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CHAPTER 1

Steven de Maat, Claudia Tersteeg, Eszter Herçzenik and Coen Maas



General Introduction

A synopsis of “Tracking down contact activation - from coagulation in vitro 
to inflammation in vivo” that was published on June 2014  

in the International Journal Laboratory of Hematology, volume 36, issue 3
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1.1 Contact system activation: the molecular mechanism
The plasma contact system consists of three plasma proteins that are needed for the 

spontaneous generation of enzymatic activity on negatively charged materials. These 

factors are factor XII, plasma prekallikrein and high-molecular weight kininogen (FXII, PPK, 

and HK, respectively). The contact system is mostly known for its activation by particulate 

reagents such as kaolin, silica, and ellagic acid, which induce plasma coagulation in the 

presence of calcium and phospholipids. This reaction forms the basis for the activated 

partial thromboplastin time clotting assay (aPTT). This assay is useful to test for defects in 

the intrinsic pathway of coagulation, such as hemophilia A- and B, but is also used to 

monitor heparin levels, and screen for lupus anticoagulant activity. Coagulation is a well-

known result of contact activation, but not the only one. Intriguingly, several compounds 

have been identified that are able to effectively trigger contact activation without 

simultaneously inducing coagulation1-3.

1.1.1 The initiating spark
Contact system initiation requires a small spark of spontaneous enzymatic activity that is 

generated by FXII. This first pulse of enzymatic activity appears erratic and does not follow 

the rules of classic enzymatic behavior4. This occurs when FXII changes its conformation 

during its binding to a negatively charged surface, after which it attains a limited amount 

of proteolytic activity5. Furthermore, FXII becomes increasingly susceptible to cleavage by 

plasma kallikrein (PK) and activated FXII (FXIIa) itself6. A single cleavage after an arginine 

residue at position 353 (R353; counted from the N-terminus in the mature FXII molecule)  

unlocks the full activity of FXIIa. This cleavage converts FXIIa from a single-chain molecule 

to a two chain form, termed α-FXIIa, which is held together by a disulfide bond. This 

molecular on/off switch of FXII was identified in cross-reactive material positive deficient 

persons in which this arginine was substituted by a proline residue7. Besides R353, several 

other protease-sensitive cleavage sites have been identified. Cleavage after an arginine at 

position 334 separates the surface-binding domains (~50 kDa) from the active protease 

domain (~30 kDa), resulting in fluid-phase activity of FXIIa. This soluble form of FXIIa is 

termed β-FXIIa or FXIIf. The capacity of FXIIa to cleave more of its own precursor is 

important to effectively induce contact activation; materials that do not support this reaction, 

do not trigger contact activation8.

1.1.2 Surface assembly of the contact system
On negatively charged surfaces, the non-enzymatic cofactor HK presents PPK for activation 

by FXIIa (Figure 1). It is estimated that ~75% of all PPK circulates in 1:1 complexes with 

HK9, while the remaining PPK circulates freely10. In this phase of contact activation, HK is 

attracted to the surface via FXII(a) that is already present and acts as a temporary scaffold11. 

At first, the ability of HK to independently bind to the surface is limited. However, this 

binding capacity is greatly stimulated when single-chain HK is cleaved into two-chain HK 

(cHK). Presumably, FXIIa executes this cleavage during this early stage of contact 

activation12. In a second step, FXIIa converts PPK into PK. This accelerates contact activation 
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dramatically by: 1) cleaving more HK into cHK which helps to enhance its affinity for the 

surface; 2) reciprocally activating more surface-bound FXII, to speed up FXIIa formation. 

The synergistic activation of FXII and PPK generates an aggressive activation feedback 

loop that overcomes inactivation of these enzymes by the major contact system inhibitor 

C1-esterase inhibitor (C1inh). Furthermore, this inhibitor has difficulty to approach and 

inactivate FXIIa on a negatively charged surface, prolonging its activity13. PK is able to 

dissociate from the activating surface during contact activation, propagating enzyme 

activation further away from the surface9. 

1.1.3 The onset of coagulation
In plasma, there is approximately 20x more PPK (581 nM) present than there is factor XI 

(FXI; 31 nM). These proteins are homologous to each other, but while PPK is secreted 

as a monomeric protein, FXI is secreted as a homo-dimer. After sufficient amounts of 

FXIIa have formed, FXI becomes activated by it. In the absence of PK, the moment at 

which this begins to occur is delayed, but not prevented. This indicates that PPK is a 

catalyst for the activation of FXIIa and subsequent activation of the intrinsic pathway of 

coagulation8, 14. The activation of FXI triggers a powerful cascade of enzymatic reactions 

leading to the formation of thrombin, the effector enzyme of the coagulation system. 

Once a small amount of thrombin has formed, a powerful amplification mechanism 

accelerates thrombin formation in a FXII-independent manner. After sufficient levels of 

thrombin have formed, thrombin-activatable fibrinolysis inhibitor (TAFI) becomes active 

with the aim to protect fibrin polymers from breakdown by plasmin. This feedback 

mechanism is dependent on the activation of FXI by thrombin, and can propagate 

thrombin formation both on negatively charged surface materials15, as well as on 

phospholipid surfaces16. Hence, contact system-driven coagulation only requires a 

temporary spark of FXIIa activity15.

Figure 1. Contact activation centers around factor XII and is accerelated by prekallikrein activation

cHK cHK
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1.1.4 The contact system paradox
The contact system (FXII, PPK and HK) is closely linked to the intrinsic pathway of 

coagulation (FXI and onward) during surface-induced coagulation. Deficiency in one of these 

factors strongly prolongs the aPTT clotting assay. However, deficiencies of contact system 

factors in humans or mice do enigmatically not cause bleeding disorders. In contrast, FXI 

deficiency leads to a mild bleeding disorder, which presents itself in tissues with elevated 

fibrinolytic activity, due to insufficient TAFI-dependent protection against fibrinolysis. 

Furthermore, factor VIII- and IX-deficiency are respectively known as the bleeding disorders 

hemophilia A- and B. This strongly suggests that, while the intrinsic pathway aids in the 

amplification of thrombin after initial stimulation of the extrinsic coagulation pathway by 

tissue factor, the contact system is redundant for coagulation. Although the contact system 

is evolutionarily conserved (deficiencies in contact factors are very rare), it currently remains 

a mystery what its physiological function is.

1.1.5 The kallikrein-kinin system
The 9 amino-acid peptide bradykinin (BK; Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg) is released 

from HK after two cleavages by PK during contact activation. This peptide can bind to- and 

activate the G-protein coupled kinin B2 receptor that is constitutively expressed on 

endothelial cells. During inflammatory reactions, activated leukocytes express kinin B1 

receptor, which is sensitive to BK-derived peptides17. When the kinin B2 receptor is 

activated, vascular permeability increases, amongst others, through NO-induced relaxation 

of perivascular smooth muscle cells. There is evidence that there is continuous FXII-

dependent formation of BK in vivo, as BK levels are reduced by 50% in FXII-deficient mice18. 

It also suggests that there is redundancy in the endogenous capacity to generate BK, which 

may obscure the physiological importance of BK-forming pathways. BK is rapidly degraded 

by a number of peptidases, including angiotensin-converting enzyme. As a result, 

therapeutic targeting of this peptidase elevates BK levels and is being held partially 

responsible for the blood-lowering effects of this commonly used therapy.

1.2 The contact system in health and disease
Congenitally deficient mouse strains have proven to be instrumental in uncovering the 

contributions of plasma proteins to embryonic development, hemostasis and pathological 

thrombus formation. Like their human counterparts, FXII-deficient and PPK-deficient mice 

do not have a spontaneous phenotype19, 20. These knockout mice are fertile, with a normal 

litter size and sex distribution. Histological studies reveal no changes and show that 

megakaryocytic development is normal. Although the aPTT of the plasma of these mice 

is severely prolonged, no spontaneous bleeding events were observed. Furthermore, there 

is no excessive trauma-induced bleeding in these mice. These data indicate that contact 

activation is redundant for (murine) development and hemostasis.
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1.2.1 Adverse drug events
During the purification of plasma proteins that are used for therapeutic administration 

(including immunoglobulins and albumin), there is a risk of co-purification of (P)PK and 

FXIIa21-23. Administration of such contaminated products induces bradykinin-mediated 

hypotension, which may have fatal consequences. Similarly, acute lethal hypotensive 

reactions were found after administration of heparin that was contaminated with 

oversulfated chondroitin sulfate (OSCS)24. OSCS is a potent activator of the contact system 

and BK formation. As a result, various drug safety authorities require the testing of drug 

preparations for contact-system (activating) impurities to prevent adverse reactions.

1.2.2 Contact system in cardiovascular disease
While FXII deficiency has no effect on hemostasis, FXII-/- mice do not form occlusive thrombi 

in collagen- and epinephrine-induced models for thrombosis20. Additional information on the 

contribution of FXII in thrombosis came from the observation that FeCl3-triggered thrombi 

become unstable and fall apart after their formation. This suggests that FXII supports an 

auxiliary fibrin-forming mechanism on the platelet-rich thrombus during thrombosis, but 

apparently not during physiological hemostasis25. In mouse models for stroke, FXII deficiency 

reduces ischemic brain damage without increasing the infarct associated hemorrhage26. In 

baboon models, inhibitory antibodies against FXII or against FXI that prevent activation by 

FXIIa, reduce platelet-rich thrombus growth on collagen-coated grafts27. These data support 

the concept that FXII enhances thrombus stability in animal models for thrombosis28. 

However, the role of the contact system in patients with cardiovascular disease is less 

evident. Clinical studies have shown that changes in FXII antigen levels correlate with an 

increased risk of all-cause mortality. Interestingly, these changes in antigen concentrations 

follow a U-shaped relationship: persons with either normal or extremely low contact system 

antigen concentrations are not at risk, while people with lowered FXII levels are at risk in a 

concentration-dependent manner29. Other studies have shown that increased levels of PK-

C1inh complexes and PK amidolytic activity are linked to an increased risk of myocardial 

infarction30. Another interesting study revealed that high FXII activity lowers the risk on 

myocardial infarction, while FXI activity does exactly the opposite31. This suggests that FXII 

exerts a cardioprotective role that is unrelated to coagulation. Patients with acute myocardial 

infarction also show increased FXIa-inhibitor levels without an increase in FXIIa-C1inh or PK-

C1inh levels32. This indicates that the role of FXI is unrelated to contact activation in these 

patients, which is most probably attributable to its role in thrombin amplification15. In a similar 

manner, increased antigen levels of FXI and factor IX were associated with an increased risk 

in venous thromboembolism33. Analyses of the contents of atherosclerotic plaque material 

showed that early atherosclerotic lesions contain increased levels of FXII activity compared 

to stable advanced atherosclerotic lesions. It is presently uncertain whether this enhances 

plaque thrombogenicity34. Finally, in a study in middle-aged men, decreased FXIIa-C1inh and 

PK-C1inh were associated with an increased risk of cardiovascular complications, while FXIa-

C1inh or FXIa-AT levels were not35. These studies together show that increased contact 

system activity is not always directly linked to coagulation. 
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1.2.3 Bacterial infection
Experimental bacterial infection with Escherichia coli in primates causes hypotension. At high, 

lethal dosages, this hypotension is irreversible and accompanied by significant consumption 

of HK. Correspondingly, PK-C1inh complexes in plasma increase, which is indicative for contact 

system activation. During non-lethal challenges, reversible hypotension occurs. Also here, HK 

is consumed and PK-C1inh complex levels rise, but not as pronounced as during lethal 

challenges. While FXII antigen levels remained equal during both types of challenges, an 

inhibitory monoclonal antibody against FXII effectively blocked contact system activation. This 

indicates that minute levels of FXIIa can cause significant downstream effects. Animals that 

were treated with this antibody also showed decreased complement activation, diminished 

degranulation of neutrophils, and increased survival36, 37. These observations clearly show that 

the contact system is involved during bacteremia in a coagulation-independent manner. 

