acute myocardial infarction (AMI) on admission (0 days) and 3 and 6 months 
after the AMI. Differences between the groups were determined by Friedman test for 
repeated measures. The grey line depicts the median value. * P < 0.05. IQR: 
interquartile range 
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Because of the wide distribution of the data we were interested to determine the 

correlation for each enzyme-inhibitor complex, comparing different time points. 

The levels of FXIa-C1INH on admission, correlated well with the levels at 3 

months and at 6 months (Spearman’s rho: 0.84 and 0.88 p<0.001, 

respectively). The same was true for the levels of FXIIa-C1INH (Spearman’s 

rho: 0.77 and 0.87 p<0.001, respectively) and FXIa-AT (Spearman’s rho: 0.76 

and 0.77 p<0.001, respectively). Since only few samples had levels above the 

detection limit for kallikrein-C1INH, we did not perform correlation analyses for 

this enzyme inhibitor complex. These high correlations indicate that patients 

with relatively high or low level of an enzyme inhibitor complex at one time 

point, will most likely remain relatively high or low at a later time point.      

 

Recurrent events 

Table 5.2 shows the differences in the levels of FXIc, FXIIc, D-dimer, F1.2 and 

the enzyme inhibitory complexes on admission between patients that developed 

a recurrent event during follow-up and those that did not. The levels of D-dimer 

and F1.2 were higher in the patients that had a recurrent event during follow-up. 

The levels of the other factors did not differ between the groups. Figure 5.2 

shows the distribution of FXIa-C1INH, FXIa-AT, FXIIa-C1INH and kallikrein-

C1INH among patients that had an event during follow-up and those that did 

not. There was no significant difference between the groups. To get more 

insight into the predictive value of FXIa-C1INH, FXIa-AT and FXIIa-C1INH, we 

also determined the odds ratios (OR) for a recurrent event after dichotomizing 

the data to low levels (< median of the total group) versus high levels (≥ median 

of the total group) of FXIa-C1INH and FXIa-AT and low levels (below detection 

limit) and high levels (above detection limit) for FXIIa-C1INH. The OR for high 

compared to low levels of these enzyme inhibitory complexes were: 0.49 (95% 

CI: 0.15 – 1.6), 1.85 (95% CI: 0.57 – 6.04) and 0.99 (95% CI: 0.30 – 3.25) for 

FXIa-C1INH, FXIa-AT and FXIIa-C1INH, respectively. Only one sample had 

kallikrein-C1INH levels above the detection limit, therefore no OR was 

determined.  
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Table 5.2: Levels of FXIc, FXIIc, D-dimer, F1.2, FXIa-C1INH, FXIa-AT, FXIIa-C1INH 
and kallikrein-C1INH of acute myocardial infarction patients stratified for the 
occurrence of a recurrent event during a follow-up period of 1 year 

 All patients Recurrent event No recurrent event p-value 

FXIc (U/dl) 119 (17) 117 (25) 119 (15) 0.68 

FXIIc (U/dl) 101 (21) 101 (15) 101 (22) 0.99 

D-dimer (ng/ml) 370 [260 – 740] 625 [382 – 1325] 360 [260 – 680] 0.04 

F1.2 (nmol/ml) 227 [174 – 319] 314 [207 – 666] 213 [170 – 299] 0.03 

FXIa-C1INH (A.U.) 0.22 [0.17 – 0.35] 0.20 [0.17 – 0.30] 0.22 [0.17 – 0.41] 0.47 

FXIa-AT (A.U.) 0.26 [0.23 – 0.31] 0.29 [0.25 – 0.35] 0.26 [0.23 – 0.30] 0.17 

FXIIa-C1INH (A.U.) 0.03 [0.03 – 0.05] 0.03 [0.03 – 0.06] 0.03 [0.03 – 0.05] 0.92 

Kallikrein-C1INH (A.U.) 0.03 [0.03 – 0.03] 0.03 [0.03 – 0.03] 0.03 [0.03 – 0.03] 0.67 

Levels of FXIc and FXIIc are expressed as mean (standard deviation). The other levels 
are expressed as median [interquartile range]. A.U: arbitrary units, C1INH: C1-esterase 
inhibitor 
p-value: recurrent compared to no recurrent event 

 

 

Figure 5.2: Levels of FXIa-C1INH (A), FXIa-AT (B), FXIIa-C1INH (C) and kallikrein-
C1INH (D) on admission in patients who suffered from a first myocardial infarction.  

The levels of activated factor XI (FXIa), FXIIa and kallikrein in complex with C1-esterase 
inhibitor (C1INH) and FXIa in complex with α1-antitrypsin (AT) are subdivided into 
patients with a recurrent cardiovascular event within the first year after the AMI and 
those that did not have a recurrent event. The grey line depicts the median value. 
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Discussion 
 

Although experimental studies show an involvement of the contact system of 

coagulation in arterial thrombosis, atherosclerosis and ischemic stroke, very 

little is known about the role of the contact activation system in humans. One 

problem in human studies is inconsistency in data in relation to outcomes, due 

to heterogeneity in patient populations as well as in assays that were 

performed. Another issue is that in previous clinical studies in all cases contact 

activation indices were determined at one point in time, potentially missing 

patterns of changes in time that may distinguish acute phase responses from 

constitutive activity levels.  

In this study, we investigated the activation of the contact system of coagulation 

during the acute phase, and 3 and 6 months after the AMI. Furthermore, we 

explored whether activation of the contact system during the acute phase could 

be used to predict clinical outcome after a first AMI. Activation of the contact 

system was measured as the levels of the activated enzymes in complex with 

their natural inhibitors: FXIa, FXIIa and kallikrein in complex with C1INH and 

FXIa in complex with AT. We ensured that samples did not contain any 

anticoagulant by careful selection at inclusion as well as by screening samples 

by anti-Xa activity for spurious LMWH presence (data not shown) [21].  

 

We found that the levels of FXIa-C1INH were elevated during the acute event in 

patients with a first AMI compared to the steady state situation 3 and 6 months 

after the AMI. We did not observe this effect for FXIa-AT. Upon activation, 

C1INH is the main inhibitor of FXIa, but, the half-life of the FXIa-AT complex in 

vivo is longer than the half-life of FXIa-C1INH: 349 min and 104 min 

respectively [22]. Because of this, FXIa-AT reflects chronic activation of FXI 

whereas FXIa-C1INH better reflects the acute phase response [22]. This is 

illustrated in a previous study, where in 20 patients with either an AMI (blood 

sampling 7 to 10 days after the event) or unstable angina, the levels of FXIa-AT 

were significantly elevated but the levels of FXIa-C1INH were comparable to 

controls [22]. In contrast, Minnema and colleagues showed that patients with an 

AMI had higher levels of FXIa-C1INH during the acute attack compared to 

patients with stable angina pectoris. In these patients, the levels of FXIa-AT 

were not elevated during the acute attack [2]. In contrast to the present study, 

they did not obtain follow up blood samples, such that the comparison could 

only be made between those with AMI and patients with either unstable or 

stable angina [2].  

The levels of FXIIa-C1INH were not elevated during the acute attack, 

suggesting that in these patients FXI activation was probably caused by an 
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increase in thrombin generation rather than by FXII activation. Indeed, as 

reported previously, thrombin generation capacity was increased during AMI. 

The measurement of the endogenous thrombin potential (ETP) in these 

patients, showed that the ETP-values were highest during the acute attack and 

were diminished 3 and 6 months after the event [21].   

 

We observed that higher levels of D-dimer and F1.2 on admission were 

associated with a recurrent cardiovascular event in the year following the first 

AMI in this study. This is in agreement with earlier findings. The level of the 

activation peptide of prothrombin, F1.2, was found to be elevated in patients 

with ACS and was associated with cardiac mortality and long-term outcome in 

patients with ACS [23-25]. Elevated levels of D-dimer are observed in patients 

with ACS [25] and are a predictor for coronary heart disease [26]. Furthermore, 

elevated levels of D-dimer are predictive of a recurrent coronary event in post 

infarction patients and in patients with ischemic-type chest pain [27,28]. In our 

study the levels of the inhibitory complexes on admission were not predictive for 

the occurrence of a recurrent event in the year after the first AMI. High levels of 

FXIa-C1INH, FXIa-AT, FXIIa-C1INH and kallikrein-C1INH were not a risk factor 

for the occurrence of a recurrent cardiovascular event during the follow-up 

period. Possibly, the study was underpowered to demonstrate the predictive 

value for the enzyme-inhibitory complexes, however, the OR’s were in no way 

indicative of any risk association. Similarly, in a larger study in patients with 

chest pain, the levels of FXIa-C1INH, FXIa-AT, FXIIa-C1INH and kallikrein-

C1INH were also not predictive for clinical outcomes 2 years after admission. 

This was the case both for patients with TnT-levels ≤ 0.05 ng/ml and TnT-levels 

> 0.05 ng/ml
 
on admission [20]. 

 

We observed a high correlation between the levels of the enzyme inhibitory 

complexes on admission and those during follow-up. This indicates that in 

patients with relatively high levels of enzyme inhibitory complexes, these levels 

stay relatively high. However, they did not predict a recurrent cardiovascular 

event in the year after a first AMI. This highlights the fact that in spite of a 

marked interindividual variation in constitutive levels of contact activation, the 

link between individual levels of these products and arterial vascular disease 

remains to be explored.      

 

In conclusion, we observed that during an AMI the levels of FXIa-C1INH were 

elevated compared to the steady state 3 and 6 months after the AMI. In the 

absence of evidence of acute FXII activation, the temporary increase may 

primarily result from thrombin generation and feedback FXI activation. The main 
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contribution of FXII in this regard may be in starting and strengthening (arterial) 

clot formation [29]. The clinical significance of contact activation in the context 

of coronary artery disease remains to be demonstrated.  
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Abstract 
 

Background: Coronary stent thrombosis (ST) is a feared complication of 

percutaneous coronary intervention (PCI). Multiple factors underlie the 

pathophysiological mechanisms of ST. Previous studies demonstrated that 

patients with ST, compared to control PCI patients, formed denser fibrin clots 

which were more resistant to fibrinolysis. This suggests that alterations in fibrin 

clot formation and lysis could contribute to the pathophysiology of ST. 

Objective: To assess the plasma fibrin clot formation and fibrinolysis of ST 

patients compared to control PCI patients. 

Patients/Methods: A total of 54 patients were included: 27 cases (patients with 

definite ST) and 27 matched controls (PCI patients without ST). Controls were 

matched based on indication and time of the index PCI (PCI of initial stent 

implantation) of cases. Fibrin clot formation and fibrinolysis were assessed by 

turbidimetric assays. The lag time, maximal absorbance and clot lysis time were 

derived from these assays.  

Results: No significant difference was found between cases and matched 

controls in lag time (173.4 s ± 46.6 vs. 161.5 s ± 27.5, p = 0.18), maximal 

absorbance (0.78 ± 0.16 vs. 0.83 ± 0.21, p = 0.36), and clot lysis time           

(69.2 min ± 20.0 vs. 71.3 min ± 25.3, p = 0.78). 

Conclusions: Fibrin clot formation and fibrinolysis were not different between 

patients with ST and matched control patients. The inclusion of more patients 

with late ST in our study might be the main reason for the discrepancy with 

earlier observations. Further research to fibrin clot properties in patients with ST 

is needed to elucidate these inconsistent results.   
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Introduction 
 

Coronary stent thrombosis (ST) is a feared complication of percutaneous 

coronary intervention (PCI) associated with a considerable morbidity and 

mortality [1-3]. The incidence of ST is approximately 1-4%, despite dual 

antiplatelet therapy (DAPT) with aspirin and clopidogrel [2-5]. Multiple factors 

underlie the pathophysiological mechanisms of ST, such as stent under 

expansion and high residual platelet reactivity (HPR) [5,6].  

Thrombus formation includes the interplay of platelet activation and aggregation 

with the formation of a fibrin clot, both mediated by thrombin. Fibrinolysis of the 

fibrin clot is initiated by the conversion of plasminogen into plasmin. The stability 

of the fibrin clot is largely determined by fibrin clot formation and susceptibility to 

fibrinolysis. Clot stability is influenced by environmental and genetic factors, 

including the concentration and function of fibrinogen and the amount of 

thrombin formed [7].  

Previous studies have shown that patients with cardiovascular disease (CVD) 

exhibited abnormal fibrin clot formation, characterized by dense structures with 

increased stiffness, decreased permeability, and decreased clot lysis [8,9]. A 

single study by Undas et al. [10,11] demonstrated that patients with ST, 

compared to control PCI patients, formed denser fibrin clots which were more 

resistant to fibrinolysis.  

Because HPR status [6] and hypercoagulability [unpublished results Godschalk 

et al] are characteristics of stent thrombosis patients, we hypothesize that fibrin 

clot formation and fibrinolysis could also be altered in patients with ST which 

could contribute to the pathophysiology of ST. Therefore, we assessed the 

plasma fibrin clot formation and fibrinolysis of patients with ST compared to 

control PCI patients. 

 

 

Materials and methods 
 

Study design and population   

A single-center case-control study including PCI patients with stent implantation 

was performed. Cases underwent an index PCI (PCI of initial stent implantation) 

after which they suffered from an angiographically confirmed ST (according to 

the Academic Research Consortium criteria) [12]. Controls underwent an index 

PCI without suffering from ST between index PCI and blood sampling. Control 

patients were matched based on the indication and time (± 14 days) of the 

index PCI of cases. Subjects using oral anticoagulants or heparins at the time of 

blood collection were excluded.  
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Written informed consent was provided by all participants. The study was 

approved by the local institutional Ethics Committee and was conducted 

according to the principles of the Declaration of Helsinki. 

 

Blood collection and preparation 

All subjects were invited for blood sampling to the St. Antonius Hospital 

(Nieuwegein, The Netherlands). The minimal time interval, for cases, between 

PCI performed at time of ST and blood sampling was one month. For controls, 

the minimal time interval between index PCI and blood sampling was one 

month. Venous blood samples were collected from the antecubital vein using 

21-gauge needles and Vacuette® tubes (Greiner Bio-one, Frickenhausen, 

Germany) containing 3.2% (w/v) sodium citrate. To avoid hemostatic activation, 

the first 5 ml of free-flowing blood was discarded. Platelet poor plasma (PPP) 

was obtained by two separate centrifugation steps. Samples were first 

centrifuged for 10 min at 150g, followed by 15 min at 2.500g. All PPP samples 

were stored at -80°C until analysis.   

 

Fibrin clot formation and fibrinolysis assay 

Plasma samples were diluted 1.67 times with Hepes-buffer (25 mM Hepes,   

150 mM NaCl, pH = 7.5) and 125 µl of diluted plasma was transferred into a low 

binding polystyrene 96-well plate (Greiner, Frickenhauser, Germany). Fibrin 

polymerization was started by addition of 25 µl of activation mix containing 

thrombin (Enzyme Research Laboratories, Swansea, UK) (final concentration: 

0.75 nM), phospholipids (1,2-dioleoyl-sn-glycero-3-phosphoserine, 1,2-dioeoyl-

sn-glycero-3-phosphocholine, 1,2-dioleoyl-snglycero-3-phosphoethanolamine 

(DOPS/DOPC/DOPE, 20/60/20, mol/mol/mol) were from Avanti Polar lipids Inc 

(Alabaster, AL) and were prepared by sonication as described earlier [13]) (final 

concentration: 10 µM) and CaCl2 (final concentration: 16 mM) and was 

measured at 405 nm every 15 s for 60 min at 37°C using a ELx808 plate reader 

(Biotek Instruments, Winooski, VT). The lag time, defined as the time to an 

increase of 0.01 in turbidity from baseline, together with the maximal 

absorbance were determined from the curves of the turbidity measurements.  

To monitor fibrinolysis, recombinant tissue plasminogen activator (tPA) 

(Boehringer Ingelheim, Alkmaar, the Netherlands) (final concentration:            

50 ng/ml) was added to the activation mix and turbidity was recorded for 6 

hours. Clot lysis time was calculated as the time from 50% clot formation to 

50% fibrinolysis. Turbidity measurements were performed in duplicate and lysis 

measurements in triplicate.  
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Laboratory measurements 

Plasma concentrations of fibrinogen were measured using a Sysmex
®
 CA-7000 

System Automated Coagulation Analyzer with reagents obtained from Siemens 

Healthcare Diagnostics (Marburg, Germany) according to the Claus method 

[14]. Platelet count was measured using a LH 750 (Beckman Coulter) and 

cholesterol levels were measured using a Cobas 6000 (Roche Diagnostics). 

Hypercholesterolemia was defined as an increased level of total cholesterol 

(>5.0 mmol/l), triglycerides (>1.5 mmol/l), or LDL (>2.5 mmol/l) or a decreased 

level of HDL (<1.5 mmol/l) or statin use. 

 

Statistical analysis 

Statistical analyses were performed with PRISM for Windows, version 5.00 

(GraphPad Software, San Diego, CA, USA), and SPSS version 21.0 (SPSS 

inc., Chicago, IL, USA). According to the distribution of variables (D’Agostino & 

Pearson omnibus normality test), data are expressed as mean ± standard 

deviation (SD), and categorical data are expressed as frequencies no./total 

no.(%). 

Baseline characteristics, differences between cases and controls in lag time, 

maximal absorbance, clot lysis time, and fibrinogen levels were analyzed using 

a paired Student’s t-test or χ² as appropriate. A two-tailed p-value <0.05 was 

considered as statistically significant.  

 

 

Results 
 

Patients  

A total of 27 cases and 27 matched control patients were included. From the 

cases, 12 patients had experienced an early ST (≤30 days after PCI) and 15 

patients a late ST (>30 days after PCI). None of the matched controls 

experienced a ST between index PCI and blood sampling. Baseline 

characteristics are summarized in Table 6.1. Compared to controls, significantly 

more cases were current smokers (cases vs. controls: 72.0% vs. 33.3%,           

p = 0.005) and suffered from hypertension (cases vs. controls: 48.1% vs. 

18.5%, p = 0.021) at time of index PCI.  

The mean time-interval between ST and blood sampling for cases was          

35.3 ± 25.2 months and between index PCI and blood sampling for controls was 

41.8 ± 26.2 months. More cases (74.1%) than controls (37.0%) were on DAPT           

(p = 0.006) at the time of blood sampling, as DAPT was continued beyond         

1 year after PCI in patients with ST and not in controls. Two cases were still 
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within 1 year after ST during blood sampling. Statin use was similar in both 

groups.  

 

Table 6.1 Baseline characteristics at time of index PCI  

CABG, coronary artery bypass graft; CVD, cardiovascular disease; GP, glycoprotein; MI, 
myocardial infarction; NA, not applicable; NSTEMI, non-ST-segment elevated myocardial 
infarction; PCI, percutaneous coronary intervention; STEMI, ST-segment elevated 
myocardial infarction; UAP, unstable angina pectoris. Continuous data are presented as 
mean ± SD. 
 