1.2.4 The contact system during acute phase reactions
During acute-phase reactions (inflammation), FXII levels become lowered, while PPK312  

and HK levels increase38. The lowered expression of FXII is explained by the inhibiting 

effect of interleukin-6 on the production of FXII by hepatocytes39. Hence, the changes of 

contact system proteins in cardiovascular disease may in part be attributed to ongoing 

acute phase reactions30.

1.2.5 Angioedema
In the search for the physiological role of the contact system, lessons can be learned from 

pathological increases in contact system activity. C1inh controls the contact system 

enzymes: persons that are deficient in C1inh develop periodical episodes of painful and 

localized tissue swelling. These may occur in the facial area, hands, feet, but also the 

intestine and upper airways. These swellings are associated with (locally) increased BK 

levels, PK- or FXIIa-inhibitor complexes, and cHK. This indicates that increased contact 

system activation is the underlying cause of angioedema. Infusion of recombinant C1inh, 

lysine analogs or inhibitors of the kinin B2 receptor can be used for these patients. 

Interestingly, substitution mutations in the proline-rich region of FXII also cause angioedema, 

while C1inh activity is normal40. The mechanism behind these mutations is unknown and 

the trigger that precedes the episodes remains elusive.

1.3 Outline of this thesis
This thesis will focus on the plasma contact system, with special attention to the role of 

factor XII (FXII). The contact system is linked to blood coagulation by the activation of FXI, 

as well as to inflammation by the production of the inflammatory peptide bradykinin. It has 

been implicated in multiple disease states, but its natural activation mechanism as well as 

its physiological role are unknown. Prior to this thesis, the availability of sensitive and 

specific assays for the study of contact system components in blood was limited. The aim 

of the work in this thesis is to elucidate the natural mechanism for activation of the contact 

system, using newly developed analytical methods.
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1.3.1 Contact system activation in a test tube
As the name suggests, the contact system assembles and activates when blood comes 

into contact with negatively charged materials. This initiates coagulation and/or bradykinin 

production, depending on the type of activating material that is presented. Detection of 

contact activation is difficult: only a small fraction of the involved enzymes is required for 

activation and bradykinin is rapidly degraded in blood plasma. To overcome these problems, 

heavy-chain-only antibody fragments (VHH; nanobodies) were generated by phage-display 

technology for the development of sensitive bioassays against various contact system 

proteins. In Chapter 2, we developed a new method for the detection of activated FXII 

(FXIIa) in blood plasma. With this method, we show that FXIIa can exist in more than one 

activated state. We propose that each of these states represents a separate function of 

FXIIa (e.g. coagulation or bradykinin production). 

1.3.2 Natural contact system activation: Lessons from pathology
Patients with hereditary angioedema (HAE) suffer from recurrent attacks of tissue swelling. 

Excessive bradykinin production as a result of uncontrolled contact system activation is 

heavily implicated. Several mutations in FXII have been associated with HAE (FXII-HAE). 

In Chapter 3, two familial FXII (T309K/R) mutations were investigated. Both mutations 

alter FXII glycosylation and enhance FXII susceptibility to activation by negatively charged 

materials in vitro and in vivo. Remarkably, both mutants are normally inhibited by C1- 

esterase inhibitor (C1inh). This leads to two questions. First, how do these mutations in 

FXII cause HAE, despite the normal inhibitory activity of C1inh? Secondly, how can this be 

attributable to its mode of activation in vivo, which is so far still unknown?

The enzyme plasmin is mainly known for its important role in the degradation of fibrin 

polymers in blood clots. A literature overview (Chapter 4) shows that plasmin formation 

is also observed during attacks in HAE, where blood clots are supposedly absent. Moreover, 

therapeutic induction of plasmin activity can evoke contact system activation in a FXII-

dependent manner. Next, it was investigated whether plasmin could play a role in FXII-HAE. 

Via in silico analyses of three different FXII-HAE mutations, we found that all three mutations 

introduce novel sites for enzymatic cleavage within FXII, which are specifically cleaved by 

plasmin (Chapter 5). This accelerates FXII and contact system activation, leading to 

pathological levels of bradykinin production. Lysine analogs attenuate this activation 

pathway, providing a rationale for their use in HAE. These observations strongly suggest 

that enzymatic cleavage (by plasmin), rather than binding to a charged material, drives FXII 

activation in the human body. 

Next, we investigated whether a similar activation mechanism could be in place for the 

physiological FXII activation (Chapter 6). FXII can only gain enzymatic activity when it 

undergoes cleavage after arginine (R) 353. In solution, cleavage after R353 is partially 

shielded by the FXII heavy chain. Via in silico predictions, we found that neutrophil elastase 

and or cathepsin K (from monocytes) can completely remove the FXII heavy chain and 

thereby prime FXII for activation by plasma kallikrein. In a similar manner, plasmin can also 

prime FXII for activation, yet without the removal of the FXII heavy chain. These stepwise 
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activation pathways can lead to contact system activity without a requirement for FXII 

mutations or negatively charged surfaces. 

1.3.3 The role of plasmin in thrombotic thrombocytopenic purpura
Our observations show that plasmin has functions beyond fibrin breakdown. In thrombotic 

thrombocytopenic purpura (TTP) blood platelets cluster with ultra-large von Willebrand 

factor (VWF) multimers that block the microvasculature. While TTP patients are continuously 

exposed to ultra-large VWF multimers, attacks only occur periodically. This suggests that 

a protective mechanism might be present. In Chapter 7 we show that plasmin is able to 

rapidly degrade VWF-platelet clusters, despite the absence of fibrin. During attacks, TTP 

patients show an increase in plasmin activity which correlates to disease severity. We 

hypothesized that during attacks of TTP, the plasmin activity generated is insufficient to 

clear the vascular obstructions. We show that infusion of the thrombolytic agent 

streptokinase can attenuate key features of TTP in a mouse model. 

The implications of these studies are discussed in Chapter 8. 
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ABSTRACT

The physiological role of the plasma protein factor XII (FXII), as well as its involvement in 

human pathology, is poorly understood. While FXII is implicated in thrombotic pathology 

as a coagulation factor, it can contribute to inflammatory conditions without triggering 

coagulation. We recently generated nanobodies against the catalytic domain of activated 

FXII (FXIIa). Here, we describe two of these nanobodies, A10 and B7, both of which do 

not recognize FXII. Nanobody A10 recognizes the catalytic domain of purified α-FXIIa (80 

kDa), but not that of purified β-FXIIa (28 kDa), whereas nanobody B7 recognizes both. This 

suggests minute differences in the catalytic domain between these isoforms of FXIIa. The 

detection of FXIIa by these nanobodies in plasma can become compromised through 

inactivation by serine protease inhibitors. This effect can be efficiently countered through 

the addition of the small-molecular protease inhibitor PPACK. Finally, we show that our 

nanobody-based assays in vitro distinguish various activation products of FXII that differ 

with the type of activator present: whereas procoagulant activators solely trigger the 

formation of a species that is captured by B7, proinflammatory activators first generate a 

species that is recognized by B7, which is later converted into a species that is recognized 

by A10. These findings suggest that a progressive proteolysis of FXIIa results in the 

generation a non-procoagulant form of FXIIa, whereas retention of intermediate forms 

triggers coagulation. Moreover, our findings indicate the development of nanobodies against 

activated enzymes offers improved opportunities to investigate their contribution to health 

and disease.
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INTRODUCTION

When a negatively charged surface, such as glass, meets blood plasma, the contact system 

becomes activated. This enzyme system consists of factor XII (FXII), plasma prekallikrein 

(PPK) and high molecular weight kininogen (HK)25, 28, 41, 42. HK is a cofactor for PPK and 

coagulation factor XI (FXI) in the circulation. In a first step, FXII binds to the negatively 

charged surface and undergoes conformational changes43. As a result, small amounts of 

active FXII (FXIIa) are formed. This molecule retains the 80 kDa molecular size of its parent 

protein and is termed α-FXIIa. Simultaneously, HK binds to the same surface and presents 

PPK to FXIIa for activation. The resulting active plasma kallikrein (PK) can reciprocally 

activate FXII, leading to rapid activation of the contact system44. PK also cleaves its own 

cofactor HK, releasing the nonapeptide bradykinin (BK). This peptide evokes vascular 

leakage and tissue swelling, through interaction with the kinin B2-receptor on endothelial 

cells17. Surface-bound HK also presents FXI to FXIIa for activation45. This triggers the intrinsic 

pathway of coagulation and results in fibrin formation. During this process, further cleavage 

of FXIIa by PK fragments it into β-FXIIa (28 kDa; alternatively termed FXIIf). Besides the 

loss of its 50 kDa heavy chain, β-FXIIa also loses its ability to bind to surfaces and to activate 

FXI. However, this enzyme can still activate PPK in solution.

For decades it was thought that contact system activation was exclusively induced by non-

physiological materials. However, in recent years, several in vivo activators of the plasma 

contact system have been reported, such as platelet- and bacterial polyphosphates46, 

extracellular RNA and -DNA47, 48, mast-cell released heparin3, amyloid-β peptide49 and other 

misfolded protein aggregates2, 50. Surprisingly, not all of these compounds trigger the same 

responses; while polyphosphates and extracellular nucleic acids drive both coagulation and 

PK formation, the others exclusively induce PK formation. Based on these observations, it 

is attractive to think that different forms of FXIIa are formed in response to different triggers.

At present, a number of methods are available for studying FXII activation in plasma. Firstly, 

the activation of FXII in plasma ex vivo can be tracked by the cleavage of chromogenic 

substrates46. In vivo studies can be performed by: A) quantifying the amount of FXII antigen/

activity29, 31; B) analysing the amount of FXIIa in complex with its naturally occurring 

inhibitors, such as C1-esterase inhibitor (C1inh) and α1-antitrypsin (α1-AT35); or C) quantifying 

the amount of free FXIIa by ELISA51. This latter assay makes use of a high-affinity 

monoclonal antibody that was raised against β-FXIIa to capture FXIIa in solution. Polyclonal 

antibodies are subsequently used to detect captured FXIIa52. It was demonstrated that 

antibody 2/215 only captures free FXIIa, as capturing was compromised in the presence 

of C1inh. At present, this assay (previously commercially offered by Axis-Shield diagnostics) 

has been discontinued. It is uncertain whether this assay can be used to discriminate 

between functional isoforms of FXIIa. Similarly, it is also uncertain if certain types of FXIIa-

inhibitor complex(es) represent specific functions of FXIIa. These arguments motivated us 

to generate a set of new assays to interrogate the molecular functions of FXIIa. Hereto, 

we selected nanobodies that specifically recognize FXIIa. Heavy-chain-only antibodies are 

produced naturally by camelids, such as llamas. They do not contain a light chain and their 
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single N-terminal domain (VHH) mediates antigen binding. Since these VHH do not require 

domain pairing, they can be cloned separately and produced, after which they are called 

nanobodies53. Nanobodies are small enough to be efficiently produced in bacteria and are 

therefore useful for phage selection, genetic modification, and large-scale production 

(reviewed in54). 

Using this technology, we have developed specific and sensitive ELISA-based methods 

that can recognize different forms of FXIIa. Detection of FXIIa was greatly improved by the 

addition of the small peptide-based inhibitor PPACK (Phe-Pro-Arg-chloromethylketone) to 

our plasma samples. With our novel nanobody-based ELISA, as well as our PPACK-based 

sample preparation procedure, we could detect FXIIa formation upon plasma contact 

system activation by various activators. Interestingly, our assays provided evidence that 

different forms of FXIIa formed over time, corresponding to the type of activator used to 

trigger contact activation.