 

 

 Cases (n = 27) Matched controls (n = 27) p 

 no./total no. (%) no./total no. (%)  

Clinical characteristics    

Female 4/27 (14.8) 3/27 (11.1) 0.69 

Age, (years) 57.0 ± 11.0 59.8 ± 9.4 0.24 

Body mass index, (kg/m
2
) 26.4 ± 3.1 26.9 ± 3.4 0.49 

Current smoking 18/25 (72.0) 9/27 (33.3) 0.005 

Hypertension 13/27 (48.1) 5/27 (18.5) 0.021 

Diabetes mellitus 5/27 (18.5) 3/27 (11.1) 0.44 

Hypercholesterolemia 16/27 (59.3) 12/25 (48.0) 0.43 

Family history of CVD 19/26 (73.1) 15/27 (55.6) 0.18 

Medical history    

Prior MI 9/27 (33.3) 5/27 (18.5) 0.21 

Prior PCI 7/27 (25.9) 8/27 (29.6) 0.76 

Prior CABG 1/27 (3.7) 1/27 (3.7) 1.00 

Malignancy 1/27 (3.7) 3/27 (11.1) 0.30 

Indication    

Stable angina pectoris 9/27 (33.3) 9/27 (33.3) 

Matched 
item 

UAP / NSTEMI 4/27 (14.8) 4/27 (14.8) 

STEMI 14/27 (51.9) 14/27 (51.9) 

Procedural Characteristics    

Bare metal stents 9/27 (33.3) 11/27 (40.7) 
0.57 

Drug eluting stents 18/27 (66.7) 16/27 (59.3) 

Total stent length, (mm) 27.0 ± 13.6 23.3 ± 10.5 0.27 

Antiplatelet therapy    

GP IIb/IIIa therapy 8/27 (29.6) 6/27 (22.2) 0.54 

Aspirin 24/25 (96.0) 26/27 (96.3) 0.96 

Clopidogrel 23/25 (92.0) 24/27 (88.9) 0.70 

Coumadin 0/27 0/27 NA 
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Fibrin clot properties 

Cases and matched controls were not significantly different in clot formation for 

lag time (173.4 s ± 46.6 vs. 161.5 s ± 27.5, p = 0.18) and maximal absorbance 

(0.78 ± 0.16 vs. 0.83 ± 0.21, p = 0.36). Furthermore, clot lysis time was not 

significantly different between cases and controls (69.2 min ± 20.0 vs.          

71.3 min ± 25.3, p = 0.78), see Figure 6.1. Subgroup analyses were performed 

to compare early vs. late ST in cases, and to compare patients with early ST 

with their matched controls and patients with late ST and their matched 

controls. These subgroup analyses did not show significant differences in lag 

time, maximal absorbance and clot lysis time (data not shown). Fibrinogen 

levels were correlated with maximal absorbance for cases and controls (r = 0.91 

and r = 0.91, both p < 0.001). Fibrinogen levels, cholesterol levels and platelet 

count were not significantly different between cases and matched controls (see 

Table 6.2). 

 

Figure 6.1: The lag time, maximal turbidity and clot lysis time in stent thrombosis 

patients and matched controls.  

Clots were formed from platelet poor plasma (PPP) of patient with stent thrombosis and 

matched controls, by activating coagulation with thrombin (0.75 nM), phospholipids     

(10 µM) and CaCl2 (16 mM) and to determined fibrinolysis, tPA (50 ng/ml) was added to 

this mixture. Changes in turbidity were measured at 405 nm every 15 s at 37°C. From 

these curves, (A) lag time, (B) maximal absorbance and (C) clot lysis time were 

determined. Data are expressed as mean ± SD. 
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Table 6.2 Characteristics at time of blood sampling 

 Cases (n = 27) Matched controls (n = 27) p 

Medication    

     Aspirin 27/27 (100.0) 27/27 (100.0) 1.00 

     DAPT 20/27 (74.1) 10/27 (37.0) 0.006 

     Clopidogrel 13/27 (48.1) 8/27 (29.6) 0.16 

     Prasugrel 5/27 (18.5) 2/27 (7.4) 0.22 

     Ticagrelor 2/27 (7.4) 0/27 (0.0) 0.15 

     Statins 27/27 (100) 25/27 (92.6) 0.15 

Laboratory measurements    

     Fibrinogen, (g/l) 3.5 ± 0.7 3.6 ± 0.7 0.88 

     Platelet count, (10
3
/µl) 225 ± 42 211 ± 50 0.34 

     Total cholesterol, (mmol/l) 4.1 ± 0.8 4.1 ± 0.9 0.97 

     LDL cholesterol, (mmol/l) 2.1 ± 0.7 1.9 ± 0.6 0.12 

     HDL cholesterol, (mmol/l) 1.25 ± 0.80 1.19 ± 0.32 0.71 

     Triglycerides, (mmol/l) 1.8 ± 0.8 2.0 ± 1.3 0.34 

DAPT, dual antiplatelet therapy; HDL, high density lipoprotein; LDL, low density 
lipoprotein; PCI, percutaneous coronary intervention. Continuous data are presented as 
mean ± SD and categorical data as no./total no. (%). 

 

 

Discussion  
 

This study showed that fibrin clot formation and fibrinolysis were comparable 

between patients with ST and matched controls. Also, fibrinogen levels and 

platelet count were equal between cases and controls.  

Our results are contrary to earlier observations. Undas et al. [10] showed that 

plasma clots from patients with ST had changed fibrin clot properties: they 

observed lower permeation, reduced compaction, a shorter lag phase, less 

fibrinolysis, and a higher maximal absorbance. Subsequent investigation within 

this patient group showed that patients with early ST had an impaired fibrinolytic 

potential [11]. Our study differs from these previous studies at four points. First, 

the methods used for the fibrin clot formation and lysis assays were slightly 

different. The clot lysis assay is a widely used assay, however, the test 

conditions differ between laboratories [15]. Compared to the previous studies in 

ST, the concentration of thrombin and tPA used in the assays were lower in our 

study compared to the first study by Undas et al. In the latter study, tissue factor 

instead of thrombin was used to initiate coagulation. Second, the baseline 

characteristics of the study populations differ between the studies. The control 

patients from the previous studies were matched for cardiovascular risk [10], 
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whereas we matched cases and controls based on indication and time of the 

index PCI. In our study group, more cases were smokers and suffered from 

hypertension at time of index PCI compared to controls. Smoking and 

hypertension both have an effect on fibrin clot properties. Smoking increased 

the clot strength and the resistance to fibrinolysis [16,17]. The use of 

antihypertensive agents increased the permeability and reduced the resistance 

to fibrinolysis in patients with arterial hypertension [18]. Nevertheless, no 

differences were observed for the different parameters between patients with 

ST and controls. Third, the proportion of included patients with early ST was 

different. Due to consecutive inclusion of patients with ST, a comparable 

number of patients with early ST and patients with late ST was included in our 

population, while in the studies of Undas et al. predominantly patients with early 

ST were included [10,11]. The risk factors for early ST and late ST seem to 

differ, as is apparent from the fact that high platelet reactivity despite 

administration of aspirin and clopidogrel is especially an important risk factor for 

patients with early ST and less for patients with late ST [6]. Hypothetically, the 

role of a disturbed primary hemostasis in the pathophysiology of early ST might 

go along with a disturbance in fibrin clot formation and fibrinolysis. Our 

subgroup analysis did not show an effect on fibrin clot formation and fibrinolysis 

on the occurrence of early ST, however, only 12 patients experienced an early 

ST in our study. Determination of fibrin clot formation and fibrinolysis in more 

patients with early and late ST is needed to determine if these fibrin properties 

differ between patients. Last, in 90% of the patients a bare metal stent (BMS) 

was implanted in the previous studies, while in our population a BMS was 

placed in approximately 35% of the patients. The use of drug eluting stents 

(DES) in daily clinical practice is increased because DES has significantly 

reduced in-stent restenosis compared to BMS. However, DES implantation is 

associated with an increased risk of late ST [19], due to delayed vascular 

healing, which is characterized by fibrin deposition [20], poor 

reendothelialization [21], and late stent malapposition [22]. In our study 

population, 56% of patients suffered from late ST, compared to 13% in the 

study by Undas et al [10]. Presumably, altered fibrin clot properties are related 

to the type of ST, and especially related to early ST. 

 

Fibrin clot formation and lysis are influenced by genetic and environmental 

factors, including fibrinogen levels, smoking, hypercholesterolemia, and aspirin 

and statin use [7,23]. These factors were all comparable between cases and 

controls. However, DAPT was significantly more prescribed to cases. Studies 

showed contrary results in clopidogrel altering fibrinogen levels [24,25] and 

whether P2Y12 inhibitors alter fibrin clot properties is unknown. Therefore, we 
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cannot rule out that the difference in DAPT use between cases and controls has 

diminished the expected differences in fibrin clot properties.  

  

We acknowledge several limitations of the present study. First, the number of 

patients included was small. Therefore, extrapolation to the cohort of all PCI 

patients is difficult, however, patients with early and late ST were equally 

represented. Due to the small number of patients, the reliability of the sub group 

analysis is questionable. Second, the amount of PPP was limited and restricted 

the possibilities for laboratory measurements of individual fibrinolytic 

components. Third, the interplay between fibrin and platelets or other blood cell 

components is not incorporated in the turbidity and lysis measurements as 

these were performed in PPP. Four, we did not take into consideration the 

cause of ST, which can be variable and is often unknown. Last, results of the 

turbidity and lysis measurements could not be correlated to available platelet 

function results from the included patients since these platelet function data are 

influenced by DAPT use, which is significantly different in the two groups. 

 

In conclusion, fibrin clot formation and fibrinolysis were not different between 

patients with ST and matched control patients. A clear reason for the 

discrepancy with earlier observations could not be pinpointed. However, more 

patients with late ST were included in our study population, which can be an 

explanation for these different results. Further research to fibrin clot properties 

in patients with ST is needed to elucidate these inconsistent results.  
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Abstract 
 

Hereditary angioedema (HAE) is predominantly caused by a deficiency in C1-

esterase inhibitor (C1INH) (HAE-C1INH). C1INH inhibits activated factor XII 

(FXIIa), activated factor XI (FXIa), and kallikrein. In HAE-C1INH patients the 

thrombotic risk is not increased even though activation of the contact system is 

poorly regulated. Therefore, we hypothesized that contact activation 

preferentially leads to kallikrein formation and less to activation of the 

coagulation cascade in HAE-C1INH patients.   

We measured the levels of C1INH in complex with activated contact factors in 

plasma samples of HAE-C1INH patients (N=30, 17 during remission and 13 

during acute attack) and healthy controls (N=10). We did not detect differences 

in enzyme-inhibitor complexes between samples of controls, patients during 

remission and patients during an acute attack. Reconstitution with C1INH did 

not change this result. Next, we determined the potential to form enzyme-

inhibitory complexes after complete in vitro activation of the plasma samples 

with a FXII trigger. In all samples, enzyme-C1INH levels increased after 

activation, even in patients during an acute attack. However, the levels of FXIIa-

C1INH, FXIa-C1INH and kallikrein-C1INH were at least 52% lower in samples 

taken during remission and 70% lower in samples taken during attack 

compared to samples from controls (p<0.05). Addition of C1INH after activation 

led to an increase in levels of FXIIa-C1INH and FXIa-C1INH (p<0.05), which 

were still lower than in controls (p<0.05), while the levels of kallikrein-C1INH did 

not change. These results are consistent with constitutive activation and 

attenuated depletion of the contact system and show that the ongoing activation 

of the contact system, which is present in HAE-C1INH patients both during 

remission and during acute attacks, is not associated with preferential 

generation of kallikrein over FXIa.  
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Introduction 
 

Hereditary angioedema (HAE) is a rare disorder predominantly caused by 

reduced levels or activity of C1-esterase inhibitor (C1INH) due to a mutation in 

the genes coding for C1INH (SERPING1). Patients with HAE experience 

episodic swellings that affect the subcutaneous and submucous tissues at the 

site of postcapillary venoles. Most common are asymmetrical cutaneous 

swelling of the hands, feet, face or genitals and swelling of the gastrointestinal 

tract. Swelling of the respiratory tract is less frequent, but potentially life-

threatening [1]. Acute attacks of angioedema can be treated 1) by replacing 

C1INH with the plasma purified or recombinant protein; 2) by the plasma 

kallikrein inhibitor ecallantide or 3) by the specific antagonist of the bradykinin 

B2 receptor icatibant [1]. There are three types of HAE described: type I and 

type II are caused by either low levels of C1INH (type I), or dysfunctional C1INH 

(type II) (HAE-C1INH) [1]. Subjects with HAE type III have normal levels and 

activity of C1INH. In most of these patients the genetic cause of HAE is 

unknown (HAE-unknown). In one third, a point mutation (Thr328Lys or 

Thr328Arg) or a deletion (deletion of 72 base pairs: c.971_1018+24del72*) in 

the coagulation factor XII (FXII) gene is found (HAE-FXII) [2,3]. HAE-C1INH is 

predominantly and all HAE-FXII are inherited in an autosomal dominant fashion. 

 

C1INH is a serine protease inhibitor and the main regulator of the classical 

complement pathway (named to complement C1) and the contact activation 

system [4]. The contact system, also known as the plasma kallikrein kinin 

system (PKKS), consists of FXII, prekallikrein and high molecular weight 

kininogen (HMWK). Activation of the contact system can initiate coagulation via 

activation of factor XI (FXI). C1INH is able to rapidly inhibit activated FXII 

(FXIIa), activated FXI (FXIa) and kallikrein [5,6]. It is the main endogenous 

inhibitor of FXIIa, kallikrein and FXIa: more than 90% of FXIIa, 50% of kallikrein 

and 50% of FXIa are inhibited by C1INH in plasma of healthy persons in in vitro 

experiments [6-8]. Other inhibitors of the contact system and FXIa are: α1-

antitrypsin (AT) and α2-antiplasmin, which both inhibit FXIa for ~20-25% in vitro 

[8], and α2-macroglobulin (α2M). Approximately 35% of kallikrein is inhibited by 

α2M in vitro, however inhibition by C1INH is faster than inhibition by α2M [6,9].  

 

The contact activation system is triggered in vitro when FXII is activated upon 

binding to negatively charged surfaces, such as dextran sulphate (DXS) or 

kaolin. Several physiological triggers of FXII have been identified, such as 

extracellular RNA and long-chain polyphosphates released from bacteria, 

however their contribution to activation in vivo is not yet clear [10,11]. Binding of 
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the proteins of the contact system to endothelial cells initiates FXII-dependent 

conversion of prekallikrein into kallikrein [12]. FXIIa is able to activate both FXI 

and prekallikrein, HMWK is a nonenzymatic cofactor in these activations. 

Activation of FXI starts the intrinsic pathway of coagulation and results in the 

formation of thrombin and fibrin. Cleavage of prekallikrein by FXIIa generates 

kallikrein, which leads to the generation of bradykinin, via the cleavage of 

HMWK by kallikrein. Liberated bradykinin is the main mediator of symptoms in 

patients with HAE. Binding of bradykinin to the bradykinin B2 receptor on 

endothelial cells activates several intracellular signaling pathways that lead to 

vasodilatation, increased vascular permeability and fluid efflux [13,14].  

 

During the attack phase of angioedema, activation of the contact system is 

observed: the levels of cleaved HMWK and FXIIa are elevated. The levels of 

prothrombin fragment 1.2 (a marker of thrombin generation) and D-dimer (a 

marker of fibrin degradation) are increased as well [15,16]. However, thrombotic 

complications during attacks or increased thrombotic risk in HAE-C1INH 

patients are not reported. It has been shown that activation of FXII by misfolded 

protein aggregates in patients with systemic amyloidosis leads to a form of 

FXIIa which activates prekallikrein but not FXI [17]. Hence, in vivo, activation of 

the kallikrein system without activation of the coagulation system can occur. 

This led to the hypothesis that in patients with HAE-C1INH, activation of FXII 

preferentially triggers prekallikrein activation, rather than FXIa generation by 

FXIIa.   

 

To test our hypothesis, we measured activation of the contact system as 1) the 

levels of C1INH complexed with the activated contact factors in plasma 

samples, and 2) the in vitro potential of the plasma to form enzyme-inhibitory 

complexes when the contact system is completely activated. We used two 

different FXII triggers, with different activation patterns, in separate samples. 

These measurements were performed in plasma obtained from HAE-C1INH 

patients during an attack and during remission and were compared with 

measurements in plasma from healthy controls.   

 

 
Materials and methods 
 

Patients 

In total, we analyzed 30 samples from patients with HAE-C1INH and 10 

samples from healthy controls. These samples were obtained from 17 patients 

with HAE type I and 1 patient with HAE type II, and from 10 healthy volunteers. 
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We examined 13 samples taken during an attack (obtained from 8 different 

patients) and 17 samples taken during remission from patients with HAE-

C1INH. From 7 patients we analyzed both samples during attack and during 

remission.  

Blood samples were collected in 3.2% sodium citrate as anticoagulant. Before 

blood drawing, the tourniquet was removed. The first 3 ml of blood was 

discarded. A subset of samples was also collected in an antiprotease mix to 

prevent activation of the contact system in vitro. The inhibitor cocktail was 

prepared by dissolving benzamidine (100 mM), hexadimethrine bromide      

(400 µg/ml), soybean trypsin inhibitor (STI) (2 mg/ml), leupeptin (263 µM) and 

aminoethylbenzenesulfonylfluoride (20 mM) in acid-citrate-dextrose (100 mM 

trisodium citrate, 67 mM citric acid, and 2% dextrose, pH 4.5). Blood was 

collected in a blood:anticoagulant/inhibitor cocktail ratio of 9:1 [18]. The samples 

were centrifuged at 2000 g for 20 min at room temperature. Aliquots of the 

plasma samples were immediately snap-frozen in liquid nitrogen and stored at  

–80
°
C until use. Blood was collected in the course of routine diagnostic 

procedures and all patients gave oral informed consent that remaining plasma 

could be used for research purposes. If consent was given by the patient, the 

remaining plasma sample was labeled with a code which was documented into 

a data sheet. The Ethical Committee of the University of Milan approved of this 

study, also indicating that written informed consent is not necessary if the 

plasma is obtained during routine diagnostics and that this plasma can be used 

for research investigating the pathophysiology of hereditary angioedema.   

 

Materials 

Dextran sulfate (DXS; Mr 500 000), ellagic acid, Hepes, STI and polybrene 

were from Sigma Chemical Co. (St Louis, Mo). The 96-well plates used were 

Nunc maxisorb (Denmark). Cetor
®
 was from Sanquin (Amsterdam, the 

Netherlands). The monoclonal antibodies were in house [19]. Normal platelet 

poor pooled plasma (University Hospital Maastricht) consisted of plasma from 

80 healthy volunteers.  