RESULTS

The generation of nanobodies against activated factor XII
In recent years, the development of nanobodies has resulted in several exciting discoveries, 

potentially offering novel therapeutic options for the treatment of cancer and HIV55-57. 

Besides their therapeutic potential, these small camelid antibodies are capable of detecting 

discrete conformational differences in proteins, and can be selected specifically for these 

properties through phage display technology. In the past, nanobody-based assays were 

developed by us to assess the activation state of other haemostatic proteins, and study 

their role in pathology58. In the current project, we chose a similar approach for the 

development of a bioassay to detect FXIIa. We started out by constructing an immune 

library, derived from peripheral blood mononuclear cells extracted from the blood of two 

llamas that had been immunized with both α-FXIIa and β-FXIIa. These libraries each contain 

a nanobody repertoire of >107 transformants. Phages were selected from these libraries 

for their ability to bind to immobilised β-FXIIa. This immobilised β-FXIIa was catalytically 

active, as it converted the chromogenic substrate H-D-Pro-Phe-Arg-pNA, commonly used 

to assay the catalytic activity of FXIIa. After the first round of selection, 96 single clones 

per library were screened for the ability to detect immobilised FXII, α-FXIIa, or β-FXIIa. 

Clones that recognised FXII zymogen, as well as genetic duplicates, were eliminated from 

further selections. Nanobodies were produced from the remaining clones, and tested for 

their binding to immobilised FXIIa. Next, we selected two clones that could bind to 

immobilised FXIIa, when in the presence of the small-molecular serine protease inhibitor 

Phe-Pro-Arg-chloromethylketone (PPACK), without recognizing FXII zymogen. PPACK was 

added to restrict autoactivation and self-digestion of immobilised FXIIa. The selected clones 

were named A10 and B7; both of them could detect immobilised α-FXIIa, but only B7 could 

bind to β-FXIIa (Figure 1A). Biophysical characteristics of both nanobodies are reported in 

Table 1. Next, we investigated the functional properties of these nanobodies: while neither 
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of these nanobodies or a control nanobody against activated FXI (FXIa) inhibited the 

cleavage of H-D-Pro-Phe-Arg-pNA by purified FXIIa (Supplementary Figure 1), both of them 

inhibited the cleavage of the same substrate when plasma was activated by kaolin (Figure 

1B). The FXIa-control nanobody did not inhibit the generation of this kallikrein-like activity 

in plasma. This experiment indicates that nanobodies A10 and B7 bind in close vicinity of 

the active site of FXIIa, preventing interaction with macromolecular substrates. The 

remaining substrate cleavage that is detected in the presence of these nanobodies may 

be caused by direct amidolytic activity of kaolin-bound FXIIa, generated independently of 

prekallikrein activation14. 

Next, we investigated whether these nanobodies were able to capture purified FXIIa from 

solution. Hereto, the nanobodies were immobilised in microtiter plates and incubated with 

FXII zymogen, α-FXIIa, or β-FXIIa in equimolar amounts, in the presence or absence of 

PPACK. Captured FXIIa was subsequently detected with a polyclonal antibody. In line with 

our previous experiment (Figure 1A), nanobody A10 could only capture α-FXIIa (Figure 1C). 

Nanobody B7 however, was able to capture both α- and β-FXIIa (Figure 1D). This suggests 

that these nanobodies recognise different epitopes within α-FXIIa. It should be noted that 

the differences in signals between α- and β-FXIIa in Figure 1D can be attributed, in part, to 

the size differences between these two forms of FXIIa. As a result, a lower number of 

binding sites for the polyclonal detection antibody is available in captured β-FXIIa. Next we 

assessed the sensitivity of our assay setup in dose-response experiments with purified 

FXII zymogen, α-FXIIa, or β-FXIIa. We found that nanobody A10 recognised α-FXIIa with a 

detection limit of 0.1 nM (8 ng/mL; Figure 1E). However, no significant signals were 

obtained with β-FXIIa or FXII zymogen. Nanobody B7 could detect α-FXIIa at 25 pM (2 ng/

mL) or β-FXIIa at 100 pM (3 ng/mL; Figure 1F). FXII zymogen showed no binding for any 

of the concentrations tested. These experiments show that nanobodies selected against 

FXIIa can be used to sensitively detect minute amounts of FXIIa in solution. Moreover, 

nanobodies A10 and B7 display different selectivities towards minor structural differences 

between the active sites of the isoforms of FXIIa in solution. We next went on to determine 

whether our nanobodies could also detect FXIIa in a plasma environment.

Table 1. Biophysical characteristics of nanobody

A10 B7

Amino Acids 152 152

Mw (kDa) 16.5 16.4

Isoelectric point 6.79 6.32

Extinction coefficient (280nm) 1.308 1.311

Antigen recognition sequences: A10 B7

CDR1 ELTFSNYFMGW ERSSHNYFMGW

CDR2 TSISRNGAPY TSISRHGATY

CDR3 TFLSKGRFIKGDADY TFLSGRNKGDADY
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PPACK protects activated factor XII from macromolecular inhibitors and improves 
detection in plasma 
In plasma, serine protease inhibitors rapidly inactivate FXIIa. C1inh is seen as the major 

inhibitor, followed by α1-antitrypsin (α1-AT) and antithrombin III (AT). However, AT functions 

mainly as an inhibitor when immobilized heparin is present59. We first investigated whether 

our nanobody-based capture ELISA was influenced by the presence of these inhibitors. 

When we preincubated α-FXIIa and β-FXIIa (12.5 nM) with plasma concentrations of C1inh 

(250 μg/mL), capturing by nanobody A10 (in the case of α-FXIIa, since β-FXIIa is not 

Figure 1. Development of nanobodies against activated factor XII. (A) Detection of immobilised FXII(a) 
by nanobodies. (B) Inhibition of kaolin-induced plasma contact system activation by anti-FXIIa nanobodies 
(10 μg/mL) in a chromogenic substrate cleavage assay. (C-D) Capturing of purified FXIIa by nanobodies (1.56 
nM final concentration), in the presence and absence of PPACK (200 μM). (E-F) Dose-dependent capturing 
of purified FXIIa by nanobodies. Figures A, C, D, E and F represent the mean ± SD of three individual 
experiments, each performed in duplicates. Figure B represents the mean ± SD of a representative 
experiment, performed in triplicate.
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efficiently captured) and nanobody B7 (in the case of both α-FXIIa and β-FXIIa) was severely 

compromised (Figure 2A, B). When the active site was blocked by PPACK prior to exposure 

to C1inh, detection was completely restored. In contrast, the preincubation of α-FXIIa and 

β-FXIIa with α1-AT (1.5 mg/mL; reflecting plasma levels in the general population60, 61) did 

not affect capturing by either nanobody. Finally, when FXIIa was preincubated with corn 

trypsin inhibitor (CTI; 200 μg/mL), a specific non-physiological inhibitor of FXIIa62, capturing 

of α-FXIIa by nanobody A10 was severely reduced, although not to the extent as was the 

case for C1inh. However, the capturing of both α- and β-FXIIa by nanobody B7 remained 

largely intact in the presence of CTI. In the presence of PPACK, capturing of FXIIa by both 

nanobodies was restored to normal levels. We next aligned these findings with functional 

experiments: while the amidolytic activity of both α-FXIIa (Figure 2C) and β-FXIIa (Figure 
2D) was completely blocked in the presence of C1inh and CTI, it remained completely 

unaffected in the presence of α1-AT. In our experiments, which were all performed in the 

absence of heparin, AT was unable to inhibit FXIIa amidolytic activity and did not block the 

capturing of FXIIa by our nanobodies (not shown). Together, these experiments indicate 

that both C1inh and CTI, but not α1-AT, effectively form inhibited complexes with both 

forms of FXIIa in solution. The different effects of C1inh and CTI on FXIIa capturing by our 

nanobodies might be explained by their different molecular weights; whereas C1inh is 

approximately 104 kDa, CTI is only 12 kDa. As a result, it is possible that C1inh shields off 

a larger part of the FXIIa active site than CTI does, thereby disturbing the binding of A10 

but not B7. Although differences in affinity between both nanobodies may help to explain 

these findings, it is unlikely that either of them displaces the inhibitors from FXIIa, as these 

bind to FXIIa in a covalent manner. 

Since our data showed that FXIIa is protected from macromolecular inhibitors and remains 

available for nanobody capturing, we next investigated the effects of PPACK on the recovery 

of FXIIa from citrated plasma. Hereto, we added a concentration series of PPACK to plasma, 

after which we spiked it with FXIIa (12.5 nM) and incubated it for 30 minutes at room 

temperature. Figure 2E shows that no α-FXIIa was captured by nanobody A10 from normal 

pooled plasma (NPP), nor from plasma that had been spiked with α-FXIIa in the absence 

of PPACK (indicated as ‘0 μM PPACK’), compared to FXIIa that had been preblocked prior 

to spiking (preblocked). With increasing PPACK concentrations, the recovery of α-FXIIa 

from plasma progressively increased to the level of preblocked α-FXIIa. In a similar fashion, 

the recovery of α- and β-FXIIa by nanobody B7 was strongly reduced in the absence of 

PPACK, but increased sharply as the PPACK levels became elevated (Figure 2F). In both 

series of recovery experiments, optimal recovery was achieved in the presence of PPACK 

(200 μM; higher concentrations up to 6.4 mM showed no improvement [not shown]). 

Interestingly, while the recovery of FXIIa in plasma with nanobody B7 closely approximated 

the recovery of FXIIa in the absence of plasma (“Input” = purified FXIIa in blocking reagent), 

the maximal recovery of α-FXIIa from plasma by nanobody A10 was about 40% of the input 

levels in absence of plasma. This reduced recovery could not be explained by trace amounts 

of uninhibited plasma kallikrein or unprevented PK activation (leading to reciprocal digestion 

of FXIIa), as the recovered amounts of α-FXIIa by A10 in congenitally PK-deficient plasma 



CHAPTER 2

26

remained at 40% (indicated with “PK Def” on the figure axis). Hence, the possibility arises 

that plasma contains an undefined non-enzymatic high-affinity ligand for FXIIa that binds 

in the presence PPACK. Taken together, these experiments indicate that the presence of 

PPACK is a prerequisite for the recovery of FXIIa from plasma by nanobodies.