The chromogenic assay for the measurement of C1INH activity was from 

Technoclone GmbH (Wien, Austria). Radial immunodiffusion assays for the 

detection of C1INH, C1q, and C4 antigen levels were from Siemens Healthcare 

Diagnostics (Munich, Germany). The chromogenic peptide kallikrein substrate 

S-2302 was from Chromogenix, Instrumentation Laboratory (Bedford, USA). For 

the measurement of cleaved HMWK the goat polyclonal anti-HMWK light chain 

antibody was from Nordic (Tilburg, the Netherlands) and the biotinylated rabbit 
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anti-goat antibody and kallikrein from human plasma were from Sigma Aldrich 

Co. (St Louis, USA). 

 

Handling of the plasma 

Inhibitory complexes were determined both directly in the plasma samples 

(basal samples) and in the plasma samples upon activation in vitro (activated 

samples). Furthermore, we reconstituted C1INH in the plasma samples. 

To basal plasma samples we added either Hepes-buffer (25 mM Hepes,       

150 mM NaCl, pH = 7.5) or C1INH (cetor
®
), to inhibit free FXIa, FXIIa and 

kallikrein if present. The plasma samples were placed for 10 minutes at 37°C to 

allow optimal C1INH complex formation before stop buffer (containing STI and 

polybrene) was added. For activation of plasma samples we used either ellagic 

acid or DXS (Mr 500 000) for 15 min at 37
°
C. After activation of the plasma, we 

added C1INH or Hepes-buffer. To stop the reaction, we added stop buffer. Final 

concentrations of the above reagents were: 20% plasma, 0.2 U/ml C1INH,     

0.1 mg/ml ellagic acid, 0.1 mg/ml DXS, 0.03% polybrene and 0.06 mg/ml STI. 

These samples were further diluted in the assay. Incubation of the plasma with 

ellagic acid or DXS leads to the activation of FXII. FXII activation with ellagic 

acid leads to activation of prekallikrein and FXI, whereas FXII activation with 

DXS only leads to activation of prekallikrein and not of FXI. 

 

Laboratory measurements 

The assays for the detection of amidolytic activity of kallikrein in plasma and 

capacity of plasma to inhibit kallikrein amidolytic activity are based on a method 

described by Gallimore et al [20] using the chromogenic substrate S-2302. The 

presence of kallikrein amidolytic activity was measured by diluting the plasma 

1:20 in 0.05 M Tris, 0.11 M NaCl (pH = 7.8), incubating it with the chromogenic 

substrate for 30 minutes at 37°C and the rate of release of paranitroaniline 

(pNA) was measured photometrically at 405 nm. To determine the capacity of 

plasma to inhibit the amidolytic activity of exogenous kallikrein, a fixed amount 

(0.06 U/ml) of purified human plasma kallikrein was added to serial dilution of 

plasma. The release of pNA was recorded after 5 min incubation at 37°C with 

the substrate. The capacity of plasma to inhibit amidolytic activity of kallikrein 

was expressed as percentage of normal using a standard curve of normal 

human pooled plasma.  

Cleaved HMWK was evaluated with sodium dodecylsulfate-polyacrylamide gel 

electrophoresis (SDS PAGE) and immunoblotting analysis, as described 

previously [21].  
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Enzyme-linked immunosorbent assay (ELISA) 

The levels of C1INH in complex with FXIIa, kallikrein and FXIa (FXIIa-C1INH, 

KAL-C1INH, FXIa-C1INH) and AT in complex with FXIa (FXIa-AT) were 

determined by ELISA as described previously [19]. In short, the monoclonal 

antibody (mAb) KOK-12 was used as a capture antibody for C1INH complexed 

with FXIIa or kallikrein. FXIIa-C1INH was recognized with the mAbF3 and KAL-

C1INH with the mAb K15. The mAb XI-5 was used as a capture mAb for FXI(a), 

the mAb R11 recognized FXIa-C1INH and the mAb AT-15 recognized FXIa-AT. 

Absorbance was read at 450 nm on an EL 808 Ultra microplate reader (Bio-tek 

Instruments Inc., Winooski, Vt). 

Results are expressed in arbitrary units (A.U.) relative to a standard curve 

obtained from normal pooled plasma maximally activated with DXS (for FXIIa-

C1INH and KAL-C1INH), or activated with ellagic acid (for all four complexes: 

FXIIa-C1INH and KAL-C1INH, FXIa-C1INH and FXIa-AT).  

 

Statistical analysis 

The data are expressed as median [interquartile range (IQR)]. Differences 

between three or more groups were determined using the Kruskal-Wallis test 

with Dunn’s post hoc test. To determine if addition of C1INH to samples had an 

effect on the enzyme-inhibitory complex levels, the Wilcoxon Signed Rank Test 

was used. Correlations are expressed as Spearman’s coefficient. Results were 

viewed to be statistically significant different when p < 0.05. Statistical analyses 

were performed using IBM SPSS Statistics 20 for Windows (Armonk, New York: 

IBM Corp.) and Prism for Windows 5.00 (GraphPad Software Inc., San Diego, 

CA, USA).  

 

 
Results 
 

The activity of C1INH, which is the main inhibitor of FXII activation and FXIIa, is 

low in plasma samples of HAE-C1INH patients, representing a risk for contact 

activation during blood drawing and storage. Therefore, we determined if the 

storage and preservation of plasma samples from patients with HAE-C1INH led 

to activation of the contact system. We compared samples taken at the same 

time in citrate alone and in an inhibitor cocktail mixture which efficiently prevents 

in vitro activation of the contact system [18]. We measured the levels of FXIIa-

C1INH, kallikrein-C1INH and FXIa-C1INH in plasma samples obtained from 10 

patients and from 10 healthy individuals. Comparison of these levels showed no 

difference between the two anticoagulants, both for the healthy individuals and 
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for the HAE-C1INH patients (see Table 7.1). Therefore, low levels of C1INH in 

citrated plasma alone did not lead to contact activation after blood drawing and 

we were able to use plasma samples obtained from citrated blood for our study. 

 

Table 7.1: Comparison of samples taken in citrate and in inhibitor cocktail as 
anticoagulant 

   
FXIIa-C1INH 
(A.U.) 

Kallikrein-C1INH 
(A.U.) 

FXIa-C1INH  
(A.U.) 

  Median [IQR] Median [IQR] Median [IQR] 

HAE-C1INH 
patients 

Citrate 0.73 [0.62 – 0.79] 0.5 [0.5 – 0.5] 1.37 [1.24 – 1.42] 

 
Inhibitor 
cocktail 

0.75 [0.67 – 0.79] 0.5 [0.5 – 0.5] 1.28 [ 1.17 – 1.44] 

Healthy 
individuals 

Citrate 0.62 [0.5 – 0.66] 0.5 [0.5 – 0.5] 1.31 [1.20 – 1.47] 

 
Inhibitor 
cocktail 

0.64 [0.58 – 0.68] 0.5 [0.5 – 0.5] 1.26 [1.14 – 1.34] 

IQR: Interquartile range; A.U.: arbitrary units 

 

Study population 

Table 7.2 summarizes the main laboratory indices of the study population. The 

sex distribution was comparable between the groups, however the healthy 

controls were younger than the patients with HAE-C1INH. The C1INH antigen 

and activity levels were reduced in patients and consequently, cleaved HMWK 

and the spontaneous kallikrein activity were increased and the capacity of the 

plasma to inhibit kallikrein decreased compared to healthy controls. 

We did not observe differences in the levels of the enzyme-inhibitory complexes 

between healthy controls and patients, both in samples taken during remission 

and in samples taken during an acute attack of angioedema (see Table 7.2). 

Furthermore, we substituted C1INH in these plasma samples, and allowed free 

FXIa, FXIIa and kallikrein in these samples to form complexes with C1INH. This 

had no effect on the complex levels determined (data not shown).  
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Table 7.2: General characteristics of the study population  

 
Healthy controls 
Median [IQR] 

HAE-C1INH 
(remission) 
Median [IQR] 

HAE-C1INH (acute 
attack) 
Median [IQR] 

N 10 17 13 

Gender (female) 9 13 10 

Age (years) 21 [20 – 21] 48 [45 – 70]  48 [47 – 63] 

C1INH function (%) 75.5 [69.8 – 82.5] 11.0 [0.0 – 18.5] 0.0 [0.0 – 5.75] 

C1INH antigen (%) 100 [90 – 109]  25.0 [25.0 – 25.0] 9.0 [0.0 – 25.0] 

Cleaved HMWK (%) 33.2 [30.4 – 38.0] 47.7 [42.2 – 48.1] 61.8 [56.5 – 70.3] 

Capacity of the plasma to 
inhibit kallikrein (%) 

120.8 [111.8 – 126.5] 56.0 [18.6 – 57.5] 25.5 [1.31 – 34.5] 

Spontaneous kallikrein 
activity (mU/ml) 

0.73 [0.44 – 1.89] 6.08 [2.15 – 13.0] 4.34 [2.09 – 16.21] 

FXIIa-C1INH (A.U.) 0.62 [0.5 – 0.65] 0.72 [0.62 – 0.83] 0.67 [0.51 – 0.78] 

Kallikrein-C1INH (A.U.) 0.5 [0.5– 0.51] 0.5 [0.5 – 0.5] 0.5 [0.5 – 1.30] 

FXIa-C1INH (A.U.) 1.31 [1.20 – 1.47] 1.40 [1.29 – 1.47] 1.33 [1.27 – 1.44] 

FXIa-AT (A.U.) 0.66 [0.5 – 0.74] 0.83 [0.68 -0.87] 0.84 [0.75 – 0.97] 

A.U.: arbitrary units; C1INH: C1-esterase inhibitor; HMWK: High molecular weight 
kininogen; IQR: Interquartile range 

 

 

 
Figure 7.1. Levels of enzyme-inhibitory complexes in normal pool plasma after 
activation with ellagic acid or dextran sulphate.  

The levels of inhibitory complexes were measured by ELISA after activation of normal 
pool plasma with either ellagic acid or dextran sulphate (DXS; Mr 500 000). Normal pool 
plasma was incubated for 25 minutes with either ellagic acid (0.25 mg/ml) or DXS (0.25 
mg/ml) at 37°C in Hepes-buffer (25 mM Hepes, 150 mM NaCl, pH = 7.5). The reaction 
was stopped with stop buffer containing STI and polybrene. The volume of plasma was 
50% of total volume during the activation with ellagic acid or DXS, and diluted further in 
the assay. A.U. = Arbitrary units    
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Activation of samples from patients  

Since we did not observe a difference between the levels of the activated 

contact factors in complex with their inhibitors in the basal samples, we wanted 

to determine the potential to form enzyme-inhibitory complexes after complete 

activation of FXII. We used two different activators of FXII, namely ellagic acid 

and DXS. Ellagic acid is a potent activator of FXII and is commonly used as a 

reagent in the activated Partial Thromboplastin Time (aPTT) test. DXS is mainly 

used in research as a FXII activator [22]. As shown in Figure 7.1, in normal pool 

plasma activation of FXII with ellagic acid activated both prekallikrein and FXI, 

whereas FXII activated with DXS only activated prekallikrein and not FXI. Since 

patients with HAE-C1INH have low levels of functional C1INH we measured the 

enzyme-inhibitor complexes directly after activation and after addition of C1INH 

(1 U/ml plasma) to the activated plasma in order to inhibit remaining, free FXIIa, 

kallikrein and FXIa.  

 

Activation with ellagic acid 

Figure 7.2 and Table 7.3 show the levels of the inhibitory complexes in patients 

with HAE-C1INH and in healthy controls after activation with ellagic acid. The 

levels of enzyme-C1INH complexes were higher in plasma samples from 

healthy individuals than in plasma samples of patients, both in those taken 

during remission and those taken during an acute attack. The levels of FXIIa-

C1INH and FXIa-C1INH increased significantly after addition of C1INH, 

indicating that not all FXIIa and FXIa were inhibited after activation with ellagic 

acid if no additional C1INH was added. However, the levels of the inhibitory 

complexes remained lower than those in healthy controls. The levels of 

kallikrein-C1INH did not increase if C1INH was added after activation. In 

comparison with healthy controls, the levels of FXIa-AT after activation with EA 

were higher in patients during remission and as expected these levels did not 

change after addition of C1INH.  
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Figure 7.2. Levels of enzyme-inhibitory complexes after activation with ellagic acid 
from patients and healthy controls.  

Levels of enzyme-inhibitory complexes were measured by ELISA in samples from 
patients with HAE-C1INH and healthy controls after activation with ellagic acid, without 
(black) and with (grey) addition of C1-esterase inhibitor (C1INH) after activation. Plasma 
was activated with ellagic acid (0.25 mg/ml) for 15 min, than C1INH or Hepes-buffer (25 
mM Hepes, 150 mM NaCl, pH = 7.5) was added and after 10 min stop buffer containing 
STI and polybrene was added. The volume of plasma was 50% of total volume during 
the activation with ellagic acid, and diluted further in the assay. Significant differences 
are indicated in Table 7.3. The lines represent the median value; A.U. = Arbitrary units    
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Table 7.3: Levels of enzyme-inhibitory complexes in HAE-C1INH patients and 
healthy controls after activation with ellagic acid  

 
FXIIa-C1INH 
(A.U.)  

Kallikrein-
C1INH (A.U.) 

FXIa-C1INH 
(A.U.) 

FXIa-AT (A.U.) 

 median [IQR] median [IQR] median [IQR] median [IQR] 

No addition of C1-esterase inhibitor 

Healthy controls (n = 
10) 

137.2  
[122.6 - 162.7] 

80.0  
[74.1 - 93.1] 

84.1  
[73.1 - 97.3] 

91.3  
[80.3 - 102.2] 

HAE-C1INH 
remission (n = 17) 

45.9 * 
[22.8 - 59.0]  

38.7 * 
[24.6 - 48.9]  

14.3 *  
[9.9 - 29.8] 

134.5 * 
[118.4 - 163.5]  

HAE-C1INH attack 
(n = 10) 

25.5 * 
[13.3 - 43.6]  

24.1 * 
[11.1 – 31.3]  

9.2 *  
[1.30 – 11.0] 

121.6  
[89.1 - 135.6] 

Addition of C1-esterase inhibitor 

Healthy controls (n = 
10) 

114.7  
[104.6 - 132.4] 

69.7  
[60.3 - 76.3] 

109.2  
[97.9 - 123.5] 

88.6  
[80.0 - 95.0] 

HAE-C1INH 
remission (n = 16) 

77.10 * # 
[67.6 - 86.6]  

32.3 * 
[25.7 - 42.9]  

63.8 * # 
[44.4 - 98.1]  

126.6 * 
[110.3 - 160.6]  

HAE-C1INH attack 
(n = 7) 

65.7 * # 
[40.7 – 89.0]  

17.9 * 
[0.6 - 36.5]  

32.2 * # 
[17.9 - 50.5]  

107.8  
[100.0 - 115.1] 

C1INH: C1-esterase inhibitor; HAE: Hereditary angioedema, IQR: interquartile range 
* Significant increase or decrease in level of inhibitory complexes compared to healthy 
controls (p < 0.05) 
# Significant increase in inhibitory complexes compared to no addition of C1-esterase 
inhibitor (p < 0.05)   

 

Since C1INH is an important inhibitor of kallikrein in vivo, we examined if the 

capacity of the plasma to inhibit kallikrein and the spontaneous kallikrein activity 

of the plasma correlate with the levels of kallikrein-C1INH complexes. In 

activated plasma samples, we observed a positive correlation between the 

levels of kallikrein-C1INH and the capacity of the plasma to inhibit kallikrein (r = 

0.85, p < 0.001), and a negative correlation with the spontaneous kallikrein 

activity (r = -0.66, p = 0.001).  

 
Activation with dextran sulphate 

Next, we activated the plasma samples with DXS (see Figure 7.3 and          

Table 7.4). Activation of plasma with DXS led to low levels of FXIa-C1INH and 

FXIa-AT compared to activation with ellagic acid. The levels of FXIa-C1INH 

were comparable between healthy controls and HAE-C1INH patients. The 

levels of FXIa-AT were higher in HAE-C1INH patients compared to healthy 

controls, however for both groups the median levels were low (less than 4 A.U. 

compared to approximately 100 A.U. after activation with ellagic acid). The 

results for kallikrein-C1INH after activation with DXS were largely comparable to 

those after activation with ellagic acid. The levels of kallikrein-C1INH were 

highest in healthy controls, there was no difference in these levels between 

remission and attack samples. The level of kallikrein-C1INH complexes did not 

increase after addition of C1INH after activation of the plasma. The levels of 
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FXIIa-C1INH were highest in healthy controls and this was significant if no 

C1INH was added after activation. Addition of C1INH increased the levels of 

FXIIa-C1INH in HAE-C1INH patients. Due to this there was no difference in 

FXIIa-C1INH levels between healthy controls and HAE-C1INH patients.   

 

 

Figure 7.3. Levels of enzyme-inhibitory complexes after activation with dextran 
sulphate from patients and healthy controls.  

Levels of enzyme-inhibitory complexes were measured by ELISA in samples from 
patients with HAE-C1INH and healthy controls after activation with dextran sulphate 
(DXS; Mr 500 000), without (black) and with (grey) addition of C1-esterase inhibitor 
(C1INH) after activation. Plasma was activated with DXS (0.25 mg/ml) for 15 min, than 
C1INH or Hepes-buffer (25 mM Hepes, 150 mM NaCl, pH = 7.5) was added and after  
10 min stop buffer containing STI and polybrene was added. The volume of plasma was 
50% of total volume during the activation with DXS, and diluted further in the assay. 
Significant differences are indicated in Table 7.4. The lines represent the median value; 
A.U. = Arbitrary units    
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Table 7.4: Levels of enzyme-inhibitory complexes in HAE-C1INH patients and 
healthy controls after activation with dextran sulphate (Mr 500 000) 

 
FXIIa-C1INH 
(A.U.)  

Kallikrein-
C1INH (A.U.) 

FXIa-C1INH 
(A.U.) 