Figure 2. Effect of plasma protease inhibitors, corn trypsin inhibitor and PPACK on the recovery of 
active factor XII by nanobodies from plasma. (A-B) C1-esterase inhibitor (C1inh; 250 μg/mL) and corn trypsin 
inhibitor (CTI; 200 μg/mL), but not α1-antitrypsin (α1-AT; 1.5 mg/mL) abolish the recovery of FXIIa (12.5 nM) by 
nanobodies (panel A and B represent capturing by nanobodies A10 and B7, respectively). The presence of PPACK 
(200 μM) attenuates loss of recovery. (C-D) Amidolytic activity of purified α- and β-FXIIa (37,5 nM) in the presence 
of C1inh (250 μg/mL), CTI (200 μg/mL), and α1-antitrypsin (1.5 mg/mL). (Panel C and D represent α- and β-FXIIa, 
respectively). (E-F) Stabilisation of FXIIa in plasma is dose-dependent on PPACK concentration and independent 
of the presence of plasma prekallikrein (input = FXIIa signal in buffer that was used to spike plasma; preblocked 
= plasma spiked with FXIIa that had been preincubated with PPACK prior to spiking; PK Def = preblocked FXIIa 
in congenital PK deficient plasma) (panel E and F represent capturing by nanobodies A10 and B7, respectively). 
Figures A, B, E and F represent the mean ± SD of three individual experiments, each performed in duplicates. 
Figure C and D represent the mean ± SD of a representative experiment, performed in triplicate.
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Tracking surface-induced plasma contact activation with nanobodies 
Kaolin, ellagic acid and long-chain dextran sulfate (DXS; average Mr =500.000) are three 

non-physiological triggers for contact system activation in vitro. All three evoke autoactivation 

of FXII and activation of the kallikrein-kinin system, but for unclear reasons, only kaolin and 

ellagic acid trigger coagulation. We first aimed to confirm this striking phenomenon in 

coagulation assays. Hereto, we used an activated partial thromboplastin time (aPTT)-based 

assay. In this assay, recalcified plasma coagulated after approximately 300 seconds in the 

presence of phospholipid vesicles (10 μM) and in absence of an added contact surface. A 

two-minute exposure of plasma to kaolin, prior to recalcification, induced a robust shortening 

of clotting times in a concentration-dependent manner (Figure 3A). When the same 

experiment was performed with a wide concentration series of DXS instead of kaolin, no 

reduction in clotting times occurred. In contrast to kaolin, concentrations of DXS over 8.13 

μg/mL prolonged the background recalcification time beyond 15 minutes (Figure 3B). We 

next investigated whether the observed pro- and anticoagulant effects of kaolin and DXS 

in plasma compete for each other. When plasma was preincubated for one minute with 

the same range of DXS, kaolin-induced clotting became dose-dependently prolonged (Figure 

3C; kaolin-induced clotting already prolonged from 42 ± 2 to 53 ± 3 seconds in the presence 

of 1 μg/mL of DXS). These experiments show that, although both kaolin and DXS are well-

known activators of FXII and the contact system, only kaolin triggers coagulation, while 

DXS opposes it. Interestingly, the application of DXS as anticoagulant was already 

investigated and patented in the 1950’s (63 + US Patent 2715091), motivated by its structural 

comparability to heparin. Indeed, intravenous administration of DXS prolongs the aPTT in 

human subjects64, but has known toxic bleeding-related side effects65. Surprisingly, unlike 

heparin, DXS is not able to activate AT66, and has instead been reported to directly inhibit 

purified thrombin. In contrast to these anticoagulant properties of DXS, in vitro experiments 

using purified factors (and in the absence of PK), have shown that it can support the 

activation of FXI by thrombin15 as well as by FXIIa2. 

Taken together, it presently remains elusive why DXS acts as an anticoagulant in a plasma 

environment. However, we expect that activation of the kallikrein-kinin system does take 

place in DXS-treated plasma. We therefore hypothesized that FXII may respond to DXS in 

a manner that is different from its response to procoagulant surfaces, thereby limiting its 

contribution to coagulation. Next, we investigated whether our novel nanobody-based 

assays could help to provide evidence for this hypothesized mechanism. Hereto, we first 

triggered activation of citrated plasma by kaolin, ellagic acid and DXS and confirmed their 

PK-activating potential by cleavage of the chromogenic substrate H-D-Pro-Phe-Arg-pNA 

(Figure 4A, D, G (left column)). In a similar fashion, we activated plasma, now taking 

samples in a time series for immediate dilution in a mixture of PPACK and polybrene. In 

this way, the generated FXIIa was catalytically inhibited, protected from macromolecular 

inhibitors and eluted from its activating surface. We next analysed the obtained samples 

in our nanobody capture ELISAs. Kaolin evoked the swift generation of a form of FXIIa that 

could be captured by nanobody B7 (Figure 4B; 30 minute pattern shown in Supplementary 

Figure 2A), but not by nanobody A10 (Figure 4C; 30 minute pattern shown in Supplementary 
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Figure 2B). In a similar fashion, ellagic acid evoked the generation of a form of FXIIa that 

was recognized by B7 (Figure 4E; 30 minute pattern shown in Supplementary Figure 2C), 

but not A10 (Figure 4F; 30 minute pattern shown in Supplementary Figure 2D). In both 

cases, maximal levels of FXIIa were reached within one minute, after which they gradually 

reduced by approximately 50% over a ten-minute time period. We presume that this 

decreased recognition results in part from the binding of plasma inhibitors to the generated 

FXIIa (i.e. C1inh). Interestingly, kaolin- and ellagic triggered FXIIa remained detectable by 

B7, up to 30 minutes (Supplementary Figure 2A, C). In contrast, when plasma was activated 

by DXS, a species of FXIIa formed that was recognized by nanobody B7 (Figure 4H; 30 

Figure 3. Opposite and competitive effects of kaolin and dextran sulfate on plasma coagulation. 
Plasma coagulation was assayed in the presence of a concentration series of kaolin (A) or DXS (B). Recalcified 
plasma coagulates after approximately 300 seconds in the presence of 10 μM phospholipid vesicles in 
absence of an added contact surface (A-B, left bars), whereas increasing kaolin concentrations reduce the 
clotting times to 33.9 seconds at the highest concentration tested (A). In contrast, identical incubations of 
plasma with a concentration range of DXS had an opposite effect: plasma that had been exposed to 
concentrations above 8.13 μg/mL was incapable of spontaneously coagulating (B). Furthermore, when plasma 
was incubated with the same range of DXS for one minute, it became incapable of coagulating in response 
to 150 μg/mL kaolin (C). Experiments show means ± SD of coagulation times that were at least determined 
in triplicate. ND = not detectable, the dashed lines indicate the 15 minutes cut-off time point at which samples 
were considered unclottable.
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minute pattern shown in Supplementary Figure 2E). The swift generation of FXIIa peaked 

within 2.5 minutes, but had largely disappeared within ten minutes and was completely 

gone after 30 minutes (Supplementary Figure 2E). Unlike activation by kaolin and ellagic 

acid, activation of plasma with DXS evoked the gradual formation of a species of FXIIa, 

detectable by nanobody A10 (Figure 4I; 30 minute pattern shown in Supplementary Figure 

2F). Notably, the generation of this species coincided with the accelerated decline 

(compared to other activators) of the species detected by nanobody B7 in the same DXS-

activated plasma samples. Our data suggests that the rapid decline of DXS-triggered FXIIa, 

detected by nanobody B7, represents inactivation through plasma inhibitors as well as 

enzymatic conversion into a secondary species of FXIIa that is in turn recognised by 

nanobody A10, but no longer by B7.

Figure 4. Detection of factor XII activation during contact activation in plasma by nanobodies. Contact 
activation was triggered in citrated plasma by the addition of kaolin (150 μg/mL), ellagic acid (12.5 μg/mL) or 
DXS (30 μg/mL) and monitored by chromogenic assay (left column, panels A, D, G; data represent mean ± 
SD of a representative experiment). Alternatively, samples were taken from plasma that had been activated 
as described above and diluted in blocking reagent with PPACK (200 μM) after sampling. Subsequently, FXII 
activation was determined by nanobody B7 capture ELISA (middle column, panels B, E, H), or nanobody A10 
capture ELISA (right column, panels C, F, I). Data represent the mean ± SD of three individual experiments.
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Based on these observations, it is probable that nanobody A10 recognises a full-length, 

non-procoagulant form of FXIIa, which is generated by DXS. Moreover, this species does 

not seem to be spontaneously neutralised by macromolecular plasma inhibitors such as 

C1inh, that compromise capturing by nanobody A10.

DISCUSSION

In the present studies, we have generated and characterised two nanobodies, selected 

against the catalytic domain of FXIIa. With these nanobodies, we developed an ELISA-based 

method to detect FXIIa in plasma and track the fate of FXIIa during plasma contact 

activation.

Based on their inhibitory effects on plasma contact activation (Figure 1B), both nanobody 

B7 and A10 are likely to recognise epitopes in close vicinity to the active site, that are 

formed upon activation (i.e. exosites) and needed for PPK activation. They do not directly 

bind inside the active site or distort its conformation, as direct amidolytic activity of purified 

FXIIa was not inhibited in their presence. Our data indicate that nanobodies A10 and B7 

recognise separate epitopes, as only nanobody A10 displays a decreased antigen capturing 

in the presence of CTI (Figure 2A, B). This is also reflected in their ability to capture FXIIa: 

nanobody B7 recognises both α-FXIIa and β-FXIIa in solution, whereas nanobody A10 only 

recognises α-FXIIa in solution (Figure 1C, D). This is surprising, as both nanobodies were 

raised against immobilized β-FXIIa. Since nanobody B7 recognizes both α-FXIIa and β-FXIIa 

in solution, we presume that this nanobody recognizes a common feature in the FXIIa 

catalytic domain that is generally presented upon activation. But how can we explain that 

nanobody A10 is only able to capture α-FXIIa? During the selections on immobilised β-FXIIa, 

phages are able to bind via multiple copies of the nanobody (estimated at three), allowing 

for selection through high avidity, rather than high-affinity. This can result in the seemingly 

undesirable selection of a nanobody, which is a poor binder of β-FXIIa. However, in the 

case of nanobody A10, the specific structural requirements for binding are heavily 

represented in α-FXIIa, thereby making it a potentially useful tool for investigation of the 

existence of functional differences in the FXIIa catalytic domain.

In the current project, we found that the binding of our nanobodies to the FXIIa catalytic 

domain could be fully inhibited by C1inh, similar to the previously reported monoclonal 

antibody 2/21551. We here show that FXIIa capturing by nanobodies is unaffected by C1inh 

when PPACK is present (Figure 2A, B). As PPACK irreversibly blocks the FXIIa active site 

and prevents C1inh binding, but still allows for nanobody capturing, the negative influence 

of C1inh on our capture assay is effectively overruled. Using our assay, we were able to 

fully recover spiked FXIIa from plasma with nanobody B7 (Figure 2F). However, nanobody 

A10 maximally returned 40% of the plasma-spiked α-FXIIa in the same experiments (Figure 

2E). Interestingly, nanobody A10 lost an equal amount of α-FXIIa capturing capacity (60%), 

when bound to CTI (Figure 2A), whereas no capturing was possible in the presence of 

C1inh.
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This suggests that CTI modifies the structure of the FXIIa catalytic domain in a way that 

reduces the binding affinity of A10 for its exosite. In line with this, our data suggest that 

plasma contains a factor that behaves similarly to CTI, reducing the binding of A10 by 60%, 

but, in contrast, cannot be reversed by PPACK. Since C1inh, α1-AT, or AT irreversibly bind 

to the FXIIa active site serine, this hypothetical factor should bind through a putative 

exosite, present in α-FXIIa, close to the epitope for A10 binding.

Based on our plasma activation assays, we propose a model for the activation of FXII on 

various surfaces, which may help to explain their different characteristics. In a primary 

activation step, all surfaces trigger a conformational change in FXII during (auto)activation. 

This can be recognized by nanobody B7 and is represented in purified α-FXIIa and β-FXIIa 

(Figure 1F). In a second step, plasma inhibitors gradually inactivate (surface-bound) FXIIa. 

Indeed, the maximal amount of FXIIa obtained during activation by kaolin or ellagic acid, is 

reduced by >50% over time, as detected by nanobody B7, (Figure 4B, E). This is in good 

agreement with our purified experiments, shown in Figure 2B, where the recognition of 

FXIIa by B7 remains partially intact in the presence of C1inh. We therefore propose that 

the remaining capturing signals after 10 minutes of activation by these activators are 

predominantly α-FXIIa-C1inh complexes. For procoagulant activators of the contact system, 

the story ends here: the third step of the process only takes place on materials, such as 

DXS, that do not evoke coagulation (Figure 3;63). In our experiments, we found that plasma 

activation by DXS leads to a sharp increase in a FXIIa species, recognized by nanobody B7, 

which is completely lost over time (Figure 4H). This is suggestive for the formation of 

β-FXIIa-C1inh complexes, which are not efficiently recognized by nanobody B7 (Figure 2B). 