FXIa-AT (A.U.) 

 median [IQR] median [IQR] median [IQR] median [IQR] 

No addition of C1-esterase inhibitor 

Healthy controls (n = 
10) 

54.1  
[43.7 – 81.4] 

107  
[88.7 – 125.6] 

2.00  
[1.62 – 2.30] 

0.65  
[0.5 – 0.96] 

HAE-C1INH 
remission (n = 16) 

21.1 * 
[4.91 – 32.4]  

37.3 * 
[23.1 – 59.8]  

2.86  
[1.60 – 5.19] 

3.19 * 
[1.64 – 5.92]  

HAE-C1INH attack (n 
= 10) 

8.15 * 
[0.5 – 13.9]  

31.9 * 
[0.5 – 41.2]  

2.83  
[1.06 – 3.69] 

1.90 * 
[1.66 – 2.01]  

Addition of C1-esterase inhibitor 

Healthy controls (n = 
10) 

53.0  
[36.6 – 76.1] 

88.0  
[72.7 – 101.1] 

0.85  
[0.69 – 1.05] 

0.73  
[0.54 – 0.99] 

HAE-C1INH 
remission (n = 15) 

44.7 # 
[39.5 – 52.8]  

34.4 * 
[24.8 – 45.1]  

2.78 * 
[1.95 – 6.50]  

1.66 * 
[0.72 – 2.53]  

HAE-C1INH attack (n 
= 6) 

47.0 # 
[26.3 – 56.7]  

30.8 * 
[17.3 – 37.8]  

10.4 * # 
[6.61 – 14.6]  

1.31  
[1.09 – 1.60] 

C1INH: C1-esterase inhibitor; HAE: Hereditary angioedema, IQR: interquartile range 
* Significant increase or decrease in level of inhibitory complexes compared to healthy 
controls (p < 0.05) 
# Significant increase in inhibitory complexes compared to no addition of C1-esterase 
inhibitor (p < 0.05)   

 

 

Discussion 
 

The regulation of the contact system is defective in patients with HAE-C1INH 

due to a deficiency in C1INH. Activation of the contact system triggers the kinin 

pathway and, as a consequence, bradykinin formation is poorly controlled. 

Contact activation may also lead to activation of the intrinsic pathway of 

coagulation, however, HAE-C1INH patients have no increased tendency to 

thrombosis. One mechanism may be a preferential generation of bradykinin and 

less activation of the intrinsic coagulation route, but such mechanisms have not 

been explored. Therefore, we investigated if contact activation in these patients 

mainly leads to prekallikrein activation and less to FXI activation. 

 

We determined the activation of the contact system in HAE-C1INH plasma 

samples by measuring the levels of C1INH complexed with FXIIa, kallikrein and 

FXIa. In accordance with previous findings from Cugno et al. [23], we did not 

observe a difference in the basal levels of the inhibitory complexes in healthy 

controls compared to samples of patients with HAE-C1INH during remission. In 

a study in five Norwegian patients with HAE-C1INH, it was found that the levels 

of FXIa-C1INH and kallikrein-C1INH were comparable during remission and 

during an attack of angioedema [24]. Our results agree with these findings and 
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furthermore we observed that FXIIa-C1INH was not increased during an attack 

of angioedema in these patients. Since these measurements were performed in 

plasma with low levels of C1INH, possibly limiting complex formation, we also 

added C1INH to the samples before measurement of the enzyme-inhibitory 

complexes. We have shown that exogenous C1INH is able to form complexes, 

however, the addition of C1INH had no effect on the levels of inhibitory 

complexes in the basal samples. This indicates that no uninhibited activated 

contact factors were present in the samples. Other pathways of bradykinin 

formation exist, however, contact system activation is the main mediator of 

attacks of angioedema according to literature [25]. Possibly, FXIIa was formed 

but we were unable to measure it because C1INH cannot (efficiently) inhibit 

FXIIa, when it is bound to endothelial cells [26]. Furthermore, enzyme-C1INH 

complexes are rapidly cleared from the circulation possibly obscuring 

differences in complex concentrations [27-29]. Kallikrein-α2M complexes, which 

are cleared at a slower rate than kallikrein-C1INH, were found to be increased 

in a patient with HAE-C1INH during three different acute attacks of angioedema 

by Kaufman et al [9]. 

 

Next, we activated FXII in the plasma samples with two FXII triggers: ellagic 

acid and dextran sulphate. Activation of FXII with DXS will only activate 

prekallikrein whereas activation of FXII with ellagic acid leads to activation of 

both prekallikrein and FXI. The rationale to use DXS was that an in vivo 

activator with the same properties might mimic the hereditary angioedema 

phenotype in which bradykinin formation appears to prevail over prothrombotic 

effects (at least without apparent increased risk of thrombosis). The levels of the 

inhibitory complexes after activation were highest in the control group for both 

triggers, as expected, but also increased substantially compared to baseline in 

the HAE-C1INH patients. This indicates, that even during an acute attack not all 

plasma C1INH is consumed in HAE-C1INH, but this is not sufficiently capable to 

control local bradykinin formation. Activation of plasma with ellagic acid led to 

substantial lower levels of enzyme-C1INH complexes in plasma of patients with 

HAE-C1INH compared to healthy controls, and these levels remained lower 

after addition of C1INH (even though the levels of FXIIa-C1INH and FXIa-

C1INH increased in patients after addition of C1INH). On the other hand, the 

levels of FXIa-AT were increased in HAE-C1INH patients compared to healthy 

controls. Activation of the plasma with DXS, led to larger differences in the 

levels of kallikrein-C1INH between patients and controls compared to activation 

of the plasma with ellagic acid. However, the difference in FXIIa-C1INH levels 

between patients and controls was smaller after activation with DXS compared 

to activation with ellagic acid, and was not statistically significant after addition 
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of C1INH. Activation of the plasma with DXS, led to low levels of FXIa-inhibitor 

complexes. Possibly, two different types of FXIIa are formed with the different 

activators. α-FXIIa is able to activate both prekallikrein and FXI (as seen with 

activation with ellagic acid), whereas β-FXIIa only activates prekallikrein (as 

seen with activation with DXS). The lower levels of FXIIa, FXIa and kallikrein in 

complex with C1INH after activation of the plasma from HAE-C1INH patients, 

suggest a reduction in the levels of the zymogens of the contact system. Joseph 

et al showed that in plasma taken from HAE-C1INH patients during remission, 

FXII spontaneously activates [30]. FXIIa in turn activates prekallikrein and FXI, 

leading to consumption of these proteins. Since both kallikrein-C1INH and FXIa-

C1INH were reduced in plasma from patients compared to plasma from 

controls, activation of FXII during attacks of angioedema in these patients did 

not predominantly lead to kallikrein formation. This is in contrast to patients with 

amyloidosis, where activation of FXII leads to the formation of kallikrein-C1INH, 

without activation of the coagulation system [17]. However, other inhibitors, 

such as α2-macroglobulin for kallikrein and α1-antitrypsin for FXIa are also 

present in the plasma. The inhibition of kallikrein by α2M is slower than inhibition 

by C1INH, which could explain why the action of this inhibitor is not sufficient in 

HAE-C1INH patients to prevent attacks [9]. We activated the plasma during 15 

min with ellagic acid or DXS, allowing kallikrein-α2M complexes to form. Only 

after these 15 min, C1INH was added to the sample. Therefore, we probably did 

not see a difference in kallikrein-C1INH levels before and after addition of 

C1INH. The fact that activation of FXI in these patients does not lead to an 

increase in thrombosis, may be due to the action of α1-antitrypsin (first 

described by Heck et al [31]) and other inhibitors of the coagulation enzymes 

downstream in the cascade. C1INH inhibits the two key enzymes of the kinin 

system efficiently: approximately 90% of FXIIa and 50% of kallikrein are 

inhibited by C1INH in vitro, while on the coagulation side it provides 

approximately 50% inhibition of FXIa, [6-9], but several other proteins control 

the cascade. The levels of FXIa-AT after activation were higher in patients than 

in healthy controls, highlighting the action of this inhibitor. Thus, even if we 

could not demonstrate a preferential activation of the kinin system, our data are 

consistent with the fact that the coagulation pathway is adequately controlled in 

patients with HAE-C1INH. Furthermore, increased fibrinolysis could protect 

HAE-C1INH patients during an acute attack against thrombosis. Increased 

levels of plasmin α2-antiplasmin (PAP) complexes have consistently been 

observed in patients during an acute attack of angioedema [24,32,33].  

 

FXIIa independent pathways of formation of bradykinin from HMWK have been 

demonstrated. Prolylcarboxypeptidase (PRCP) [34] and Heat Shock Protein-90 
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(HSP90) [35] can directly activate prekallikrein, in complex with HMWK, bound 

to endothelial cells, independent from FXII-activation and prekallikrein itself has 

been shown to acquire enzymatic activity when bound to HMWK sufficient to 

cleave HMWK [36]. Moreover, recent studies have shown that mannose-binding 

lectin-associated serine protease – 1 (MASP-1) and to a lesser extent MASP-2, 

both generated after activation of the complement system, are able to digest 

HMWK even in the absence of kallikrein. Important to realize for HAE-C1INH 

patients is that both the activity of MASP-1 and MASP-2 are controlled by 

C1INH [37] and MASP-1 and MASP-2 levels are elevated during episodes of 

stress and infection, known initiators of angioedema episodes.  

 

In conclusion, there was no difference in the basal levels of the enzyme-

inhibitory complexes between remission and attack samples, indicating that 

change in contact activation investigated as C1INH protease complexes was 

not associated with the attack. We observed lower levels of the inhibitory 

complexes after complete in vitro activation of FXII in the plasma of HAE-C1INH 

patients compared to controls. These reduced levels point to lower levels of 

FXI, FXII and prekallikrein in these plasmas, probably caused by in vivo 

activation and consumption of these proteins. Since our measurements do not 

demonstrate preferential activation of the contact over the coagulation system in 

HAE-C1INH, the apparent absence of thrombotic complications during 

angioedema attacks is probably due to other regulatory mechanisms controlling 

the coagulation cascade (inhibitors of active coagulation factors) or increased 

fibrinolysis which compensates for the increase in coagulation. Consumption of 

C1INH in HAE-C1INH patients leads to an unstable equilibrium. Since C1INH 

controls several systems that influence bradykinin formation, any factor that 

contributes to an increase in bradykinin formation, such as activation of the 

contact system or MASP-1 or MASP-2, could cause an attack of angioedema.   
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Introduction 
 

The vast majority of arterial thrombotic complications develop either on top of 

an atherosclerotic lesion, or as thromboemboli originating in the heart, mostly 

related to atrial fibrillation. The origin of these two entities is quite distinct. 

Whereas atherothrombosis is largely dependent on vessel wall characteristics 

(plaque lesion size and composition), emboli from the heart are more 

dependent on flow and blood composition characteristics. In all cases, the three 

components that were indicated by Rudolph Virchow: abnormalities in the blood 

flow, hypercoagulability of the blood and injury to the vessel wall, are 

operational and there is no black and white distinction between the different 

mechanisms of thromboembolic disease.  

The involvement of the blood coagulation system in atherothrombosis as well as 

atrial fibrillation is evident from the efficacy of antithrombotic medication. 

Whereas platelet inhibitors are particularly effective in preventing 

atherothrombotic complications such as myocardial infarction, plasmatic 

coagulation inhibition is an effective pharmacological intervention in patients 

with atrial fibrillation. These differences in efficacy of medication also point to 

the different weight of blood coagulation components in the pathophysiology of 

arterial thrombosis. In this chapter we discuss the contributing role of the blood 

coagulation mechanism to arterial thromboembolism from a genetic 

perspective. While the relationship between genetics and venous thrombosis 

has been extensively studied, this is less so in arterial thrombosis. Still, the 

coagulation genotype may contribute to thrombosis risk as recently established 

in a large meta-analysis showing that factors that are considered specific for 

venous thrombosis, such as factor V Leiden, also contribute to the risk of 

myocardial infarction [1]. In atrial fibrillation there have been several studies 

clearly demonstrating an independent association between coagulation activity 

(e.g. D-dimer levels) and thromboembolic risk [2]. Hence, it is likely that the 

genetic influence of determinants of coagulation may also be of importance in 

embolic stroke.  

There is another reason for looking at the interaction between (genetic) 

coagulation activity and arterial thrombosis: several lines of evidence indicate 

that hypercoagulability and in particular thrombin generation are linked to 

atherosclerosis [3,4]. It is likely that also genetic determinants of coagulation 

contribute to atherogenesis and may even influence plaque phenotype, such 

that the risk of a thrombotic event is changed.  

The genotype may affect concentration and/or activity of a coagulation protein, 

or may have no apparent effect at all. Some genetic variations, such as those 
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underlying hemophilia A, have a major inhibitory impact on blood coagulation; 

others, like factor V Leiden have very limited coagulation enhancing effects. 

Thus, the direction and severity of the biological effects on coagulation, hence 

on thrombosis, may vary considerably, depending on the specific genetic 

variation.      

 

 
Hemostatic system 
 

The primary role of the hemostatic system is to confine bleeding without 

causing thrombotic complications. This system consists of platelets, coagulation 

and fibrinolysis. Platelet activation and coagulation are complementary 

processes. Platelets provide a procoagulant surface and additional coagulation 

proteins, whereas thrombin, a product of coagulation, is one of the most potent 

platelet activators. Furthermore, fibrin fibers stabilize the platelet aggregate to 

form a hemostatic plug and prevent blood loss.  

Upon injury to the vessel wall, platelets adhere to the site of trauma and form an 

aggregate which serves as a primary plug that stops bleeding [5]. Adhesion of 

platelets is characterized by several stages: tethering, rolling, activation and 

stable adhesion. Receptor-ligand interactions mediate the adhesion and 

activation of platelets. Platelets express a high density of receptors on their 

membrane surface. The platelet receptors interact with ligands expressed on 

the surface of endothelial cells, within the subendothelial matrix or as soluble 

proteins in the circulation [6], see Figure 8.1.  

During tethering, the interaction of platelets with the subendothelium is 

dependent on flow conditions. Blood flowing in a vessel generates stress forces, 

called shear stress. Low shear stress is present in veins and larger arteries, 

whereas high shear stress is especially found in the microvasculature and at 

places of stenosis [7]. At high shear rates, von Willebrand Factor (vWF) is 

essential to bridge the receptors on the platelet membrane and components in 

the vessel wall such as collagen: the glycoprotein (GP) Ib-IX-V receptor on 

platelets adheres to immobilized vWF bound to collagen in the vessel wall. This 

interaction is quite unstable, but allows GPVI and GPIa/IIa (integrin α2β1) to 

interact with collagen in the subendothelium. Furthermore, these interactions 

activate the GPIIb/IIIa (integrin αIIb/β3) receptor which binds to vWF and 

fibrinogen. These interactions allow stable platelet adhesion [8]. At low shear 

rates, vWF is not essential for platelet adhesion, other receptors such as 

GPIa/IIa and GPVI mediate the adhesion of platelets to the vessel wall [9].  
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Figure 8.1: Platelet and its receptors  

Platelets express several receptors, which are important for platelet adhesion, activation 
and aggregation. The GPIb-IX-V receptor is essential for platelet adhesion under high 
shear conditions. The GPIbα subunit interacts with von Willebrand factor (vWF) in the 
exposed subendothelium. This is an unstable interaction, but allows the more stable 
adhesion of the GPIa/IIa receptor and the GPVI receptor to collagen in the exposed 
subendothelium. Platelets are activated by the interaction of these receptors with their 
ligand and the binding of several agonists to platelet receptors. Thrombin is one of the 
most powerful platelet activating agonists. Activation of platelets via thrombin is mediated 
by proteinase-activated receptor (PAR)-1 and PAR-4. Activated platelets release ADP 
which binds to the P2Y1 and P2Y12 receptors and produce thromboxane A2 (TXA2) 
which binds to thromboxane receptors (TP). The main receptor involved in platelet 
aggregation is GPIIb/IIIa, binding of this receptor to vWF or fibrinogen bridges between 
platelets.   
GP: glycoprotein; PAR: proteinase-activated receptor; TP: thromboxane receptor; TXA2: 
thromboxane A2; vWF: von Willebrand factor. 

 

 

After adhesion, platelets are activated. Several activation pathways exist, all 

requiring platelet receptors. Agonist activating platelets include collagen, 

adenosine diphosphate (ADP), serotonin, thromboxane A2 and thrombin. Upon 

platelet activation, ADP, serotonin, Ca
2+

 ions and several proteins such as 

fibrinogen, vWF and coagulation factors are secreted by the platelet. 

Furthermore, thromboxane A2 is formed by the platelet. ADP is able to activate 

platelets via the P2Y1 and the P2Y12 receptors, thromboxane A2 via the 
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thromboxane receptor. Thrombin, a key enzyme in blood coagulation, is an 

important platelet activator. Platelet activation via thrombin involves two 

protease-activated receptors (PAR), PAR-1 and PAR-4, and triggers platelet 

secretion and aggregation. The main receptor involved in aggregation is 

GPIIb/IIIa, this receptor assists in the mutual interaction of platelets and 

between platelets and other substrates. These substrates include fibrinogen 

and vWF, they help to bridge between platelets. Platelet aggregates are an 

essential constituent of the arterial thrombus. The second critical role of 

platelets in hemostasis is to expose a platform for activation of coagulation 

proteins. Phosphatidylserine provides a procoagulant surface for the assembly 

of enzymatic complexes of coagulation factors and promotes thrombin 

generation. The combination of collagen and thrombin is an effective trigger for 

a procoagulant response [10]. 

 

The proteins of the coagulation system are activated in a cascade of 

sequentially activated plasma serine proteases (see Figure 8.2). Limited 

proteolytic activation of the coagulation proteins yields active enzymes and 

cofactors which catalyze the next reaction in the cascade to form fibrin, the 

protein that forms the meshwork of the clot. Major coagulation reactions occur 

at phospholipid surfaces on platelets, particularly after ‘‘flip-flop’’ exposure of 

phosphatidylserine. The formation of fibrin can be initiated through the initiation 

of two cascades of the coagulation system: the extrinsic pathway and the 

intrinsic pathway [11,12].  

The extrinsic pathway is triggered by the exposure of tissue factor (TF), 

constitutively present in the subendothelium, to blood upon vessel injury. TF 

binds to factor (F) VII(a) and the TF/FVIIa complex then cleaves FX into its 

active form FXa. FXa is a key enzyme common to both the extrinsic and the 

intrinsic coagulation pathways. FXa associates with FVa onto the exposed 

procoagulant surface containing phosphatidylserine on platelets via Ca
2+

-ions to 

form the enzymatic prothrombinase complex. This prothrombinase complex 

(FXa, FVa, Ca
2+

 and phospholipid membrane) converts prothrombin to 

thrombin. Thrombin, in turn, catalyzes the conversion of fibrinogen to fibrin. 

Fibrin molecules polymerize to fibers that are covalently linked by FXIIIa [13]. 

The intrinsic pathway is triggered by activation of FXII on a negative surface in a 

process called contact activation. The contact activation system consists of four 

proteins: FXII, FXI, prekallikrein, and high molecular weight kininogen (HMWK). 

FXIIa can either activate FXI into its active form FXIa in the presence of the 

protein cofactor HMWK on a negatively charged surface, which leads to 

activation of the intrinsic coagulation pathway or can stimulate the kallikrein-

kinin system (leading to the formation of bradykinin). In the coagulation system 
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FXIa then converts FIX into FIXa. FIXa associates with cofactor FVIIIa into the 

tenase complex (FIXa, FVIIIa, Ca
2+

 and phospholipid membrane) which in turn 

activates FX. FXa is the starting point of the common pathway already 

described above, which will form thrombin after activation of prothrombin 

(prothrombinase complex). In the last two decades there were two main 

adaptions of the original cascade/waterfall model. It is now generally accepted 

that: 1) the TF/FVIIa complex not only activates FX but is also able to activate 

FIX. 2) FXIa is not only formed by activation through FXIIa, but thrombin can 

also activate FXI (a positive feedback loop of thrombin). Thrombin plays a key 

role in coagulation and mediates more procoagulant feedback reactions, 

including the activation of the cofactors V and VIII, as well as FXIII. Thrombin 

also initiates an important inhibitory mechanism involving the thrombomodulin 

mediated activation of protein C by thrombin. Activated protein C (APC) 

attenuates in concert with the cofactor protein S, the intrinsic route of 

coagulation by the inactivation of the cofactors FVIIIa and FVa. Other important 

natural anticoagulants include antithrombin (which directly inhibits serine 

proteases such as thrombin) and tissue factor pathway inhibitor (TFPI). The 

detailed discussion of these systems is beyond the scope of this chapter 

[14,15]. 

 

The fibrinolytic system plays an important role in breaking down cross-linked 

fibrin clots. The main enzyme responsible for the dissolution of fibrin is plasmin. 

The inactive zymogen plasminogen is converted to plasmin, mainly by the 

enzymes tissue type plasminogen activator (tPA) and urokinase plasminogen 

activator (uPA). This process is enhanced in the presence of fibrin. The 

fibrinolytic system is inhibited by plasminogen activator inhibitor-1 (PAI-1), 

thrombin-activatable fibrinolysis inhibitor (TAFI) and α2-antiplasmin. PAI-1 is 

able to inhibit tPA and uPA, TAFI prevents the binding of tPA and plasminogen 

to fibrin which slows down the conversion of plasminogen into plasmin and 

plasmin is inhibited by the action of α2-antiplamin. 

 

In concert, these complex mechanisms maintain a delicate balance: defects in 

any of these systems may contribute to a bleeding or clotting (thrombosis) 

phenotype, depending on the nature and severity of the defect. In the following 

we specifically address the role of genotypical variation in hemostatic proteins in 

relation to arterial thromboembolic disease. Most clinical studies that we refer to 

include coronary artery disease or myocardial infarction as an endpoint; fewer 

studies addressed stroke and atherosclerosis as major clinical endpoints.  
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Figure 8.2: Current view of coagulation and related systems.  

The coagulation cascade is a sequential activation of coagulation proteins and consists 
of two pathways initiated by different triggers: the intrinsic pathway and the extrinsic 
pathway. FXa is the central enzyme common to both the extrinsic and the intrinsic 
coagulation pathway. After injury, the extrinsic pathway is initiated by the formation of the 
TF/FVIIa complex and cleaves FX to form FXa. The intrinsic pathway is triggered by 
activation of FXII in a process called contact activation; FXIIa will also produce FXa via 
FXI, FIX and FX activation. FXa associates with FV(a) on a phospholipid membrane and 
converts prothrombin (FII) into thrombin. Thrombin will form fibrin out of fibrinogen and 
will also activate FXIII. FXIIIa polymerizes the fibrin fibers. Clot formation is accelerated 
by activation of the cofactors FV and FVIII and by feedback activation of FXI by 
thrombin. The TF/FVIIa complex can also activate FIX next to FX. Thrombin slows down 
its own formation by the protein C pathway (see inset). The formed activated protein C 
(APC) will inactivate the cofactors FVa and FVIIIa. After one week the process of 
fibrinolysis (see inset) will dissolve the fibrin clot.  
Roman numerals indicate unactivated coagulation factors, and activated factors are 
indicated by a lower case “a”. Abbreviations: APC: activated protein C; EPCR: 
endothelial protein C receptor; HMWK: high molecular weight kininogen; PAI-1: 
plasminogen activator-1; PKa: kallikrein; PS: protein S; TAFI: thrombin-activatable 
fibrinolysis inhibitor; TF: tissue factor; TM: thrombomodulin; tPa: tissue type plasminogen 
activator, uPa: urokinase plasminogen activator. 
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Platelet-membrane glycoproteins and von Willebrand factor gene 
polymorphisms 
 

Current treatment of atherothrombotic complications focuses on the inhibition of 

platelets. Therefore, one would expect polymorphisms which influence platelet 

count or the function of platelets or vWF to affect the risk and/or the progression 

of arterial thrombosis. Many polymorphisms have been identified in platelet 

receptors, however their contribution to arterial thrombosis seems minor. 

Polymorphisms in the receptors GPIb-IX-V, GPIa/IIa, GPIIb/IIa and GPVI, and 

vWF are discussed.  

 

Platelet receptors 

The GPIb-IX-V receptor is crucial for platelet adhesion at places of high shear. It 

is a complex of four proteins coded by four different genes. GPIb consists of two 

proteins, GPIbα and Ibβ, linked to each other via a disulfide bridge and 

noncovalently associated with GPIX and GPV. Especially GPIbα is capable of 

binding to vWF and thrombin. Three polymorphisms have been identified in the 

gene coding for GPIbα. Two of these occur in the coding sequence of the gene 

and affect the structure of the protein: 1) a 434 C/T (Thr145Met) substitution 

[16,17] and 2) a variable number of tandem repeats (VNTR) of 39 base pairs 

(bp) resulting in four variants with different length termed D, C, B, A (1, 2, 3 or 4 

repeats) [18,19]. A third polymorphism, a -5C/T substitution, occurs in the 

Kozak sequence of GPIbα gene [20]. This sequence occurs in the promoter 

region and is essential for efficient protein translation. The C-variant is 

associated with increased surface level of GPIb-IX-V receptors, the highest 

expression is found in individuals with the CC genotype [20,21].  

Most research has focused on the -5C/T substitution in the promoter region, 

however the data are inconsistent. The -5C allele of CC genotype was found to 

be associated with acute coronary syndrome (ACS), thrombotic complications 

after percutaneous coronary intervention (PCI) [21] and myocardial infarction 

[22]. In contrast, others did not find any association between this polymorphism 

and (premature) MI, stroke or coronary artery disease (CAD) [23-26]. A large 

meta-analysis, including more than 5000 cases and 5000 controls from 14 

different studies showed only a marginal, not statistically significant effect on 

coronary heart disease (CHD) of the -5C/T substitution, with a per-allele relative 

risk for the -5C allele of 1.05 (95% confidence interval (CI) 0.96 – 1.13) [1]. 

Pooled analysis indicated that the Kozak sequence -5C/T polymorphism is 

strongly associated with the risk of ischemic stroke, however the direction of this 

association is highly variable [27]. The contribution of the VNTR and Thr145Met 

polymorphisms to arterial thrombosis is not evident, the data from several 
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clinical studies are inconsistent [16,28-31]. However, meta-analysis did show an 

increased risk of ischemic stroke for carriers of at least one 145Met-allele [27]. 

  

The GPIIb/IIIa (integrin α2β3) receptor constitutes of two glycoproteins, GPIIIa 

and GPIIb, and is the main receptor involved in aggregation. A common 

variation is the 1565C/T (Leu33Pro; Leu33: platelet antigen 1 (PlA1), 

Pro33:PlA2) substitution in exon 2 of the GPIIIa gene. 25% of individuals of 

Northern European ancestry have the PlA1 variant, with 2% being homozygous 

[32]. Biologically, PlA2 positive platelets display a lower threshold for activation, 

theoretically reducing the thrombosis threshold [33].  

Many studies investigated the relation between the Leu33Pro polymorphism 

and arterial thrombosis, with conflicting results. The PlA2 genotype has been 

associated with an increased risk of arterial thrombosis and unstable angina or 

MI, especially in patients younger than 60 [34], sudden cardiac death due to 

coronary thrombosis [35], and stent thrombosis following catheter-based 

procedures [36]. The prevalence of the PlA2 allele was increased in siblings of 

patients with a history of premature ischemic heart disease [37], as well as in 

subjects with atherothrombotic stroke [31]. However, a substantial number of 

reports do not confirm the association between arterial disease and the PlA2 

genotype [38-44]. Furthermore, the Framingham investigators concluded on the 

basis of functional testing in combination with genotyping that although heritable 

factors play a role, the GPIIIa genotype only makes a small contribution to 

platelet aggregation [45]. Several meta-analyses addressed the influence of the 

PlA2 allele on CAD, with different results. Burr et al. [46] did find an association 

between the PlA2 allele and CHD, the effect of the polymorphism however 

differs substantially between study populations. Other meta-analysis did not 

observe a statistically significant contribution of the PlA2 polymorphism to the 

risk of MI [43], cerebrovascular disease [44] or CHD [1].  

 

GPIa/IIa is a complex of two proteins and assists in platelet adhesion by binding 

to collagen. The expression of this receptor is subject to high variation, which 

results in a variable response to collagen [28]. Two silent polymorphisms in the 

GPIa gene, 807C/T (Phe224) and 873G/A (Thr246), are linked and related to 

the density of this receptor on the platelet surface. The 807T/873A variant is 

associated with high receptor density, and consequently with a faster rate of 

platelet adhesion to type I collagen [47]. Conflicting data have been published 

[48-50], however, meta-analyses did not reveal any significant associations 

between the polymorphisms and CAD [1,51] or ischemic stroke [52].  

 



Genetics of arterial thrombosis 

137 

 

The structure and function of the collagen receptor GPVI is affected by the 

13254T/C (Ser219Pro) substitution [53]. The 13254C-allele was associated with 

an increased risk of (premature) MI and coronary thrombosis [38,53,54], 

especially in association with the -148 T allele of the β-fibrinogen gene (this 

polymorphism will be discussed in the section about fibrinogen) indicating an 

interaction between these genes [53].  

 

Von Willebrand Factor 

The presence of vWF plays an important role in platelet aggregation at sites of 

high shear, such as coronary plaque lesions. vWF supports the adhesion of 

platelets to the subendothelium at the site of injury, enhancing platelet 

aggregation. Furthermore, it acts as a carrier for FVIII, supports local 

accumulation of FVIII and behaves as an acute phase protein. vWF protein 

concentration is a marker of cardiovascular risk and vWF levels are elevated in 

patients with acute coronary syndrome [55]. vWF levels predict CAD in initially 

healthy individuals, but this association disappears after adjustment for 

conventional risk factors [55].  

Many mutations have been identified in the vWF gene which cause von 

Willebrand Disease (vWD), an inherited bleeding disorder. In animal studies, 

pigs and mice with complete vWF deficiency were protected from 

atherosclerosis [56-59]. In humans, evidence for such a protective effect is less 

clear. Patients with vWD, or hemophilia A or B, had fewer carotid plaques, a 

smaller degree of carotid stenosis [60], and a lower number and grade of 

atherosclerotic plaques of the legs and abdominal aorta [61]. However, the 

effects appeared to be vascular bed dependent: whereas the intima-media 

thickness in the femoral artery was minimally reduced, that in the carotid artery 

was not [62]. In these investigations, however, both patients with hemophilia 

and vWD were included and the type of hemophilia was not specified. Patients 

with type 3 vWD (absence of detectable vWF and reduced levels of FVIII) were 

not protected from the development of early and advanced atherosclerotic 

lesions [63], although the patient population may have been too young to 

assess the effect [64]. Type 2B vWD (characterized by a qualitative abnormality 

in vWF levels) did not protect from atherosclerosis [65].  

Several polymorphisms have been identified in the promoter region of the vWF 

gene: -1793G/C, -1234C/T, -1185A/G and -1051G/A. These polymorphisms are 

in strong linkage disequilibrium, resulting in two haplotypes: haplotype 1 

(GCAG), and haplotype 2 (CTGA). Homozygotes for haplotype 1 have the 

highest levels of vWF:antigen (vWF:Ag), homozygotes for haplotype 2 the 

lowest and heterozygotes intermediate vWF:Ag levels [66,67]. The               
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Sma I polymorphism, a T to C substitution, is situated in intron 2 of the vWF 

gene and is not associated with vWF:Ag levels [68]. The 2365A/G (Thr789Ala) 

polymorphism is associated with increased levels of vWF [69,70]. The effect of 

these polymorphisms is not entirely clear. Haplotype 1 was found to be 

associated with an increased risk of CAD in subjects with advanced 

atherosclerosis [71], but not with MI [72] or CAD in subjects undergoing 

coronary angiography [73]. The CC genotype of the Sma I polymorphism was 

associated with higher risk of ischemic stroke, but not with MI [68]. Thr789Ala 

polymorphism might affect the risk for CHD in type I diabetic patients [69], but 

not in type 2 diabetes [70], through modulation of the plasma vWF level [69].  

Levels of vWF are strongly influenced by blood group: individuals which are 

carriers of blood groups A, B or AB have mean vWF levels which are 25-30% 

higher than carriers of blood group O. Carriers of non-O blood group 

demonstrate an increased risk of arterial thrombosis, most likely due to elevated 

vWF levels [74]. 

 

 

Coagulation gene polymorphisms 
 

Initiation of the extrinsic pathway of coagulation 

Factor VII 

The relation between FVII concentration and arterial thrombosis is controversial. 

Increased levels of FVII zymogen and of levels of FVII clotting activity (FVIIc) 

have been associated with an increased risk of CAD in the Northwick Park 

Heart Study-II (NPHS-II) and the Prospective Cardiovascular Münster study 

(PROCAM) [75,76], but not consistently [77,78]. In these studies, different 

methods have been used to determine the level of FVII (activated FVII, FVIIc, 

FVII antigen), possibly explaining some of the discrepancies between these 

studies [79-81].  

Five polymorphic sites of the FVII gene have been described that account for up 

to 30% of the variance in FVII levels in plasma [82-90]. These polymorphic sites 

include: a 10976A/G (Arg353Gln) substitution in the catalytic region, a 

decanucleotide insertion/deletion (-323ins10) in the promoter region at 

nucleotide -323 (A1: deletion, A2: insertion); a polymorphism in the 

hypervariable region 4 (HVR4) of intron 7 with three alleles with different length: 

H5, H6 and H7; and two promoter polymorphisms -401G/T and -402G/A [90]. 

The most studied polymorphisms are the Arg353Gln and -323ins10, the Gln353 

and A2 variants are associated with a reduction in FVII plasma levels of 20%-

25% [83,91,92]. Carriers of the FVII Gln353 have lower FVII levels due to lower 
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secretion efficacy of this variant [84,93]. The polymorphisms in the promoter 

region alter the transcriptional activity: the -401T is associated with reduced 

transcription and reduced levels of FVII, the -402A allele is associated with 

increased transcriptional activity and higher FVII levels [90]. The H7H7 

genotype is associated with lower FVIIc and FVII antigen levels [94].  

Even though there is a strong correlation between the FVII polymorphisms and 

FVII levels, the relationship with arterial thrombosis is not so clear. Conflicting 

data are published. The 353Gln and the -323ins10 A2 variant and H7H7 

genotype were reported to protect from MI [94-96]. The -402A allele was 

associated with a higher risk of MI [96]; homozygotes for the Arg353 allele had 

more complications after PCI [97]. In contrast, several other studies did not find 

a significant effect of polymorphisms in the FVII gene on the risk of arterial 

thrombosis. The WOSCOP (West of Scotland Coronary Prevention) study failed 

to confirm an association between the Arg353Gln polymorphism and MI [81]. In 

a Dutch case-control study, patients with the Arg353 variant had a non-

significant lower risk of MI [98]. In a large meta-analysis there was no 

association between CAD and the Arg353Gln polymorphism in the FVII gene 

[1].  

 

Tissue factor 

Atherosclerotic plaques contain high levels of TF, making them trombogenic. 

Furthermore, levels of circulating TF are increased in patients with acute 

coronary syndrome and the expression of TF on monocytes is increased in 

patients with unstable angina [99].  

In the promoter region of the gene coding for TF four polymorphisms                 

(-1812 C/T, -1322 C/T, -1208 deletion/insertion, -603 A/G) have been identified 

that are in complete linkage disequilibrium and code for two haplotypes: -1208D 

and -1208I [99]. The -1208D haplotype is associated with lower levels of 

circulation TF. These haplotypes are in linkage disequilibrium with a 5466A/G 

polymorphism situated in intron 2 of the TF gene: -1208D is linked to 5466G 

[100]. The data regarding the association of the polymorphism and disease are 

contradictory. The -1208I haplotype has been associated with an increased risk 

of MI [101], -1208D with an increased risk of cardiac death in patients with 

acute coronary syndrome [100]. The polymorphism did not influence the risk of 

CAD or recurrent cardiovascular events in patients with a MI [99,102].  
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Contact activation and the intrinsic pathway of coagulation 

Factor XII 

The initiation of the intrinsic pathway via FXII is thought only to occur under 

pathologic conditions [103], which may involve activators including activated 

platelets, collagen [104] and polyphosphates [105]. Furthermore, FXII is 

involved in other biological processes including complement activation and 

inflammation.  

Elevated levels of prekallikrein and HMWK have been associated with MI 

[106,107], however little is known about the function of prekallikrein and HMWK 

in arterial thrombosis. The relation between FXII and arterial thrombosis is not 

straightforward. In the NPHS-II high levels of FXIIa and low levels of FXIIa in 

complex with C1-esterase inhibitor were associated with increased risk of CHD 

[108,109]. High FXIIa levels were also associated with a higher and earlier 

recurrence rate of ACS in patients who survived a first MI [110] and were 

positively associated with coronary calcifications [111]. In the Study of 

Myocardial Infarction Leiden (SMILE), levels of FXIIc were decreased in men 

that had developed an MI [112], whereas Merlo et al. [106] did not find an effect 

of the levels of FXIIc in CAD. Furthermore, there are no convincing arguments 

for an effect in arterial thrombosis of FXII-deficiency [113].  

The most investigated polymorphism in the FXII gene is a -4C/T (previous 

notation: 46C/T) substitution in the 5’untranslated region. This polymorphism is 

associated with lower plasma levels of FXII [114].  

The association between this polymorphism and arterial thrombosis is not clear. 

The TT-genotype was associated with an increased risk of CAD in men with 

high cholesterol [115] and with both CAD and ischemic stroke in the Spanish 

population [116,117]; however, in patients with pre-existing CAD the TT-

genotype had a protective effect on the development of ACS [118]. 

Furthermore, several studies did not observe an effect of the polymorphism on 

arterial thrombosis [119-123].  

The association of the -4C/T polymorphism and arterial thrombosis is influenced 

by cholesterol levels. Pravastatin treatment reduced the risk of CAD in men with 

a CC or CT genotype, but not in men with a TT genotype [115]. Furthermore, in 

patients with CAD before the age of 45, the presence of the -4T allele increased 

the risk of MI, especially in the presence of hypercholesterolemia. If both risk 

factors were present, the risk was increased 2.26-fold [124]. 