However, according to this explanation, we would not be able to detect them in our 

nanobody A10 ELISA either, as this does not recognize free β-FXIIa, nor β-FXIIa in complex 

with C1inh (Figure 2A, E). In sharp contrast, when we analysed DXS-activated plasma 

samples in our A10 capture ELISA, we observed a gradual generation of a FXIIa species 

(Figure 4I) that did not occur in the presence of the procoagulant activators kaolin and 

ellagic acid (Figure 4C, F). This suggests that the captured molecule is a proteolytic product 

of FXIIa, most likely converted from the original pool of FXIIa as detected by nanobody B7 

capture ELISA. Moreover, this experiment indicates that C1inh does not efficiently inhibit 

this species (which would fully prevent capturing by A10; Figure 2A). Since it is difficult to 

imagine that this species remains uninhibited within a 30-minute timespan, it could again 

hint towards the modulation of free α-FXIIa by a previously undescribed factor that binds 

to FXIIa, reducing its recognition by A10 (as described above and shown in Figure 2E). In 

conclusion, the outcomes of our experiments indicate that the activation of FXII on DXS 

results in the formation of two successively generated forms of FXIIa, whereas procoagulant 

activators retain the first form of FXIIa until inhibition occurs. It is possible that the multiple 

kallikrein cleavage sites in FXII play a role in the conversion between different forms of 

FXIIa7.

The role of FXII in coagulation was long thought to be insignificant in vivo, as FXII-deficient 

patients display no overt bleeding tendency67. However, recent studies in FXII knockout 

mice show that these mice are protected against arterial thrombosis20. Moreover, antisense 
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oligonucleotide-directed targeting of FXII reduced the susceptibility to venous thrombosis68, 

in which FXII has been recently implicated48. Besides its role in coagulation, FXII and the 

plasma contact system are intimately involved in the pathogenesis of (hereditary) 

angioedema (HAE [MIM #106100]), and implicated in various other inflammation-related 

conditions, including hypersensitivity reactions3, rheumatoid arthritis69, and sepsis-related 

hypotension36.

At present, the role of FXII in human pathophysiology is uncertain, as reports have shown 

evidence of pathological, neutral and protective roles in disease29, 31, 34, 35, 70-72. We hope that, 

with the development of our nanobody-based assays against FXIIa, it will be possible to 

distinguish procoagulant responses (B7+/A10-) from proinflammatory responses (B7+/

A10+) in patient plasmas, allowing for further investigations into the role of FXII in 

pathophysiology. By untangling the activation mechanism of FXII and delineating the 

potential functionally different isoforms of this protein, we can provide new insights into 

the roles of this volatile enzyme in health and disease.

Acknowledgments
The work of SM is supported by Technology Foundation STW (project 10714). A Veni 

Fellowship (016-126-159), provided by the Netherlands Organization for Scientific Research 

(NWO) supports the work of CM. The authors want to thank Dr. Mohamed El Khattabi and 

Professor. dr. Theo Verrips from the department of Biomolecular Imaging at Utrecht 

University, for their help in the construction of the nanobody immune libraries. We want 

to thank Suzanne E. Atkins for critically reading the manuscript. The help of Joyce van 

Schaffelaar during the selections is greatly appreciated.

MATERIALS AND METHODS

Reagents
Factor XII was purchased from Calbiochem (Darmstadt, Germany); α-FXIIa, β-FXIIa and 

corn trypsin inhibitor were purchased from Enzyme Research Laboratories (ERL; South 

Bend, IN, USA). RNAse H, SfiI, and BsteII were acquired from Thermo Scientific Inc (MA, 

USA) and Ficoll 400 from Merck Millipore (Darmstadt, Germany). ELISA Blocking reagent 

was obtained from Roche (Woerden, the Netherlands). Maxisorp and Polysorp 96-wells 

flat bottom microtiter plates were purchased from Nunc A/S (Roskilde, Denmark); 

chromogenic assays were performed in a vinyl 96-wells microtiter plate from Corning 

(Costar 2595; NY, USA). Coagulation assays were performed in KC10A MicroPC cups, 

purchased from Trinity Biotech (Wicklow, Ireland). Polybrene (hexadimethrine bromide), 

α1-Antitrypsin, dextran sulfate (av. Mr = 500.000), triethylamine (TEA), ellagic acid, skimmed 

milk powder and Isopropyl β-D-1-thiogalactopyranoside (IPTG) were purchased from Sigma-

Aldrich (St.Louis, MO, USA). Chromogenic substrate L-2120 (H-D-Pro-Phe-Arg-pNA), for 

FXIIa and plasma kallikrein, was purchased from Bachem (Bubendorf, Switzerland). Plasma 

purified C1inh was purchased from Alpha Diagnostics (San Antonio, TX, USA). Kaolin (Light) 
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was acquired from BDH ltd. (Poole, UK), and Phe-Pro-Arg-chloromethylketone (PPACK) 

from Haematologic Technologies Inc. (Essex Junction, VT, USA). Goat polyclonal anti-FXII 

was purchased from Cedarlane Ltd. (Burlington, Canada), and preadsorbed donkey-anti 

sheep/goat (Star88P) from AbD Serotec (Kidlington, UK). TMB substrate 

(3,3’,5,5’-Tetramethyl-benzidine) was obtained from Tebu Bio (Heerhugowaard, the 

Netherlands). Ampicillin (Amp) was acquired from Carl Roth GmbH (Karlsruhe, Germany). 

Citrated human normal pooled plasma was prepared from the whole blood of approximately 

170 healthy volunteers, according to standardised procedures to serve as reference material 

in routine clinical diagnostic determinations. Prekallikrein-deficient plasma was obtained 

from George King Biomedical (Overland Park, KS, USA). HiLoad 26/600 Superdex 200 pg 

columns for nanobody purification was obtained from GE Healthcare (Diegem, Belgium). 

Phospholipid vesicles were prepared in a PS:PC:PE ratio of 20:40:40, as published earlier16.

Llama immunisation and bacteriophage library preparation
A pair of Llama glama received four subcutaneous injections with α-FXIIa and β-FXIIa over 

a 4-week period. Venous blood was collected, from which peripheral blood lymphocytes 

were isolated by Ficoll gradient centrifugation. Subsequently, total RNA was isolated and 

transcribed into cDNA, after which residual RNA was removed with RNAse H. Using an 

oligo-dT framework 1-specific primer containing a 5’ SfiI restriction site and the cDNA as 

template, two PCR products (1.6 and 1.3 kb) were generated, coding for full-length IgG or 

IgG heavy chain respectively. The isolated 1.3 kb product was treated with both SfiI and 

BsteII, resulting in a 300-400 bp fragment. This fragment was purified and ligated into the 

phagemid vector pUR8100, conferring Amp-resistance for selection, and encoding a  

C-terminal Myc- and His6 tag for detection- and purification of the nanobodies73. The 

resulting ligation product was transformed into the Escherichia coli (E.coli) TG1 strain74.  

A transformation efficiency of 107 was achieved for both libraries.

Nanobody selection against activated factor XII
β-FXIIa (6 μg/mL in Phosphate Buffered Saline, (PBS; 21 mM Na2HPO4, 2.8 mM NaH2HPO4, 

140 mM NaCl, pH=7.4)) was immobilised overnight at 4˚C on a 96-well polysorp plate. Phages 

were produced from both libraries and isolated via polyethylene glycol (PEG; Mr=6000) 

precipitation (20% PEG in 2.5M NaCl). Both the plate and phages were blocked with 4% 

skimmed milk (m/v) in PBS. Subsequently, the phages were then allowed to bind to the 

immobilized β-FXIIa. After extensive washing with PBS, Tween20 (0.05% v/v, PBST), bound 

phages were eluted by the addition of triethylamine (TEA; 0.1 M). The high pH of the TEA 

fraction was neutralised by addition of Tris (1M, pH=7.5) and phages were allowed to infect 

exponentially growing E.coli TG1. Infected bacteria were plated on Yeast Tryptone-agar plates 

containing glucose (2% m/v) and ampicillin (100 μg/mL) and grown overnight at 37˚C. 

Nanobody production and purification
Nanobody production by infected E.coli TG1 was induced by the addition of IPTG (0.1 M 

final concentration) and purified by immobilized metal affinity chromatography (IMAC) as 
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published75. Nanobodies were dialysed against Tris Buffered Saline (TBS; 50 mM TRIS, 

150 mM NaCl, pH=7.4) and further purified by gel filtration over Superdex columns. Protein 

concentration was spectrophotometrically determined via OD280nm. Absorption coefficients 

of the nanobodies were determined based on their amino acid sequences using the online 

available ProtParam tool (http://web.expasy.org/protparam/). The purified nanobodies were 

assessed for impurity and degradation by coomassie blue staining after SDS-PAGE.

Detection of immobilised (activated) factor XII by nanobodies
FXII, α-FXIIa (3 μg/mL) and β-FXIIa (6 μg/mL) were immobilised for 2 hours in PBS, containing 

PPACK (12.5 μM). This inhibitor was present in all solutions throughout the experiment to 

prevent autoactivation and -degradation and all nano- and antibodies were diluted in blocking 

reagent. Subsequently, the wells were rinsed with PBS and blocked for 1 hour. Nanobodies 

were diluted to 4 μg/mL and allowed to bind to the coated proteins for 1 hour. Next, the 

wells were rinsed with PBST and incubated for 1 hour with a monoclonal anti-myc antibody 

(9E10; 1 μg/mL) or goat polyclonal anti-FXII (1:2000). RαM-PO was used for the detection 

of bound anti-myc, and STAR88P (1:20,000) for the detection of bound anti-FXII. Finally, 

the wells were rinsed with PBST and stained with 100 μL TMB. The substrate reaction 

was stopped by the addition of 50 μL H2SO4 (0.3M). Absorbance was determined at 450 

nm. The entire assay was performed at room temperature (RT).

Nanobody capture ELISA for activated factor XII
Nanobodies (4 μg/mL in PBS) were immobilised overnight at 4˚C onto maxisorp plates. 

Wells were rinsed with PBS and blocked for 1 hour at RT, after which samples were added 

to the plate and incubated for 2 hours at RT while shaking. Next, the wells were rinsed 

with PBST and incubated with goat polyclonal anti-FXII (1:2000) for 1 hour at RT. After 

washing with PBST, the wells were incubated with STAR88P (1:20,000) for 1 hour at RT. 

Finally, the wells were rinsed with PBST and stained with 100 μL TMB substrate. Substrate 

development was stopped by the addition of 50 μL H2SO4 (0.3M). Absorbance was 

determined at 450 nm.

The effect of protease inhibitors on the capture of purified activated factor XII
FXII, α-FXIIa, or β-FXIIa (12.5 nM) was diluted in blocking reagent and incubated on ice in 

the presence or absence of PPACK (200 μM) for 30 minutes. Next, samples were spiked 

with C1inh (250 μg/mL), α1-AT (1.5 mg/mL), corn trypsin inhibitor (200 μg/mL) or vehicle 

(HBS; 10 mM HEPES, 150 mM NaCl, 1 mM MgSO4, 5 mM KCl, pH=7.4). Complexes were 

allowed to form for 30 minutes at 37˚C. To stop complex formation, samples were diluted 

eight times in blocking reagent containing PPACK (200 μM) and incubated on ice for 10 

minutes. Finally, the samples were analysed for the presence of FXIIa in the nanobody 

capture ELISA as described above. 
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Coagulation assays
Plasma coagulation times were recorded on a KC10 coagulometer (Amelung, Lemgo, 

Germany). Hereto, 50 μL prewarmed plasma was incubated in rolling KC10 cups with 50 

μL of TBS containing concentration series of kaolin or dextran sulfate and a fixed 

concentration of phospholipid vesicles (final in-assay vesicle concentration; 10 μM). After 

two minutes, the mixture was recalcified with 50 μL of CaCl2 (25 mM). In competition 

experiments, 50 μL plasma was preincubated with 10 μL of dextran sulfate in TBS for one 

minute. Next, 40 μL of kaolin and phospholipid vesicles in TBS were added and incubated 

for two minutes (final in-assay concentrations were 150 μg/mL and 10 μM, respectively). 