 

Factor XI, factor IX and factor VIII 

Both environmental and genetic factors contribute to the levels of circulating 

FXI, FIX and FVIII. The impact of genetic factors on plasma levels is unclear. 
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Even though elevated levels of FXI as well as FIX and FVIII have consistently 

been associated with MI and ACS, no polymorphisms have been described 

which correlate with plasma levels of these factors [89]. While deficiency in FXI 

is associated with a rather mild bleeding diathesis, deficiency in FIX (hemophilia 

B) or FVIII (hemophilia A) is associated with a severe bleeding phenotype. 

Deficiency in FXI may protect against ischemic stroke, the incidence of ischemic 

stroke was reduced in a cohort of FXI-deficient patients when compared to the 

general population [125]. In contrast, it did not protect from MI [126]. Deficiency 

in FIX or FVIII appears to protect against the occurrence of MI: in a long follow-

up study, patients with hemophilia A and B had an 80% reduction in the risk of 

fatal ischemic heart disease [127]. Comparison of causes of death in patients 

with hemophilia in the United States yielded similar results [128]. Female 

carriers of hemophilia A or hemophilia B also showed a reduced mortality from 

ischemic heart disease [129]. It is uncertain whether hemophilia A and B have 

protective properties against ischemic stroke [130].  

 

Common coagulation pathway 

Factor V and prothrombin  

The prothrombin 20210 G/A variant and FV 1691G/A (Arg506Gln; FV Leiden) 

polymorphisms are relatively common in Caucasian persons with a frequency of 

~2 and 5% respectively. The biological effect of the prothrombin 20210 G/A 

variant results from a higher transcription rate of prothrombin resulting in 

somewhat higher prothrombin protein concentrations and a higher rate of 

thrombin generation. The effect of FV Leiden resides in the impaired 

inactivation of FVa by activated protein C. These effects have both been 

characterized as risk factors for venous thrombosis in many studies. In arterial 

thrombosis however the influence has been more difficult to establish. In the 

meta-analysis by Ye et al., both variants appear to contribute to the risk of a MI 

[1]. In contrast, an effect on stroke risk, large or small vessel based has not 

been detected [131]. However, the effects are small and as single risk factors 

probably negligible in persons with premature vascular disease without other 

apparent risk factors [132].  

Interestingly, in animal experiments the FV Leiden mutation is associated with 

an increased burden of atherosclerosis [133,134]. A number of studies indeed 

suggests that atherosclerosis in the carotid artery is influenced by FV Leiden 

carriership [135,136], whereas also other prothrombotic gene mutations 

including the prothrombin 20210 G/A variant are associated with severity of 

atherosclerotic burden [137]. One of the mechanisms involved may be an 

interaction between hypercoagulability and LDL cholesterol transfer to the 
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vessel wall. Such interactions may contribute to a greater risk of MI [138,139]. 

Thus, although the effects of the polymorphisms as single factors may be very 

small, the interaction with commonly recognized risk mechanisms for 

atherosclerosis may give unexpected strong effects on the risks of 

atherosclerosis and thrombosis, at least in animal models [135]. 

Finally, the concentration of FV may also play a role in the risk of thrombosis. 

While carriers of the FV Leiden mutation do not have an altered protein 

concentration, an increased FVc level has also been identified as a risk factor 

for AMI [140]. So far, no genetic basis for elevated FV levels has been 

published. In contrast, a common R2 haplotype in FV has been shown to lower 

the FV concentration, but any (protective) effect on arterial thrombosis risk has 

not been described [141]. 

 

Protein C pathway  

The protein C anticoagulant pathway has antithrombotic activities and limits 

inflammatory responses. The essential components of this pathway include 

thrombin, thrombomodulin (TM), the endothelial cell protein C receptor (EPCR), 

protein C and protein S. A retrospective cohort study showed that deficiency in 

protein S or protein C is associated with arterial thrombosis [142].  

Thrombomodulin is a transmembrane protein, expressed in endothelial cells. In 

healthy people, high levels of soluble thrombomodulin (sTM) were associated 

with a decreased risk of coronary heart disease [143]. However, a cross-

sectional analysis found a positive association between levels of sTM and 

carotid atherosclerosis. A possible explanation for this difference is that in 

healthy individuals elevated levels of sTM correlated with the expression level of 

membrane bound TM, whereas in patients with atherosclerotic disease elevated 

levels indicate damage to the endothelium [144]. Different polymorphisms have 

been identified in the thrombomodulin gene. Two polymorphisms in the 

5’untranslated region, -133C/A and -33G/A, are associated with reduced 

expression of TM [145]. Furthermore, a 127G/A (Ala25Thr) and 1418C/T 

substitution have been identified in the TM gene. Polymorphisms in the 

promoter region of the TM gene were more common in patients diagnosed with 

MI than in matched controls [146]. The -33A allele has been associated with an 

increased risk of AMI and carotid atherosclerosis [147-149], however not 

consistently [150]. In the SMILE the 25Thr allele was associated with MI, 

especially in young men and in the presence of additional risk factors (such as 

smoking and the presence of a metabolic risk factor: obesity, hypertension, 

hypercholesterolemia) [151]. The 455Val allele was more common in patients 

with a MI and in patients with ischemic stroke compared to healthy controls 
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[152,153]. The Ala455Val predicted the risk of CHD in the black population, 

however not in the white population. [154]. Other studies failed to find an 

association [155,156]. TM accelerates the inactivation of the complement 

factors C3b and C5a, through the activation of TAFI by the thrombin-TM 

complex. Delvaeye et al. [157] identified mutations in the TM gene that impaired 

the activation of TAFI and therefore were less protected from activated 

complement.  

A polymorphism in the gene coding for EPCR, 6936G/A (Ser219Gly), 

contributes to a higher basal release of soluble EPCR, causing increased levels 

of soluble EPCR in plasma. In the NPHS-II, homozygotes for the 219Gly allele 

had an increased risk of coronary heart disease [158].  

 

Fibrinogen and factor XIII 

Fibrinogen 

The level of fibrinogen has consistently been associated an increased risk for 

arterial thrombotic disorders. High levels of fibrinogen have been associated 

with MI, ischemic stroke and peripheral arterial disease [75,159-162]. 

Fibrinogen levels cluster with other risk markers for arterial thrombosis, such as 

hypertension, diabetes and smoking [90]. Both genetic and environmental 

factors influence the levels of circulating fibrinogen. It is estimated that genetic 

factors account for approximately 20%-50% of variation in fibrinogen levels 

[89,163]. Even though the level of fibrinogen is a risk marker for an arterial 

thrombotic event, it is not clear if there is a causal relationship [164]. Some 

authors argue that elevated fibrinogen levels merely reflect the presence of 

inflammation, atherosclerosis or other risk factors [164].  

Several polymorphisms have been identified in the genes that code for the 

polypeptide chains of fibrinogen. Most interest has been on polymorphisms on 

the Bβ chain because in vitro studies suggest that the production of the β chain 

is the rate limiting step in the formation of a fibrinogen molecule [90]. Main 

polymorphisms include the -148C/T, -455G/A and -854G/A polymorphisms in 

the 5’ promoter region, the BclI polymorphism in the 3’region and the Arg448Lys 

substitution in the C-terminal region in the Bβ chain, and the Thr312Ala 

substitution in the Aα chain. The rare allele of the -148C/T, -455G/A, -854G/A 

and BclI polymorphisms are associated with higher levels of fibrinogen [90]. The 

448Lys allele is associated with a clot with lower permeability and a tighter 

structure with thinner fibers than the 448Arg variant [165], although this was not 

confirmed [166]. The Thr312Ala polymorphism is situated near FXIII cross-

linking sites, causing increased FXIII cross-linking and formation of thicker fibrin 
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fibers [167]. This polymorphism is associated with decreased plasma fibrinogen 

levels [168].  

The association between arterial thrombosis and polymorphisms in the 

fibrinogen genes is not so clear. Even though some studies suggest that there 

is an association between these polymorphisms and atherosclerosis [169,170], 

the susceptibility to CAD [171], MI [169,172] and ischemic stroke [168], others 

did not find an association [168,173,174].  

Fibrinogen γ’, an alternative splicing variant of the γ-chain of fibrinogen, has 

been associated with susceptibility to thrombotic disease. A minor fraction of 

circulating fibrinogen contains the γ’ chain: 7% - 15% circulates as a 

heterodimeric fibrinogen molecule (AαBβγA) (AαBβγ’), referred to as γA/γ’, and 

1% circulates as a homodimeric molecule (AαBβγ’) (AαBβγ’), referred to as 

γ’/γ’. Coronary artery disease has been associated with elevated levels of γA/γ’, 

independent from total fibrinogen levels [166]. Fibrinogen γ’ contains binding 

sites for thrombin and FXIII. Clots formed from γA/γ’ fibrinogen are highly cross-

linked, have thinner fibers with more branch points and are more resistant to 

lysis [175]. Variations in the fibrinogen genes are associated with the level of γ’ 

and the γ’/total fibrinogen ratio [176]: the FFG-haplotype 2 (H2) is associated 

with lower levels of γA/γ’ in plasma; the C-allele of the 9340T/C polymorphism 

and the G-allele of the 2224G/A polymorphism are associated with higher γ’ 

levels [177].  

 

Mutations in the fibrinogen gene may lead to quantitative and/or qualitative 

disorders. The quantitative disorders include afibrinogenemia and 

hypofibrinogenemia and cause reduced levels of circulating fibrinogen. 

Quantitative disorders are mostly associated with a bleeding diathesis, however 

arterial thrombosis does occur in these patients [178,179]. Besides its 

procoagulant activity, fibrin also has antithrombotic properties: it contains non-

substrate binding places for thrombin. Hereby, fibrin sequesters and down 

regulates thrombin activity: thrombin is trapped in the clot and is not available 

for platelet activation in the arterial wall [180]. Qualitative disorders include 

dysfibrinogenemia and hypodysfibrinogenemia and cause normal or reduced 

levels of fibrinogen with an abnormal functional activity [180]. Most qualitative 

disorders are clinically silent, however they can cause a bleeding diathesis, lead 

to a hypercoagulable state or a combination of bleeding and thromboembolic 

symptoms. It is believed that there are two mechanisms responsible for 

thrombosis associated with dysfibrinogenemia: 1) abnormal fibrinogen is 

defective in binding thrombin resulting in elevated thrombin levels; 2) formed 

fibrin clots are more resistant to plasmin degradation [181]. Maybe some of 
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these effects contribute to incident cases of arterial thrombosis in individuals 

with dysfibrinogenemia [182,183].  

 

Factor XIII 

Only a few studies addressed the relation between plasma levels of FXIII and 

CAD, showing inconsistent results [184]. FXIII deficiency is extremely rare (1 in 

1-3 million), leads to a bleeding diathesis and may theoretically protect from 

(arterial) thrombosis [178]. Several polymorphisms have been identified. The 

most extensively studied polymorphism is the Val34Leu (G163T) substitution in 

the A subunit. The 34Leu allele enhances the activation of FXIII by thrombin 2-3 

fold. This affects the structure of the formed fibrin clot [166]. The Tyr204Phe 

polymorphism in the A subunits is associated with lower levels and lower 

activity of FXIII. A polymorphism in the B subunit, His95Arg (A8259G), is 

associated with an increased dissociation rate of the factor XIII subunits 

following activation by thrombin [185].  

Kohler et al. [186] were the first to find a protective effect of the Leu34 variant 

for AMI. Several authors confirmed these findings [187-189], however not all 

[190,191]. Two meta-analyses both suggest that the FXIII-A Val34Leu 

polymorphism exerts a moderate, but statistically significant protective effect 

against CAD [192,193]. The effect of this polymorphism on the risk of ischemic 

stroke is not clear, it did not influence the risk of peripheral artery disease [184]. 

In young women the Tyr204Phe polymorphism was associated with a 9-fold 

increased risk for the occurrence of ischemic stroke. The risk was higher in 

homozygotes than in heterozygotes, indicating a dose-response relationship 

[194]. The Arg95 variant alone did not have an effect on the risk for MI, however 

in the presence of Leu34 variant, the risk for MI was reduced in 

postmenopausal women [195]. The risk for ischemic stroke was not associated 

with this polymorphism in young women [194]. In patients with non-disabling 

cerebral ischemia of arterial origin the Arg95 variant was more common in 

patients with large artery disease compared to patients with small artery 

disease [131].  

 

 
Fibrinolytic system 
 

Fibrinolysis 

Based on the functions of the fibrinolytic system, one may postulate important 

regulatory roles for each of the players in the fibrinolytic cascade. Overall, 

reduced fibrinolytic activity is associated with increased risk for arterial 
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thrombosis. However, only for some proteins a clear significance for 

atherogenesis and arterial thrombosis has been established, although with 

remaining uncertainties regarding the magnitude of the effects. Plasminogen 

deficiency does not seem to be a thrombotic risk factor [196]. Elevated levels of 

circulating tPA have been shown to be associated with arterial thrombosis [197]. 

This might seem contradictory, however most circulating tPA is bound to PAI-1 

and high levels of tPA in plasma could reflect disturbances of the endothelium 

[197]. No clear associations have been found between tPA-polymorphisms and 

arterial thrombosis [196]. The –7531 C/T substitution and the Alu repeat 

insertion/deletion (I/D) in the eight intron are associated with changed release 

rates [198]. The -7531 C/T polymorphism was associated with MI [199], but not 

with ischemic stroke [200]. In the Rotterdam study, the I allele was significantly 

more present than the D allele in patients with nonfatal MI [201]. However, other 

studies did not find an association between I/D polymorphism and MI [202,203]. 

 

Fibrinolytic inhibitors 

High levels of TAFI antigen and activity have been associated with increased 

risk of arterial thrombosis in multiple studies [196]. The TAFI plasma levels are 

determined for approximately 25% by TAFI gene polymorphisms [204]. Several 

polymorphisms have been identified among which 1040C/T (Thr325Ile), 505A/G 

(Ala147Thr) in the coding region and 1542C/G in the 3’untranslated region. The 

1040TT genotype and the 1542C allele are associated with lower levels of 

circulating TAFI [205-207]. Furthermore, the Thr325Ile substitution changes the 

stability of activated TAFI causing an altered fibrinolytic activity, the fibrinolytic 

activity is enhanced for the Ile325 allele [196]. The 505A/G substitution is 

associated with increased TAFI levels [208]. These polymorphisms were 

investigated in several studies, however with inconsistent results [206,209-212].  

The clinically most relevant factor in the interplay of fibrinolysis and thrombosis 

is PAI-1. Concentrations of PAI-1 are an independent risk factor for CAD [213]. 

There is a common polymorphism known as 4G/5G in the -675 promoter region. 

The 5G allele is slightly less transcriptionally active than the 4G. The PAI-1 4G 

allele frequency is 0.58 in Caucasians and 0.13 in Africans [214]. PAI-1 levels 

were strongly dependent on body mass index (BMI), showing highest levels in 

the highest BMI quartile [215], with BMI being a much stronger determinant of 

PAI-1 levels than genotype. This metabolic effect is more obvious in African 

than Caucasian persons, possibly also related to morphometric determinants 

[214]. The result is that plasma levels are highest in lean persons with a 4G/4G 

genotype as compared to the 5G/5G genotype (about twofold difference in two 

population based cohorts) [215]. 
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Regulation of PAI-1 production is complex. PAI-1 is synthesized in different cell 

types including hepatocytes, adipocytes and endothelial cells and PAI-1 

transcription is regulated by several factors including inflammatory mediators 

like Il-1 and TNFα, as well as hormones like insulin and glucocorticoids and it 

also acts as an acute phase protein [216]. The contributing effect of the 4G/5G 

genotype appears at the cellular level, e.g. in the amount of PAI-1 produced 

under influence of Il-1 [217] in vivo. An example is the effect of a diet rich in 

unsaturated fatty acids, which lowers PAI-1 in 4G carriers but has no detectable 

effect in 5G carriers that have a lower PAI-1 level to begin with [218]. The 4G 

genotype is also associated with high cholesterol levels [219]. It is likely that the 

interplay between inflammatory mediators, metabolic factors and PAI-1 

genotype, depending on ethnic background, affects fibrinolysis, hence 

thrombosis risk. In addition to thrombosis, PAI-1 has different modulating effects 

on the vessel wall including remodeling and atherosclerosis but many of these 

effects have been quite inconsistent, such that the biological significance 

remains unclear. Recent data are however challenging, showing that a 

recombinant PAI-1 based peptide inhibits vasa vasorum and atherogenesis 

[220] and that overexpressing PAI-1 attenuates aortic aneurysm formation in 

mice [221]. 

The clinical effect of the PAI-1 4G/5G genotype has been mainly studied with 

regard to atherothrombosis and stroke. As a single factor the PAI-1 

polymorphism emerged as an independent risk factor for recurrent ischemic 

events in nonhyperlipidemic post infarction patients, suggesting that in the 

absence of major risk factors like hypercholesterolemia, the effect of a single 

genotype can be clinically relevant [222]. This observation deviates from the 

more commonly held believe that the contribution of one single-nucleotide 

polymorphism (SNP) in the hemostatic mechanism do not contribute to the risk 

of arterial thrombosis [223]. The absence of evident risk influence may indeed 

be much dependent on the population studied. However, also in the pooled 

analysis of seven hemostatic gene polymorphisms the PAI-1 4 G variant yielded 

a per allele relative risk of coronary disease of 1.06 (95% CI: 1.02 - 1.10), albeit 

that a concern remains regarding heterogeneity of the studied populations [1]. 

As part of a series of common SNP’s, PAI-1 4G contributed to risk of AMI in 

patients with advanced coronary atherosclerosis, suggesting the additive effect 

of this mutation [224]. 

With regard to ischemic stroke the evidence for a risk association is highly 

significant in pooled analysis, but there is a concern of extreme heterogeneity 

[225]. The most recent meta-analysis does not show any differential effects of 

PAI-1 genotype with regard to type of stroke (small or large vessel) [226].   
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Conclusions 
 

There is no clear-cut association between polymorphisms in genes coding for 

hemostatic proteins and arterial thrombosis (see Table 8.1). Reported results 

are often contradictory due to heterogeneity of patient populations, deficiencies 

in study design and so on. Meta-analyses show only small or even no 

association of these polymorphisms and arterial thrombosis. This may seem 

remarkable, especially for those factors which are established risk markers of 

arterial thrombosis. Elevated levels of fibrinogen are consistently associated 

with arterial thrombosis, polymorphisms in these genes are at best contributing, 

by modifying fibrinogen structure or concentration. Platelet inhibitors are 

extensively used in the treatment of arterial thrombosis, however the studied 

polymorphisms were not related to CHD [1].  

Clearly, arterial thrombosis is a multi-factorial disease and single 

polymorphisms likely contribute in a limited manner. From that perspective it is 

surprising that a common polymorphism such as FV Leiden is a contributing 

factor for CAD [1]. Such observations are important from a mechanistic 

perspective, showing that plasma proteins such as FV may play a role in 

(athero) thrombosis. The recent experimental data that link hypercoagulability to 

atherosclerosis could explain such a gene effect on the atherosclerosis 

phenotype. Clearly, more research is needed to further explore this exciting 

field.  

 

 

Clinical relevance 
 

From a clinical perspective, even more so than in venous thromboembolism, 

there is no indication for genotyping or thrombophilia screening in arterial 

thrombosis. Even though there is evidence from clinical studies that some 

SNP’s do contribute to the development of arterial thrombosis, the contribution 

is only minor. Therefore, screening for these SNP’s is not useful in most cases, 

particularly because the identification of risk alleles does not alter current 

management of the patient. Even in venous thromboembolic disease, 

thrombophilia is not recommended in current CBO guidelines. This may seem 

remarkable but is also based on the lack of management consequences. 

Nevertheless, from the perspective of the patient, their partner and family it may 

be unsatisfactory to refrain from any kind of additional thrombophilia testing, 

while techniques are available. The authors would indeed consider 

thrombophilia screening in individual cases, such as in young patients without 

any other obvious cardiovascular risk factors. One should however keep in mind 
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that such analyses are primarily aimed at satisfying the doctor’s or patient’s 

curiosity and one should also consider the potential negative consequences of 

genotyping including effects on (life) insurance premiums.  
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The focus of this thesis is the role of the contact activation system, mainly 

coagulation factor XII (FXII), in fibrin clot formation and fibrinolysis. Chapters 2, 

3 and 4 described mainly in vitro work. In these chapters, the contribution of 

FXII(a) to fibrin clot formation and fibrinolysis were assessed. In chapters 5, 6 

and 7 patient studies were described. We determined the contribution of the 

enzymes of the contact system in acute myocardial infarction (AMI) and 

hereditary angioedema (HAE-C1INH). In patients with HAE-C1INH the 

regulation of the contact system is affected, without changing the thrombotic 

risk. Furthermore, the role of fibrin formation and fibrinolysis in patients with 

stent thrombosis was determined.  

 

 
Factor XII in clot formation and fibrinolysis 
 

Factor XII was discovered in 1955, however the in vivo contribution of this 

protein is still not fully understood [1]. Patients with a deficiency in FXII neither 

have a bleeding tendency nor appear to have an increased risk for thrombosis. 

After the findings of the Josso loop (activation of FIX by the TF/FVIIa complex) 

[2] and the feedback loop of FXI activation by thrombin [3], FXII was seen as an 

unimportant factor in coagulation. However, in 2005 the interest in FXII was 

renewed when Renné et al observed that FXII
-/-

 mice have a defective thrombus 

formation [4]. Using several thrombotic models, in FXII
-/-

 mice or with the use of 

FXIIa-inhibitors, it was shown that in mice, FXII is essential for thrombus 

formation [4-6]. Furthermore, inhibiting the activation of FXI by FXIIa proved to 

protect against thrombosis in mice and in primates [6,7]. However, data from 

clinical studies are less straightforward, as was reviewed in the introduction of 

this thesis. Low levels of FXII-zymogen, as well as elevated levels of the 

enzyme FXIIa have been found to be a risk factor for arterial thrombosis [8,9]. 

Furthermore, low as well as high levels of FXIIa in complex with C1-esterase 

inhibitor (C1INH) were associated with an increased risk of AMI [10]. In 

contrast, several other studies did not find a contribution of FXII to arterial 

thrombosis [11,12]. The evident contribution of FXII to thrombosis in animal 

studies, as well as the conflicting data between the different clinical studies 

prompted us to explore other contributions of FXII in thrombosis independent 

from the activation of the intrinsic pathway of coagulation by FXIIa.  

 

Fibrin clot formation 

The structure of the fibrin clot is an important determinant of thrombotic risk 

[13]. Clinical studies have shown that clots made from plasma of thrombotic 

patients have an altered fibrin structure. Changes in the fibrin network have 
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been observed in patients with arterial [14] as well as venous thrombosis [15], 

but also in apparently healthy relatives of thrombotic patients [15,16]. Clots from 

patients with arterial or venous thrombosis are mainly characterized by a dense 

network of thin fibrin fibers, a reduced permeability of the clot and an increased 

resistance to fibrinolysis [13]. Several determinants of such a “pro-thrombotic” 

clot have been identified, such as concentration of thrombin or fibrinogen splice 

variants [17,18]. However, these determinants cannot explain all variations in 

clot structure [14]. Therefore, we investigated whether FXII and its activated 

forms could be additional determinants of fibrin structure.  

In a purified system, we observed that α-FXIIa was able to change the fibrin clot 

structure: in the presence of α-FXIIa fibrin clots were stiffer and were composed 

of thinner fibers which were more densely arranged. This action of α-FXIIa was 

dependent on its enzymatic activity: the zymogen FXII did not change fibrin 

structure and inhibition of the enzymatic activity of α-FXIIa by corn trypsin 

inhibitor (CTI) or H-D-Phe-Pro-Arg-chloromethylketone (PPACK) abolished the 

effect of α-FXIIa. In a plasma-based system, we showed that FXIIa increased 

the clot density via two routes: 1) by interaction with fibrin(ogen) and 2) via 

activation of the intrinsic pathway of coagulation and thrombin formation. 

Binding studies revealed that FXII and α-FXIIa bind via the heavy chain to 

fibrinogen and fibrin. We did not determine where α-FXIIa binds specifically to 

the fibrinogen molecule. FXII is strongly homologous to tissue plasminogen 

activator (tPA), which binds to the αC-domain of the fibrin molecule that is 

involved in the lateral aggregation of protofibrils into fibers [19]. Due to the 

homology of FXII and tPA and the changes in lag phase observed in the 

presence of α-FXIIa, we hypothesize that binding of FXII to the αC-domain of 

the fibrinogen molecule is responsible for the observed changes in fibrin 

structure. Furthermore, in the Second Northwick Park Heart Study (NPHS-II) a 

strong correlation was observed between the levels of FXIIa and the levels of 

fibrinopeptide A (FPA), suggesting that FXIIa might influence the cleavage of 

FPA from fibrinogen [20].  

 

Fibrinolysis 

One of the main reasons fibrin clot structure is such an important determinant of 

thrombotic risk is that it influences the susceptibility of the clot to fibrinolysis. 

The changes in fibrin structure we observed in the presence of α-FXIIa are 

characteristic of a clot, which is less susceptible to fibrinolysis. Already in 1959 

it was discovered that FXII also contributes to fibrinolysis: activation of FXII by 

kaolin increased the euglobulin fibrinolytic activity of the plasma [21]. Later, it 

was found that FXIIa is able to convert plasminogen into plasmin [22]. 
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Furthermore, kallikrein and FXIa can also activate plasminogen [23,24]. Thus, 

FXIIa also contributes to fibrinolysis via the activation of FXI and prekallikrein. 

However, the enzymes of the contact system are less efficient in the activation 

of plasminogen than tPA or urokinase plasminogen activator (uPA) [25]. 

Therefore, the significance of the contact system to fibrinolysis in vivo is 

uncertain. Few studies determined the contribution of FXIIa to fibrinolysis in 

vivo. In a septic baboon model, inhibition of FXIIa with a monoclonal antibody 

reduced the activity of the fibrinolytic system [26]. Furthermore, infusion of 

desamino D-arginine vasopressin (DDAVP), which releases tPA and uPA from 

the vessel wall and activates the contact system, led to less plasmin generation 

in FXII-deficient patients compared to healthy controls. In healthy controls, the 

potential to activate plasminogen after infusion of DDAVP was only partially 

blocked by specific inhibitors of tPA and uPA. The residual activity could be 

blocked with a monoclonal antibody that inhibits FXII activity [27,28].  

 

We determined the influence of α-FXIIa on fibrinolysis using several 

approaches. First, we confirmed that α-FXIIa is able to convert plasminogen into 

plasmin. Next, using different techniques to address fibrinolysis, we showed a 

dose dependent increase in fibrinolysis in the presence of α-FXIIa. This 

increase in fibrinolysis was dependent on the conversion of plasminogen into 

plasmin, since no fibrinolysis occurred in the absence of plasminogen and the 

formation of plasmin and fibrinolysis occurred simultaneously.  

 

Our results show that FXII has a dual function in coagulation and fibrinolysis. 

During clot formation, as was recognized decades ago, α-FXIIa activates FXI 

and via sequential activation of coagulation factors XI, IX, and X, thrombin is 

formed. We have shown that the level of thrombin generated was dependent on 

the concentration of FXII present in plasma. Furthermore, FXII and α-FXIIa 

bound to fibrinogen and fibrin and α-FXIIa was able to change the structure of 

the formed fibrin clot. Under the influence of α-FXIIa the fibrin fibers became 

thinner and the clot became denser and more rigid. Recently, it was shown that 

FXIIa can activate prothrombin, independently from FXI activation [29]. These 

actions of FXII during clot formation all predispose to make a denser and 

stronger clot. During fibrinolysis, FXIIa is able to convert plasminogen to 

plasmin and to activate FXI and prekallikrein which are also able to activate 

plasminogen. We have shown that α-FXIIa enhanced fibrinolysis in the 

presence of low levels of tPA. Additionally, since α-FXIIa and plasminogen bind 

to fibrin, the presence of these proteins at the fibrin surface will initiate 

fibrinolysis at the start of fibrinolysis when only low levels of tPA are present. 
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Presumably, when the tPA concentration increases, the contribution of α-FXIIa 

to fibrinolysis will be negligible.   

This dual effect of FXII in coagulation and fibrinolysis, may explain the 

differences observed between clinical studies. In our view, low levels of FXIIa 

will predispose to a weak clot and reduced fibrinolysis whereas high levels of 

FXIIa will predispose to a dense clot and increased fibrinolysis. In both 

situations, a pro-thrombotic (reduced fibrinolysis or dense clot) and an          

anti-thrombotic (weak clot or increased fibrinolysis) condition are present. 

Therefore, it depends on the moment of FXII-activation (during fibrin clot 

formation or during fibrinolysis) when FXIIa is active. Factors influencing the 

activation of FXII, hereby may determine whether α-FXIIa predominantly 

contributes to coagulation or to fibrinolysis. 

 

 

Arterial thrombosis 
 

Acute myocardial infarction 

The contribution of FXII to arterial thrombosis in humans is not clear. Several 

clinical studies determined the role FXII(a) in arterial thrombosis, but the results 

of these studies differ. To get more insight in the contribution of the contact 

system in AMI, we measured activation of the contact system at different time 

points during and after the acute event (in the steady-state phase). In a cohort 

of patients admitted to the hospital with a first AMI we measured the levels of 

activated proteins of the contact system in complex with the physiological 

inhibitors C1INH (FXIIa-C1INH, kallikrein-C1INH, FXIa-C1INH) and α1-

antitrypsin (FXIa-AT). We measured these levels during the acute thrombotic 

event, and 3 months and 6 months after the event. The levels of the enzyme 

inhibitory complexes did not predict the occurrence of a recurrent event. The 

levels of FXIa-C1INH were elevated during the acute event and declined 3 and 

6 months after the event. However, the levels of FXIIa-C1INH did not change 

over time. Therefore, in our study it seemed that activation of FXII did not 

contribute to the development of the AMI. Probably, activation of FXI during the 

AMI resulted from increased thrombin generation [30].  

 

Stent thrombosis 

The structure of plasma clots and their susceptibility to fibrinolysis are known 

determinants of arterial thrombosis. Plasma clots from patients with arterial 

thrombosis have a dense fibrin network and are resistant to fibrinolysis [13]. 

However, little is known about the influence of fibrin structure and fibrinolysis in 
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patients with coronary stent thrombosis (ST). One case-control study 

investigated the effect of the fibrin clot structure and fibrinolysis in these patients 

[31,32]. They observed that clots made from plasma of percutaneous coronary 

intervention (PCI) patients that develop ST form denser plasma clots, which are 

more difficult to lyse. We set up a case-control study in patients with ST and 

measured fibrin clot formation and fibrinolysis via turbidity. We did not observe a 

difference in fibrin clot formation (the lag time and the maximal absorbance) or 

in fibrinolysis (clot lysis time) between cases and controls. We recognize 

several differences between our study and the previous study of Undas et al. 

[31]. The cases in our study suffered mainly from late ST (more than 50%), 

whereas in the previous study 13% of cases had a late ST. Furthermore, due to 

changes in clinical practice, mostly drug-eluting stents (DES) were placed in our 

study, compared to mostly bare metal stents (BMS) in the previous study [31]. 

Together with differences between the methods and the baseline characteristics 

of the study population, this could explain the discrepancy in results between 

these studies.     

We did not measure activation of the contact system in this patient population. 

However, previously it was shown that (very) late stent thrombosis was not 

associated with systemic activation of the contact system [33].  

 

 
Hereditary angioedema 
 

How and when FXII(a) contributes to thrombosis is not fully understood, 

however, uncontrolled activation of the contact system is associated with 

angioedema rather than with thrombosis. HAE is a disease most often caused 

by a deficiency in C1INH (HAE-C1INH) [34]. C1INH is the most important 

inhibitor of the contact activation system: 90% of FXIIa, 50% of kallikrein and 

50% of FXIa are inhibited by C1INH in plasma [35-37]. Due to poor regulation of 

the kinin system in these patients, an excess of bradykinin is formed which 

induces episodic attacks of angioedema. However, patients with HAE-C1INH 

have no apparent increased tendency to thrombosis, even though activation of 

the coagulation system is observed [38,39]. We investigated if contact activation 

in HAE-C1INH patients mainly leads to the activation of prekallikrein (and 

bradykinin formation) and less to FXI activation, but showed that this was not 

the case. Both prekallikrein and FXI were partly consumed, indicating in vivo 

activation of the contact system. The absence of thrombotic complications is 

probably due to the regulation of the coagulation cascade via other inhibitors 

and/or increased fibrinolysis. We observed higher levels of FXI in complex with 

α1-antitrypin (AT) after activation of the plasma. Furthermore, increased 
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fibrinolysis was observed in HAE-C1INH patients [40-42]. C1INH is able to 

inhibit the fibrinolytic activity of FXIIa [43], but also directly inhibits plasmin [44].   

In HAE-C1INH, both the pro-coagulant and the pro-fibrinolytic functions of FXIIa 

are enhanced due to poor regulation. Nonetheless, the main problem in these 

patients is an increased bradykinin formation. This highlights that excess 

contact activation with generation of FXIIa is in itself not sufficient to evoke 

thrombosis and other contributing risk factors should be present.   

 

 
FXIIa-inhibitors 
 

Since the finding that FXII-deficient mice have impaired thrombus formation [4], 

the use of FXIIa-inhibitors as therapy to prevent thrombosis has been 

considered [45,46]. Since FXII is not essential for hemostasis, apparent from 

the fact that FXII-deficient patients do not have a bleeding tendency, inhibiting 

FXIIa will probably not lead to bleeding complications, which is a major side 

effect of today’s anticoagulants. We tested the monoclonal antibody (mAb) 3F7 

against FXIIa in in vitro tests in whole blood and platelet poor plasma (PPP). In 

ROTEM and turbidity experiments we observed that the mAb increased the 

clotting time and made the clot weaker, when we initiated coagulation via FXII 

activation. In whole blood ROTEM experiments, the clot lysis time was slightly 

prolonged in the presence of 100 µg/ml mAb both when coagulation was 

initiated via FXII-activation or with tissue factor. Other FXIIa-inhibitors have 

been tested in in vivo models. rHA-Infestin-4 is a serine protease inhibitor 

derived from the hematophagous insect Triatoma infestans and is a strong 

inhibitor of FXIIa [47,48]. In thrombosis models, it was shown that rHA-Infestin-4 

was able to prevent arterial thrombus formation in mice and rats, and to protect 

mice against ischemic brain injury and silent brain ischemia [47,48]. The 

protective effect of rHA-Infestin-4 in these models was accomplished by 

abolishing platelet aggregation and thrombus formation [48]. Ixodes 

ricinus contact phase inhibitor (Ir-CPI) is derived from the tick Ixodes ricinus, 

has one Kunitz domain and is capable of effectively inhibiting the intrinsic 

pathway of coagulation. Ir-CPI binds with high affinity to FXIIa, FXIa and 

kallikrein and prevents their enzymatic activity [49]. Mice treated with Ir-CPI 

were protected from induced venous and arterial thrombosis. Ir-CPI mainly 

attenuated clot propagation and impaired the formation and stabilization of 

platelet-rich thrombi [49]. However, both rHA-Infestin-4 and Ir-CPI moderately 

inhibited fibrinolysis, which is unwanted since reduced fibrinolysis in itself may 

be a risk factor for thrombosis [50]. Whether mAb 3F7 affects fibrinolysis is still 

under investigation.  
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As an alternative to inhibition of FXIIa, the mAb 14E11, which only inhibits FXI 

activation by FXIIa but not FXI activation by thrombin has been used. Mice and 

baboons treated with this mAb were protected against experimentally induced 

thrombus formation and acute ischemic stroke [6,7]. Other functions of FXIIa 

and the activation of FXI by thrombin are not inhibited by this mAb. 

 

 
Conclusions and future perspective 
 

In this thesis, we have shown that FXII has a dual role in coagulation and 

fibrinolysis. During clot formation, FXIIa changed the structure and properties of 

the fibrin clot. α-FXIIa was able to activate the coagulation pathway and 

interacted with fibrin(ogen). Activation of the coagulation pathway led to 

thrombin formation, in a concentration dependent manner: the more α-FXIIa 

present, the more thrombin was formed which led to a denser fibrin clot. 

Interaction of α-FXIIa with fibrin(ogen) led to a denser, more rigid fibrin network, 

in a concentration dependent manner. This increase in fibrin clot density and 

rigidity could possibly help to prevent embolization, as was shown in FXII
-/-

 mice 

[4]. During fibrinolysis, α-FXIIa converted plasminogen, which both can bind to 

the fibrin network, into plasmin. Hereby, α-FXIIa helped to initiate fibrinolysis at 

low levels of tPA. Since tPA is much more efficient in converting plasminogen 

into plasmin, once the concentration of tPA increases the contribution of α-FXIIa 

to plasmin formation will be minimal. Our experiments were performed in vitro, 

therefore, in vivo studies are needed to confirm this time dependent effect of 

FXII. 