Finally, coagulation was triggered by recalcification with 50 μL of CaCl2 (25 mM). Plasma 

clotting was followed for 15 minutes. When no clotting occurred within this period, values 

were plotted at 900 seconds and labeled ‘not detectable’ (ND).

Chromogenic contact activation assays
Twenty μL of FXIIa/kallikrein substrate (H-D-Pro-Phe-Arg-pNA; final concentration 0.5 mM) 

and 74 μL of citrated plasma were distributed to each well of a 96-wells microtiter plate. 

Next, the plasma was activated by the addition of 6 μL of contact activator (final 

concentrations; kaolin; 150 μg/mL, ellagic acid; 12.5 μg/mL, dextran sulfate; 30 μg/mL). 

HBS served as vehicle control. Substrate cleavage was monitored spectrophotometrically 

(405 nm) at 37˚C, over time. The inhibitory capacity of nanobodies on plasma contact 

activation was tested by mixing 20 μL H-D-Pro-Phe-Arg-pNA (final concentration; 0.5 mM), 

50 μL of citrated plasma, and 24 μL nanobody (final concentration: 10 μg/mL). Next, this 

mixture was activated by kaolin, and amidolytic activity was monitored as described above. 

The direct effects of nanobodies on the amidolytic activity of purified FXIIa were determined 

by mixing α-FXIIa or β-FXIIa (375 nM) with 10 μg/mL (588 nM) of all nanobodies and 

monitored for cleavage of H-D-Pro-Phe-Arg-pNA (0.5 mM) as described above.

Recovery of activated factor XII from plasma
α-FXIIa or β-FXIIa (12.5 nM) was added to normal pooled plasma containing a concentration 

series of PPACK (0-200 μM), and incubated at room temperature for 30 minutes. As a 

control, α-FXIIa or β-FXIIa was pre-incubated for 30 minutes with PPACK (200 μM) before 

addition to plasma or blocking reagent, each containing PPACK (200 μM). The samples 

were diluted eight times in blocking reagent, containing PPACK (200 μM) and incubated 

on ice for 10 minutes. The samples were then analysed for the presence of FXIIa in the 

nanobody capture ELISA described above. In another series of experiments, plasma was 

activated at 37˚C with several contact activating materials in a time series (final 

concentrations; kaolin; 150 μg/mL, ellagic acid; 12.5 μg/mL, dextran sulfate; 30 μg/mL). 

Samples were taken and diluted eight times in blocking reagent, containing PPACK (200 

μM) and polybrene (0.1%, m/v).
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SUPPLEMENTAL DATA

Supplementary Figure 1. Nanobodies A10 and B7 do not inhibit the amidolytic activities of purified 
activated factor XII. α- or β-FXIIa (375 nM) was mixed with 10 μg/mL (588 nM) of A10, B7 or a control 
nanobody, directed against FXIa. Cleavage of 0.5mM substrate H-D-Pro-Phe-Arg-pNA was monitored 
spectrophotometrically at 405 nm.
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Supplementary Figure 2. Detection of factor XII activation during contact activation in plasma by 
nanobodies.
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ABSTRACT

Hereditary angioedema type III (HAEIII) is a rare inherited swelling disorder that is associated 

with point mutations in the gene encoding the plasma protease factor XII (FXII). Here, we 

demonstrate that HAEIII-associated mutant FXII, derived either from HAEIII patients or 

recombinantly produced, is defective in mucin-type Thr309-linked glycosylation. Loss of 

glycosylation led to increased contact-mediated autoactivation of zymogen FXII, resulting 

in excessive activation of the bradykinin forming kallikrein-kinin pathway. In contrast, both 

FXII-driven coagulation and the ability of C1-esterase inhibitor to bind and inhibit activated 

FXII were not affected by the mutation. Intravital laser-scanning microscopy revealed that, 

compared with control animals, both F12–/– mice reconstituted with recombinant mutant 

forms of FXII and humanized HAEIII mouse models with inducible liver-specific expression 

of Thr309Lys-mutated FXII exhibited increased contact-driven microvascular leakage. An 

FXII-neutralizing antibody abolished bradykinin generation in HAEIII patient plasma and 

blunted edema in HAEIII mice. Together, the results of this study characterize the 

mechanism of HAEIII and establish FXII inhibition as a potential therapeutic strategy to 

interfere with excessive vascular leakage in HAEIII and potentially alleviate edema due to 

other causes.
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INTRODUCTION

Hereditary angioedema (HAE) (OMIM #106100) is a rare life threatening inherited edema 

disorder that is characterized by recurrent episodes of acute swelling involving the skin or 

the oropharyngeal, laryngeal, or gastrointestinal mucosa76. Increased vascular permeability 

in HAE is due to excessive formation of the proinflammatory peptide hormone bradykinin 

(BK)77, and elevated BK plasma levels are consistently found during acute swelling attacks 

in HAE patients78, 79. The serine protease activated factor XII (FXIIa) has the capacity to 

initiate BK formation via the kallikrein-kinin system. Contact with negatively charged 

surfaces induces autoactivation of zymogen factor XII (FXII) in a reaction involving high 

molecular weight kininogen (HK) and plasma prekallikrein (PK), collectively referred to as 

the plasma contact system. FXIIa cleaves PK to generate plasma kallikrein, which 

proteolytically liberates BK from its precursor HK25. Binding of BK to the bradykinin B2 

receptor (B2R) activates various proinflammatory signaling pathways that increase vascular 

permeability and fluid efflux17. C1-esterase inhibitor (C1inh) is the major plasma inhibitor 

of FXIIa and kallikrein and controls activity of these contact system proteases. HAE develops 

in individuals who are quantitatively or qualitatively deficient in C1inh (HAE type I [HAEI] 

and HAEII, respectively)76, 80; however, currently the trigger factors for pathological BK 

formation and swelling attacks in HAE patients are not precisely known. Ablation of 

Serping1 gene expression (which codes for C1inh) results in excessive BK production and 

increased vascular leakage in mice78, 81. In contrast, mice with combined C1inh and B2R 

deficiency display normal vascular permeability81. Hence, HAEI and HAEII are treated by 

infusion of C1inh82 or B2R antagonist (icatibant)83. Alternatively, the kallikrein inhibitor (DX-

88; ecallantide) can be used to inhibit swelling in HAE patients84. In addition to these 2 

classical HAE types, a third variant exists that mostly affects women. HAEIII patients exhibit 

recurrent episodes of swelling, although levels of fully functional C1inh are normal (Figure 

1A and 85). Using genome-wide linkage analyses, HAEIII was shown to be associated with 

a single missense mutation (c.1032C>A) in the F12 gene40. Independent studies involving 

other families found HAEIII to be associated with a different mutation affecting the same 

nucleotide in F12, c.1032C>G86. Both point mutations translate into amino acid exchanges 

Thr309Lys or Thr309Arg (identical to position Thr328 if numbering includes the signal 

peptide). Consistent with the original nomenclature40, 85, we here use the term HAEIII and 

not FXII-HAE for the HAE subtype with normal C1inh that is associated with F12 mutations87. 

F12-linked HAEIII is autosomal dominant inherited, and a mixture of WT and Thr309-

mutated FXII circulates in plasma of HAEIII patients40. The position Thr309 is located in the 

C-terminal proline-rich portion of the FXII heavy chain that mediates FXII surface- induced 

activation88. Proteolysis of the peptide bond Arg353- Val354 converts FXII zymogen to the 

active protease FXIIa, which is composed of a heavy and a light chain. The light chain 

harbors the enzymatic protease domain and is linked to the heavy chain by a single disulfide 

bridge. Astonishingly, mutations at Thr309 (located in the heavy chain) are associated with 

increased FXIIa activity in HAEIII patient plasma samples40. Here, we show that FXII 

mutations at position 309 in HAEIII result in the loss of an O-linked glycosylation and that 
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this loss of glycosylation increases mutant FXII contact-induced activation. Mutant FXIIa 

initiates excessive BK formation in HAEIII patient plasma and edema in a genetically altered, 

humanized mouse model of HAEIII. Moreover, anti-FXIIa antibody attenuates pathological 

BK formation and inhibits aberrant vascular leakage in HAEIII.

RESULTS

Defective FXII glycosylation in HAEIII 
DNA sequencing identified the c.1032C>A mutation (which corresponds to the Thr309Lys 

mutation) in the F12 genes of the HAEIII family trait. C1inh antigen and activity were in the 

normal range in plasma samples of carriers of the FXII mutation (Figure 1B and Supplemental 

Table 1). We analyzed plasma FXII in HAEIII patients and healthy family members by 

western blotting with an anti-FXII antibody. FXII migrated in SDS-PAGE as a doublet in all 

patients (Figure 1C; 1–4, 6–8). In contrast, FXII appeared as a single band in a plasma 

sample of a healthy family member (Figure 1C; 5) or pooled and individual normal plasma 

(Figure 1C; NP, IP). Similarly, FXII migrated as a doublet using plasma collected from 4 other 

unrelated HAEIII patients (Figure 1C; 9–12). The upper band of the anti-FXII cross reacting 

material in HAEIII plasma had the same apparent molecular mass as FXII from healthy 

individuals, whereas the additional band was lighter. This led us to hypothesize that the 

Thr309 mutation interferes with posttranslational protein modifications. FXII is glycosylated 

at multiple sites (SwissProt entry P00748), and Thr309 is a putative O-linked glycosylation 

site89. Mass spectrometry confirmed a mucin-type HexHexNAcNeuAc glycan attached to 

the FXII fragment peptide Leu292-Arg311 in plasma from healthy individuals (Figure 1D). 

Excessive contact system activation in HAEIII plasma
We compared contact system activation in plasma of HAEIII patients and healthy controls. 

Samples were incubated for 30 minutes with a concentration series (ranging from 1 pg/

mL to 100 μg/mL) of the FXII contact activator high molecular weight dextran sulfate (DXS)90 

or buffer and then analyzed for zymogen FXII and PK activation, formation of FXIIa and 

FXIIa-C1inh complexes, and HK cleavage (Figure 2). A schematic of the DXS-triggered 

reaction cascade is shown in Figure 2A. In HAEIII plasma, DXS at 0.1 μg/mL or more 

initiated conversion of FXII to FXIIa, as indicated by disappearance of both zymogen forms 

(Figure 2B), concomitant with appearance of the FXIIa light chain fragment (Figure 2D). In 

contrast, a 100-fold higher DXS concentration was required to activate FXII in normal plasma 

(Figure 2, C and E). Consistent with accelerated formation of FXIIa, FXIIa-C1inh complexes 

formed at a much lower DXS concentration in HAEIII than in control plasma (Figure 2, F 

and G). Formed FXIIa initiated conversion of zymogen PK (Figure 2, H and I) and HK 

cleavage, as indicated by the disappearance of HK and appearance of the HK light-chain 

fragment (Figure 2, J and K). Similarly, in a reconstituted plasma contact system using pure 

proteins (including C1inh) at plasma concentrations, DXS of 10 ng/mL or more triggered 

activation of FXII_Thr309Arg, formation of C1inh-FXIIa_Thr309Arg complexes, conversion 
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Figure 1. HAEIII patients express a FXII protein that lacks glycosylation at Thr309. (A) Clinical presentation 
of an acute swelling attack in a female HAEIII patient. (B) Pedigree of a French HAEIII family carrying the 
autosomal dominant inherited Thr309Lys FXII mutation. Squares and circles denote men and women, 
respectively. Black symbols represent individuals with mutation, and white symbols indicate healthy family 
members who do not harbor the FXII_Thr309Lys mutation. (C) FXII in HAEIII patient plasma samples migrates 
as a doublet. Plasma from HAEIII patients is indicated by 1–4 and 6–8 (B) and 9–12, indicating 4 HAEIII 
patients from unrelated families from France, Spain, and Germany. Plasma from a healthy individual (5 
indicated in B), pooled normal plasma (NP), individual normal plasma (IP), and FXII-deficient plasma (FXIIdef) 
are shown. A representative photographic film of n=3 is shown. (D) Fragment mass spectrum of peptide 
Leu292-Arg311 being glycosylated with a HexHexNAcNeuAc glycan. A b-ion series is partially identified from 
b2 to b9, and several y-ions (*) corresponding to the peptide moiety, having lost the carbohydrate part, are 
shown. N-acetylneuraminic acid (NeuAc) is readily lost under tandem-MS conditions, and consecutive loss 
of hexoses and N-acetylhexosamines is observed within the y-ion series. FXII mutation Thr309Lys in the 
proline-rich region is indicated in the peptide sequence.
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of PK, and cleavage of HK. In contrast, a 100-times higher concentration of the contact 

activator (1 μg/mL) was required for activation of WT FXII and induction of FXIIa-driven 

downstream reactions (Supplemental Figure 1). Consistent with previous reports91, mixtures 

of both WT and mutated FXII, PK, and HK spontaneously activated in buffer without addition 

of DXS. Taken together, the susceptibility for contact-initiated kallikrein-kinin system 

activation was enhanced in plasma from HAEIII patients over controls.

Figure 2. Increased contact system activation potential in HAEIII patients’ plasma. (A) Schematic of 
the DXS-initiated contact system reaction cascade. Plasma samples from HAEIII patients and healthy controls 
were incubated with a concentration series of DXS (1 pg/mL-100 μg/mL) or buffer (w/o). Reduced plasma 
samples were analyzed by western blotting with antibodies directed to various contact system proteins: (B 
and C) anti-FXII, (D and E) anti-FXIIa, (F and G) anti- C1inh, (H and I) anti-PK, and (J and K) anti-HK. A 
representative photographic film of a series of n=3 is shown. KK, kallikrein.
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Increased contact activation potential of recombinant FXII_Thr309 mutants
The exact site of glycosylation could not be determined from the mass spectrometry data 

due to the peptide fragmentation properties, but it was narrowed down to Thr309 or 

Thr310. To confirm that mutations at position 309 increase the potential for FXII contact 

activation, we cloned FXII variants and expressed Thr309Lys-, Thr309Arg-, and Thr309Lys/

Thr310Lys mutated and WT FXII in HEK293T cells. Consistent with FXII migrating as a 

doublet in HAEIII patient plasma, recombinant Thr309Lys-, Thr309Arg-, and the double 

Figure 3. Thr309 mutations in FXII enhance contact activation. (A) Recombinant WT FXII and mutated 
FXII_Thr309Lys, FXII_Thr309Arg, and FXII_Thr309Lys/Thr310Lys variants were analyzed by Western blotting 
using an anti-FXII antibody. (B–G) FXII-deficient human plasma was reconstituted with recombinant WT FXII 
or Thr309-mutated FXII and activated with 0.1 μg/mL DXS. Contact-activated plasma samples were taken 
into reducing sample buffer at indicated time points and analyzed for cleavage of (B–D) FXII and (E–G) HK 
by western blotting. n=3. (H–K) FXII-deficient human plasma was reconstituted with FXII, FXII_Thr309Lys, 
FXII_Thr309Arg, or buffer and incubated with (H) 0.1 and (I) 100 μg/mL DXS, (J) 0.1 and 100 μg/mL polyP, 
and (K) 0.1 and 100 μg/mL collagen. Activity of FXIIa was measured by conversion of the chromogenic 
substrate D-Pro-Phe-Arg-p-nitroanilide (S-2302) at an absorption of λ=405 nm for 60 minutes. Mean ± SEM. 
n=3
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Thr309Lys/Thr310Lys-mutated FXII variants migrated with lower apparent molecular 

mass than WT protein in SDS-PAGE (Figure 3A). Similar apparent molecular weight of 

the FXII_Thr309Lys/Thr310Lys variant as compared with FXII_Thr309Lys and FXII_

Thr309Arg mutants showed that the residue Thr310 is not glycosylated in HAEIII. To 

analyze the activation potential of these mutants and their capacity to induce HK cleavage, 

we reconstituted FXII-deficient human plasma (no detectable FXII in western blotting) 

with mutated or WT FXII. When plasma, either reconstituted with FXII_Thr309Lys or 

FXII_Thr309Arg, was incubated with a low amount of DXS (0.1 μg/mL), both mutant FXII 

variants and HK were cleaved within 4 minutes. In contrast, DXS failed to initiate FXII 

activation and HK cleavage within 32 minutes in plasma that was reconstituted with WT 

FXII under the same conditions (Figure 3, B–G). These findings indicate that Thr309 

mutants of FXII have increased ability to become activated at lower concentrations of 

negatively charged surfaces in a process called contact activation. In chromogenic 

substrate conversion assays, low concentrations of DXS (0.1 μg/mL) triggered similar 

amidolytic activity in FXII_Thr309Lys and FXII_Thr309Arg, while the contact activator was 

unable to activate WT protein under these conditions (Figure 3H). In contrast, the 

activation of mutant and WT FXII was indistinguishable at high DXS concentrations (100 

μg/mL) (Figure 3I). Similarly to DXS, low concentrations of the contact activators 

polyphosphate (polyP) and collagen activated FXII_Thr309Lys and FXII_Thr309Arg, but 

not WT FXII. For control, 1,000-fold higher levels of the contact activators initiated 

activation of all 3 FXII variants (Figure 3J; polyP, Figure 3K; collagen). Taken together, our 

data show that excess BK formation in HAEIII is due to facilitated Thr309 mutant FXII 

zymogen activation.

Similar C1inh binding to WT and Thr309-mutated FXIIa
To test C1inh for inhibition of WT and mutant FXIIa, we activated the zymogens by 

kallikrein, then inactivated kallikrein by aprotinin and analyzed enzymatic activities of 

formed WT FXIIa, FXIIa_Thr309Lys, and FXIIa_Thr309Arg in the absence and presence 

of C1inh (250 μg/mL) (Figure 4A). Substrate conversion of WT and mutant FXIIa variants 

was similar in the absence of C1inh. Addition of the inhibitor reduced WT FXIIa, FXIIa_

Thr309Lys, and FXIIa_Thr309Arg enzymatic activities to a similar extent (31%, 29%, and 

28% vs. without C1inh set to 100%). ELISA binding experiments confirmed C1inh 

-mediated inhibition of WT and Thr309-mutated FXIIa in a similar dose-dependent manner, 

with IC50 values (half-maximal inhibitory concentration similar to Ka values) of 95 nM each 

(not shown). B7 nanobodies specifically bind to free FXIIa, but not to FXII zymogen or 

FXIIa-C1inh complexes1. We compared C1inh binding to FXIIa variants using a B7-based 

capture ELISA. Human FXII–deficient plasma with normal C1inh levels was reconstituted 

with kallikrein-activated WT FXIIa, FXIIa_Thr309Lys, and FXIIa_Thr309Arg (375 nM each) 

and analyzed for formation of FXIIa-C1inh complexes. C1inh bound to and inactivated 

WT and Thr309-mutated FXIIa in a similar fashion, indicating that HAEIII is not due to a 

functional C1inh deficiency (Figure 4B). To quantify C1inh inhibition of FXIIa in HAEIII, 

we determined the second order rate constants of C1inh binding to FXIIa variants. 
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Surface-plasmon resonance (Biacore) was used to analyze dose-dependent interaction 

of C1inh with immobilized WT FXIIa (Figure 4C) and FXIIa_Thr309Lys (Figure 4D). Data 

fitting to a heterogeneous ligand binding model resulted in similar second-order rate 

constants of 780 M–1 s–1 (ka1) and 9,300 M–1 s–1 (ka2) for WT FXIIa and 890 M–1 s–1 (ka1) and 

11,000 M–1 s–1 (ka2) for FXIIa_Thr309Lys. C1inh binding to Thr309-mutated and WT FXIIa 

was comparable and consistent with previous data on WT FXIIa inhibition by C1inh (ka1= 

666 – 1,300 M–1 s–1 and ka2= 3,800– 7,100 M–1 s–1; 92). 

Figure 4. C1inh binds similarly to WT and mutated FXIIa. (A and B) Chromogenic substrate conversion 
by preactivated FXII variants. Equimolar amounts of recombinant WT FXII, FXII_Thr309Lys, and FXII_
Thr309Arg were preactivated with kallikrein that was subsequently blocked by aprotinin. S-2302 chromogenic 
substrate was added in the absence (empty columns) or presence (filled columns) of C1inh (250 μg/mL). 
Bars represent the optical density at 60 minutes. Mean ± SEM. n=3. ***P < 0.001, unpaired 2-tailed Student’s 
t-test. (B) Human FXII–deficient plasma was reconstituted to normal FXII plasma levels (375 nM) with purified 
activated WT FXIIa, FXIIa_Thr309Lys, or FXIIa_Thr309Arg and analyzed for time-dependent disappearance 
of FXIIa variants, indicating FXIIa- C1inh complex formation. Capture ELISA using B7 nanobody determined 
levels of free FXIIa in solution. Captured FXIIa was detected with a polyclonal antibody against FXII that in 
turn was photometrically quantified with a detection antibody and substrate reaction. Background signal in 
wells coated with control nanobodies (light colors). (C and D) 6xHis-tagged WT FXII and FXII_Thr309Lys 
proteins were immobilized on Biacore NTA sensor chips. C1inh was added in a dilution series (0.625–10 μM). 
Sensorgram of C1inh binding to (C) FXII and (D) FXII_Thr309Lys. Data from a single experiment that was 
performed 3 times are shown. Second-order rate constants were calculated from the binding data. 
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FXIIa and plasma kallikrein inhibitors interfere with mutated FXII-driven HK cleavage 
in HAEIII
Plasma samples taken from HAEI, HAEII, or HAEIII patients were incubated with 

increasing concentrations of DXS and probed for HK cleavage dependent on C1inh 

addition. DXS of 10 ng/mL or more induced complete HK cleavage in HAEI and HAEII 

plasma, and a 10-fold higher contact activator concentration initiated HK conversion in 

HAEIII (Figure 5, A–C). C1inh addition dose dependently interfered with DXS stimulated 

HK cleavage in C1inh-dependent HAEI and HAEII, but was largely inactive in HAEIII 

plasma (Figure 5, D–F). This finding motivated us to investigate alternative pharmacological 

strategies for interference with HK cleavage in HAEIII. The FXIIa inhibitors corn trypsin 

inhibitor (CTI) (30 μg/mL), H-D-Pro-Phe- Arg-chloromethylketone (PCK) (5 μg/mL), and 

recombinant human albumin–fused infestin-4 (rHA–infestin-4, 80 and 500 μg/mL) inhibited 

DXS-stimulated HK cleavage in HAEIII plasma (Figure 5, G–K). Aprotinin is used in clinical 

settings to interfere with kallikrein activity93. 50 kallikrein inactivator units/mL (KIU/mL) 

of the inhibitor partially inhibited contact-driven HK cleavage, while 500 KIU/mL completely 

abrogated HK procession in HAEIII plasma (Figure 5, L and M). Similarly, the kallikrein 

inhibitor ecallantide (DX-88, 10 μM) blocked HK cleavage in HAEIII plasma (Figure 5N). 