 

In recent years, FXII has emerged as a therapeutic target for the treatment and 

prevention of arterial thrombosis. Several FXIIa-inhibitors have been tested in 

animal models with good results: inhibition of FXIIa was shown to protect from 

experimentally induced thrombosis at different sites in the body and in several 

species without increasing the risk of bleeding [5,6,47-49]. However, none of 

these inhibitors have been tested in humans at this point. Since FXII 

participates in several physiological processes apart from activation of the 

coagulation cascade (e.g. fibrinolysis, bradykinin formation and angiogenesis), it 

is important to monitor the occurrence of side effects of these inhibitors. 

Alternatively, the activation of FXI by FXIIa can be inhibited with mAb 14E11, 

without interfering in other enzymatic actions of FXIIa [6]. A disadvantage of this 

approach is that the direct interaction of α-FXIIa, leading to a denser fibrin clot, 

will not be inhibited.  
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It should be noted that several clinical studies (including our study in patients 

with a first AMI) do not find an association between FXII(a)-levels and 

thrombosis. Furthermore, patients with HAE-C1INH do not have an increased 

thrombotic risk despite activation of the contact system. Therefore, not in all 

patients inhibition of FXIIa will be sufficient to prevent thrombosis. Before FXIIa-

inhibitors can be widely used as an anti-thrombotic strategy, it is important to 

identify those patients in which FXIIa-inhibition is potentially helpful. To 

ultimately determine if inhibition of FXIIa is a suitable manner to prevent 

thrombosis, clinical trials are needed.  
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Summary 
 

Chapter 1 introduces the subject of this thesis. The structure of fibrin clots and 

their susceptibility to fibrinolysis are important determinants of the thrombotic 

risk. Clots characterized by a dense fibrin network and resistance to fibrinolysis 

are associated with an increased risk of thrombosis. The contribution of 

coagulation factor XII (FXII) to arterial thrombosis is less straightforward. 

Results from clinical studies are ambiguous, low levels of FXII and high levels of 

activated FXII (FXIIa) are associated with arterial thrombosis, however not in all 

clinical studies. FXIIa is able to initiate the intrinsic pathway of coagulation and 

thereby contributes to thrombin formation. Furthermore, FXIIa can convert 

plasminogen into plasmin and thereby stimulate fibrinolysis.  

The aim of the work described in this thesis, was to determine how FXII 

influences the fibrin clot structure and the susceptibility to fibrinolysis. 

 

In chapter 2 the influence of FXIIa on fibrin clot formation and structure was 

determined. In plasma and purified systems, we observed a dose-dependent 

increase in fibrin fiber density, and a non-linear increase in clot stiffness in the 

presence of α-FXIIa. In plasma, this increase was dependent on two 

mechanisms: 1) formation of thrombin via activation of the intrinsic pathway of 

coagulation, and 2) direct interaction of FXIIa with fibrin(ogen). In binding 

experiments we showed that purified FXII and α-FXIIa, but not β-FXIIa, bound 

to purified fibrinogen and fibrin with nanomolar affinity. Furthermore, when we 

immunoprecipitated FXII from plasma, fibrinogen was present in the precipitate 

indicating co-precipitated of fibrinogen with FXII. Immunostaining of human 

carotid artery thrombi showed that FXII(a) co-localized with areas of dense 

fibrin(ogen) deposition. From these results, we concluded that FXIIa modulates 

the fibrin structure via activation of the intrinsic pathway of coagulation and via 

direct interaction with fibrin(ogen).  

 

An increase in density and rigidity of the fibrin clot (as we observed in the 

presence of α-FXIIa) is characteristic for fibrin clots which are more difficult to 

lyse. However, α-FXIIa itself can also initiate fibrinolysis by converting 

plasminogen into plasmin. In chapter 3 we studied the contribution of α-FXIIa to 

clot stability and fibrinolysis in the presence of low levels of tissue plasminogen 

activator (tPA). We observed that α-FXIIa directly converted plasminogen into 

plasmin and reduced clot lysis time in the presence of tPA. This reduction in clot 

lysis time was caused by an earlier onset of plasmin formation due to the 

conversion of plasminogen into plasmin by α-FXIIa.  
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The main side effect of anticoagulant drugs used in current clinical practice is 

an increased risk of bleeding. Due to the fact that FXII
-/-

 mice are protected from 

experimentally induced thrombosis, targeting FXIIa to prevent thrombosis has 

been considered as a safe alternative. In chapter 4, we tested a monoclonal 

antibody against FXIIa for its effect on clot formation and fibrinolysis. We 

observed that the monoclonal antibody increased the clotting time dose-

dependently, when coagulation was initiated with a trigger of FXII. Furthermore, 

the monoclonal antibody reduced the maximal clot firmness and increased the 

maximal absorbance, indicative of a clot with thicker fibers and a reduced 

density. The effects on fibrinolysis were minor. In the whole blood ROTEM 

experiments, the clot lysis time was increased, whereas in turbidity experiments 

in platelet poor plasma the clot lysis time was decreased in the presence of the 

monoclonal antibody.  

 

Results from clinical studies investigating the contribution of the contact system 

to arterial thrombosis are conflicting. In chapter 5 we determined activation of 

the contact activation system in patients with a first acute myocardial infarction 

(AMI) during the acute event and 3 and 6 months after the AMI. The degree of 

contact activation was determined in plasma as the levels of activated factor XI 

(FXIa), FXIIa and kallikrein in complex with C1 esterase inhibitor (C1INH) and 

the levels of FXIa in complex with α1-antitrypsin (AT). The levels of FXIa-C1INH 

were elevated during the acute event compared to the steady-phase 3 and 6 

months after the AMI. The levels of FXIa-AT, FXIIa-C1INH and kallikrein-C1INH 

did not change over time. Since the levels of FXIIa-C1INH were not elevated, 

activation of FXI during the acute phase did probably not result from contact 

activation. The levels of FXIa-C1INH, FXIa-AT, FXIIa-C1INH and kallikrein-

C1INH were not predictive for a recurrent event.  

    

Patients with arterial thrombosis often form fibrin clots with a dense structure, 

which are less susceptible to fibrinolysis compared to healthy individuals. 

Coronary stent thrombosis (ST) is a complication of percutaneous coronary 

intervention (PCI). In chapter 6 we determined if in ST patients the fibrin clot 

structure and fibrinolysis were altered compared to control PCI patients 

(patients that received a stent but did not develop ST). Fibrin clot formation and 

fibrinolysis were assessed by turbidimetric assays. In this study, there was no 

significant difference in lag time, maximal absorbance or clot lysis time between 

ST patients and control PCI patients.   

 

Patients with hereditary angioedema due to a deficiency in C1INH (HAE-

C1INH) have impaired inhibition of the contact activation system. This leads to 
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activation of the contact system and release of bradykinin (which mediates the 

symptoms observed in HAE-C1INH patients). However, these patients do not 

have an increased risk of thrombosis. We investigated whether activation of the 

contact system in these patients mainly leads to prekallikrein activation and less 

to FXI activation. In chapter 7, we measured the activation of the contact 

system in patients with HAE-C1INH. We did not observe an increase in the 

levels of enzyme inhibitory complexes between healthy controls, HAE-C1INH 

patients during remission or HAE-C1INH patients during an acute attack. When 

we activated the plasma samples with ellagic acid or dextran sulphate to 

activate FXII, the levels of FXIIa-C1INH, FXIa-C1INH and kallikrein-C1INH were 

lower in patients compared to healthy controls. Addition of C1INH to plasma of 

HAE-C1INH patients after activation led to an increase in FXIIa-C1INH and 

FXIa-C1INH levels. These results indicate consumption of both prekallikrein and 

FXI, therefore the absence of increased thrombosis in these patients is probably 

due to the control of the coagulation system by other inhibitors, such as AT, and 

increased fibrinolysis.  

 

In chapter 9 the main findings of this thesis are discussed. We have found that 

FXII has a dual role in coagulation and fibrinolysis. During clot formation, 

activation of FXII leads to a stronger fibrin clot, whereas during fibrinolysis, 

activation of FXII leads to the formation of plasmin and a faster onset of 

fibrinolysis. We postulate that during clot formation, FXIIa stabilizes the 

thrombus by activating the intrinsic pathway of coagulation and by interaction 

with the fibrin network. This action prevents embolization. During fibrinolysis, 

FXIIa helps to initiate plasmin formation at low levels of tPA and thereby 

prevents vessel occlusion.  

Furthermore, we discussed the possibility using FXIIa-inhibitors to prevent 

thrombosis. Although this seems a safe option, clinical trials are needed to 

determine which patients would benefit from FXIIa inhibition.  
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In hoofdstuk 1 wordt het onderwerp van dit proefschrift geïntroduceerd. De 

structuur van fibrine stolsels en de gevoeligheid van deze stolsels voor 

fibrinolyse zijn belangrijke determinanten van het trombotisch risico. Stolsels die 

gekarakteriseerd worden door een hecht fibrine netwerk en een verhoogde 

resistentie tegen fibrinolyse zijn geassocieerd met een verhoogd risico op 

trombose. De bijdrage van stollingsfactor XII (FXII) aan arteriële trombose is 

minder duidelijk. De resultaten van klinische studies zijn tegenstrijdig. Lage 

concentraties FXII en hoge concentraties geactiveerd FXII (FXIIa) zijn 

geassocieerd met arteriële trombose, hoewel niet in alle klinische studies. FXIIa 

is in staat om de intrinsieke stollingscascade te initiëren en draagt zo bij aan 

trombine vorming. Daarnaast is FXIIa in staat om plasminogeen naar plasmine 

om te zetten en stimuleert hiermee de fibrinolyse.  

Het doel van het werk beschreven in dit proefschrift was te bepalen hoe FXII de 

structuur van het fibrine stolsel en de gevoeligheid voor fibrinolyse beïnvloedt.  

 

In hoofdstuk 2 is de invloed van FXIIa op de vorming en de structuur van fibrine 

stolsels bepaald. In aanwezigheid van α-FXIIa, hebben we een dosis-

afhankelijke toename in de dichtheid van het fibrine netwerk en een niet-lineaire 

toename in de stijfheid van het stolsel waargenomen. In plasma, droegen twee 

processen bij aan deze toename: 1) de vorming van trombine via activatie van 

de intrinsieke stollingscascade, en 2) directe interactie van FXIIa met fibrine en 

fibrinogeen. In bindingsexperimenten hebben we aangetoond dat gezuiverd 

FXII en α-FXIIa, maar niet β-FXIIa, binden aan fibrinogeen en fibrine met een 

hoge affiniteit. Wanneer FXII werd immunogeprecipiteerd uit plasma, was 

fibrinogeen aanwezig in het precipitaat. Dit wijst erop dat fibrinogeen co-

precipiteerde met FXII. Immunokleuring van humane trombi uit de halsslagader 

toonde co-lokalisatie aan van FXII en gebieden met compacte fibrine 

deposities. Aan de hand van deze resultaten concludeerden wij dat FXIIa de 

fibrine structuur beïnvloedt via activatie van de intrinsieke stollingscascade en 

via directe interactie met fibrinogeen en fibrine. 

 

Een toename in de dichtheid en rigiditeit van fibrine stolsels (zoals we hebben 

waargenomen in de aanwezigheid van α-FXIIa) is karakteristiek voor fibrine 

stolsels die moeilijker te lyseren zijn. Echter, α-FXIIa is in staat om de 

fibrinolyse te initiëren door plasminogeen om te zetten naar plasmine. In 

hoofdstuk 3 hebben we de bijdrage van α-FXIIa aan de stabiliteit en fibrinolyse 

van stolsels onderzocht in de aanwezigheid van geringe hoeveelheden weefsel 

plasminogeen activator (tPA). We hebben waargenomen dat α-FXIIa 
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plasminogeen naar plasmine kan omzetten en de tijd die nodig is om fibrine 

stolsels te lyseren (clot lysis time) reduceert in de aanwezigheid van tPA. Deze 

reductie in clot lysis time werd veroorzaakt door een eerdere vorming van 

plasmine uit plasminogeen door α-FXIIa.  

 

De huidige antistollingsmiddelen hebben als voornaamste bijwerking dat ze het 

risico op bloedingen verhogen. Sinds de observatie dat FXII
-/-

 muizen 

beschermd zijn tegen experimenteel geïnduceerde trombose, wordt het 

remmen van FXIIa als middel om trombose te voorkomen beschouwd als een 

veilig alternatief voor de huidige medicatie. In hoofdstuk 4 hebben wij het effect 

van een monoclonaal antilichaam gericht tegen FXIIa op de vorming en afbraak 

van stolsels getest. Uit onze experimenten blijkt dat het monoclonaal 

antilichaam de stollingstijd dosis-afhankelijk verhoogde wanneer stolling 

geïnitieerd werd met een FXII activator. Daarnaast verlaagde het monoclonaal 

antilichaam de stevigheid van het stolsel en verhoogde het de maximale 

absorptie. Dit wijst op een stolsel met dikkere fibrine draden en een lagere 

dichtheid. De effecten op de fibrinolyse waren klein. De clot lysis time was 

verlengd in de experimenten uitgevoerd met de volbloed ROTEM, maar verkort 

in de turbiditeitsexperimenten in plaatjes arm plasma in de aanwezigheid van 

het antilichaam. 

 

Verschillende klinische studies hebben de bijdrage van het contact systeem aan 

arteriële trombose onderzocht, echter de resultaten van deze studies zijn niet 

eenduidig. In hoofdstuk 5 hebben we de mate van activatie van het contact 

systeem gemeten bij patiënten die een eerste acuut myocard infarct (AMI) 

doormaakten. De bloedmonsters voor analyse werden afgenomen tijdens het 

acute infarct en na 3 maanden en 6 maanden. Om de mate van activatie van 

het contact systeem te bepalen, werden de bloedwaarden van geactiveerd 

factor XI (FXIa), FXIIa en kallikreïne in complex met C1-esterase inhibitor 

(C1INH) en de waarden van FXIa in complex met α1-antitrypsine (AT) gemeten. 

De bloedwaarden van FXIa-C1INH waren verhoogd tijdens het acute infarct 

vergeleken met de waarden 3 en 6 maanden na het infarct. De waarden van 

FXIa-AT, FXIIa-C1INH en kallikreïne-C1INH veranderden niet in de tijd. 

Aangezien de waarden van FXIIa-C1INH niet verhoogd waren, werd de 

activatie van FXI tijdens het acute infarct waarschijnlijk niet veroorzaakt door 

activatie van het contact systeem. De waarden van FXIa-C1INH, FXIa-AT, 

FXIIa-C1INH en kallikreïne-C1INH waren niet voorspellend voor het krijgen van 

een tweede hart- en vaataandoening.  
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Patiënten met arteriële trombose vormen vaak een fibrine stolsel met een 

hechte structuur, dat minder gevoelig is voor fibrinolyse dan stolsels van 

gezonde individuen. Coronaire stent trombose (ST) is een complicatie die kan 

optreden na een percutane coronaire interventie (PCI). In hoofdstuk 6 hebben 

we onderzocht of de structuur en afbraak van fibrine stolsels in patiënten met 

ST afweek van stolsels van controle PCI patiënten (dit waren patiënten bij wie 

een stent geplaatst was, zonder dat ze ST ontwikkelden). Fibrine vorming en 

fibrinolyse werden bepaald door middel van turbidimetrische metingen. In deze 

studie was er geen significant verschil in de tijd tot de vorming van een fibrine 

stolsel, de maximale absorptie en de clot lysis time tussen ST patiënten en 

controle PCI patiënten.  

 

De remming van het contact systeem is aangedaan bij patiënten met hereditair 

angio-oedeem door een deficiëntie in C1INH (HAE-C1INH). Dit leidt tot activatie 

van het contact systeem en het vrijkomen van bradykinine (wat de symptomen 

veroorzaakt bij HAE-C1INH patiënten). Echter, deze patiënten hebben geen 

verhoogd risico op trombose. Wij hebben onderzocht of de activatie van het 

contact systeem bij HAE-C1INH patiënten met name leidt tot activatie van 

prekallikreïne en minder tot activatie van FXI. In hoofdstuk 7 hebben we de 

activatie van het contact systeem gemeten in patiënten met HAE-C1INH en 

gezonde individuen. Er was geen meetbaar verschil in contact activatie tussen 

gezonde individuen, HAE-C1INH patiënten tijdens remissie en HAE-C1INH 

patiënten tijdens een acute aanval van angio-oedeem. Wanneer we echter het 

plasma behandelden met ellagine zuur of dextraan sulfaat om FXII te activeren, 

waren de concentraties FXIIa-C1INH, FXIa-C1INH en kallikreïne-C1INH lager in 

patiënten vergeleken met gezonde individuen. Toevoeging van C1INH aan 

plasma van patiënten met HAE-C1INH na activatie van dit plasma leidde tot 

een toename in de waarden van FXIIa-C1INH en FXIa-C1INH. Deze resultaten 

duidden op verbruik van zowel prekallikreïne als FXI, er was dus geen voorkeur 

voor de activatie van prekallikreïne. De afwezigheid van een verhoogd risico op 

trombose bij patiënten met HAE-C1INH is waarschijnlijk het gevolg van een 

goede regulatie van de bloedstolling door andere natuurlijke stollingsremmers, 

zoals AT, en een verhoogde fibrinolyse.  

 

In hoofdstuk 9 worden de voornaamste bevindingen van dit proefschrift 

besproken. We hebben gevonden dat FXII een dubbele rol speelt in 

bloedstolling en fibrinolyse. Tijdens stolsel vorming, leidt activatie van FXII tot 

een sterker fibrine stolsel, terwijl tijdens de fibrinolyse, activatie van FXII leidt tot 

de vorming van plasmine en een snellere start van de fibrinolyse. Wij 

veronderstellen dat tijdens stolselvorming, FXIIa de trombus stabiliseert door 
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activatie van de intrinsieke stollingscascade en door interactie met het fibrine 

netwerk. Hiermee wordt embolizatie van de trombus voorkomen. Tijdens de 

fibrinolyse, helpt FXIIa bij de initiatie van plasmine vorming bij lage tPA 

concentraties en voorkomt hiermee de occlusie van bloedvaten.  

Daarnaast hebben we de mogelijkheid besproken om remmers van FXIIa te 

gebruiken ter preventie van trombose. Hoewel dit een veilige optie lijkt, zijn 

klinische trials nodig om te bepalen welke patiënten baat hebben bij 

farmacologische remming van FXIIa. 
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Het voltooien van dit proefschrift betekent vanzelfsprekend ook het einde van 

het promotietraject. Een traject waarbij ik veel mensen heb leren kennen            

- zowel zakelijk als privé - die ik bij deze speciaal wil bedanken voor deze leuke, 

uitdagende en zeer leerzame periode. 

 

Prof. dr. ten Cate, beste Hugo, toen ik vijf jaar geleden op sollicitatiegesprek 

kwam wist ik maar weinig over de bloedstolling. Na ons gesprek wist ik echter 
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