The fully human monoclonal anti-FXIIa antibody 3F7 interferes with FXIIa-driven 

thrombosis in extracorporeal bypass systems94. 3F7 inhibited contact-driven HK cleavage, 

and a dose of 50 μg/mL (330 nM) was sufficient to completely block plasma HK conversion 

(Figure 5O). 

Thr309-mutated FXII increases contact-driven vascular leakage in mice
To analyze function of Thr309-mutated FXII for permeability in vivo, we infused FXII-deficient 

mice (F12–/–) with recombinant FXII_Thr309Lys, FXII_Thr309Arg, or WT FXII. All these 

reconstitutions normalized the prolonged activated partial thromboplastin time (aPTT, a 

measure for the FXIIa-driven intrinsic coagulation pathway) of F12–/– mouse plasma close 

to WT animal levels (85 ± 22 to 28 ± 11 for Thr309Lys, 30 ± 7 for Thr309Arg vs. 26 ± 6 

seconds for WT). We analyzed vascular leakage in reconstituted animals by real-time 

intravital confocal laser-scanning microscopy. FITC-dextran was intravenously injected as 

a macromolecular tracer for plasma protein extravasation. A ventral skin window was 

incised, and skin was inverted and analyzed under the microscope. No basal extravasation 

of the tracer was detectable 5 minutes prior to stimulation, indicating intact vascular 

barriers. Topical application of DXS provoked leakage in WT mice. The first leaky spots 

appeared within 10 minutes, and leakage was maximal after 20 minutes (tracer fluorescence 

intensity 10.5 ± 1.4-fold of initial t = 0 minutes signal; Figure 6, WT). Consistent with 

heparin-driven increase in vascular permeability (24), DXS-stimulated leakage in C1inh–/– 

mice (a mouse model for HAEI) was excessive (34.3 ± 3.9-fold; Figure 6) and occurred 

more rapidly than in WT animals. In contrast, F12–/– mice were resistant to DXS-stimulated 

increase in vascular permeability (1.1 ± 0.4-fold; Figure 6). Contact-induced leakage was 

largely increased in both FXII_Thr309Arg- and FXII_Thr309Lys-reconstituted F12–/– mice 

and exceeded WT mouse levels by approximately 3-fold (25.7 ± 3.9- fold and 24.2 ± 2.4-
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fold; Figure 6). Kinetics and magnitude of DXS-triggered tracer extravasation did not differ 

between the 2 mutant FXII-reconstituted mouse lines. Increase of permeability in normal 

human FXII–reconstituted animals was similar to WT mouse levels (10.1 ± 2.3-fold, P > 

0.05 vs. WT; Figure 6). There was no obvious sex difference in contact system–mediated 

leakage for all mouse strains investigated. 

Figure 5. Inhibition of HK cleavage in plasma of HAEI, HAEII, and HAEIII patients. (A–C) Plasma samples 
of HAEI, HAEII, and HAEIII patients were preincubated with buffer or (D–F) 100 U/mL C1inh, then stimulated 
for 30 minutes with buffer or a concentration series of DXS (1 pg/mL-100 μg/mL) and then probed for HK 
(BK-containing) and the HK light chain that is generated during BK formation by western blotting. (G–O) 
Inhibition of HK cleavage in HAEIII. HAEIII patient plasma was incubated with buffer or DXS (1 pg/mL-100 
μg/mL) in the presence of contact system inhibitors: (H) CTI (30 μg/mL), (I) PCK (5 μg/mL), (J and K) rHA–
infestin-4 (80 and 500 μg/mL), (L and M) aprotinin (50 and 500 KIU/mL), (N) DX-88 (10 μM), and (O) 3F7 (50 
μg/mL). Treated plasma was analyzed by western blotting for HK. A representative photographic film of n=3 
is shown.
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Increased vascular leakage in a HAEIII mouse model
We next generated a mouse model of HAEIII with liver-specific inducible expression of 

human FXII_Thr309Lys on a F12 heterozygous genetic background (F12+/–). First, we 

analyzed inducible expression of FXII_Thr309Lys in transfected HEK293T cells using the 

Tet-On system. Western blotting showed doxycycline dose–dependent expression of the 

construct. The recombinant mutant FXII migrated at a lower apparent molecular weight 

than WT FXII and apparent molecular weight was identical to HAEIII patient plasma–derived 

FXII_Thr309Lys, indicating impaired glycosylation (Figure 7A). For doxycycline-controlled 

in vivo expression of FXII_Thr309Lys, we used the Tet-Off system that requires 2 transgenic 

mouse strains enabling liver-specific transgene expression in the absence of the inducer. 

We generated a transgenic mouse line that expresses FXII_Thr309Lys under the control 

of a tetracyclineresponsive element (TRE). These transgenic animals were crossed with a 

second mouse strain that expresses the tetracycline-controlled transcriptional activator 

Figure 6. Thr309-mutated FXII increases skin microvessel permeability. WT, C1inh–/–, F12–/–, and F12–/– 
mice reconstituted with human FXII_Thr309Lys (F12–/– + FXII_Thr309Lys), with FXII_Thr309Arg (F12–/– + 
FXII_Thr309Arg), or with WT FXII (F12–/– + FXII) were challenged by topical application of DXS to skin 
microvessels. Extravasation of FITC-dextran tracer from murine dorsal skin microvessels was recorded by 
intravital laser-scanning fluorescence microscopy in real time. Laser-scanning images were taken at 10 and 
20 minutes after stimulation (at 0 minutes) and are shown in false colors. White represents the highest and 
black the lowest tracer intensity. Scale bar: 500 μm. Confocal images were recorded with a ×10 objective 
and processed with software EZ-C1, version 2.10, for Nikon. A typical experiment of a series of n=4 mice 
per group is shown.
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(tTA) under the control of the liver specific LAP promoter95. Resulting double-transgenic 

animals were bred with F12–/– mice to reduce expression of endogenous FXII to 50% of 

WT mouse levels20. The breeding led to HAEIII mice that expressed 50% of normal plasma 

levels of endogenous (murine) FXII and, in addition, human FXII_Thr309Lys only in the 

Figure 7. Increased vascular leakage in HAEIII mice. (A) Inducible expression of FXII_Thr309Lys in HEK293T 
cells, incubated in the presence of increasing concentrations of doxycycline (dox; 0.1–6.4 μg/mL) or buffer 
using a Tet-On system. FXII_Thr309Lys in supernatants was analyzed by western blotting after 48 hours of 
induction. FXII and FXII_Thr309Lys were loaded as controls. n = 3. (B) Transgenic FXII_Thr309Lys expression 
was induced in HAEIII mice (Tet-Off system) by dox withdrawal (–) and suppressed by dox (+). Plasma 
samples from induced (–dox) and noninduced (+dox) HAEIII mice (muHAEIII) were analyzed by western 
blotting using a human anti-FXII antibody that does not cross-react with the mouse orthologue. Plasma 
samples from a HAEIII patient (huHAEIII), a healthy individual (NP), a WT mouse, and HEK293T cell–expressed 
FXII_Thr309Lys were loaded for comparison. (C) Extravasation of FITC-dextran tracer from murine dorsal 
skin microvessels was recorded by intravital laser-scanning fluorescence microscopy in real time. DXS was 
topically applied to the inverted skin of either noninduced (+dox; not expressing FXII_ Thr309Lys) or induced 
(–dox; expressing FXII_ Thr309Lys) HAEIII mice (columns 1 and 2). HAEIII mice expressing FXII_Thr309Lys 
were injected with DX-88 (430 μg/kg bw) or 3F7 (7 mg/kg bw) 30 minutes before FITC-dextran application 
(columns 3 and 4). Laser-scanning images were taken at 10 and 20 minutes after stimulation by topical 
application of DXS to skin microvessels at time point 0 minutes and are shown in false colors. White 
represents the highest and black the lowest tracer intensity. Scale bar: 500 μm. n=4 per group.
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absence of doxycycline (when tTA activated expression of the transgene) specifically in 

hepatocytes (where the LAP promoter was active) (Supplemental Figure 2, A and B). Plasma 

samples from HAEIII mice were analyzed for FXII_Thr309Lys using an anti-FXII antibody 

that specifically binds to human FXII (WT and mutated protein) and does not recognize the 

murine homolog (Figure 7B). Transgenic mutant FXII expression was suppressed by 

supplementing mouse food with doxycycline. FXII_Thr309Lys in HAEIII mouse plasma 

migrated at the same apparent molecular weight as patient-derived and HEK293T-expressed 

proteins (Figure 7B; lanes 1, 3, and 4) and at a lower weight than that seen in normal FXII 

from healthy individuals (Figure 7B; lane 2). We compared vascular leakage in HAEIII mice 

dependent on FXII_Thr309Lys expression. There was no detectable basal leakage without 

stimulation in HAEIII mice within 30 minutes. DXS induced leakage was increased more 

than 3-fold (27.3 ± 3.5-fold vs. 7.4 ± 1.5-fold, t = 20 minutes, Figure 7C, +dox vs. –dox) in 

HAEIII mice that express FXII_Thr309Lys over their non-expressing counterparts. Vessel 

permeability in HAEIII mice was similar to the leakage in C1inh–/– mice (27.3 ± 3.5-fold, NS 

vs. C1inh–/–; Figure 7C, –dox vs. Figure 6, C1inh–/–), whereas vascular leakage in the absence 

of FXII_Thr309Lys expression did not differ from WT mouse levels (7.4 ± 1.5-fold; NS vs. 

WT; Figure 7C, +dox vs. Figure 6, WT). Targeting kallikrein and FXIIa interfered with 

excessive contact system activation in HAEIII patient plasma (Figure 5, N and O). We next 

investigated whether inhibition of kallikrein or FXIIa had therapeutic potential in our HAEIII 

mouse model. DX-88 (430 μg/kg body weight [bw]) or anti-FXIIa antibody 3F7 (7 mg/kg bw) 

was intravenously infused into HAEIII mice (that expressed FXII_Thr309Lys) 5 minutes 

prior to DXS application. Both inhibitors fully blocked DXS-induced vascular leakage, and 

permeability was as low as in F12–/– mice in both cases (2.8 ± 1.4- fold [DX-88] and 1.4 ± 

1.1-fold [3F7]; NS vs. F12–/– [1.1 ± 0.4-fold], Figure 7C, +DX-88 –dox and +3F7 –dox).

Increased edema formation in a HAEIII mouse model
We analyzed the contribution of FXII_Thr309Lys to vascular leakage in mice using an 

alternative technique, the Miles edema model96. This model allowed us to 

spectrophotometrically quantify the amount of extravasated Evans blue dye in excised skin 

samples after intradermal injections with stimuli. Basal vascular permeability, assessed in 

saline-injected skin, was low (≤1.5) in all mice tested. BK stimulated similar leakage in WT 

and HAEIII mice (Figure 8, A–E). Dye extravasation was plotted relative to the saline-induced 

signal in WT mice (WT set to 1.0, Figure 8F). Increase in vessel permeability after BK 

injection in HAEIII mice was similar to leakage in WT mice and was independent of FXII_

Thr309Lys expression (7.8 ± 2.1 [+dox] and 8.3 ± 2.2 [–dox], vs. 7.8 ± 1.2 [WT]; P > 0.05 

HAEIII vs. WT; reported as the fold change in Evans blue extravasation compared with WT 

mice injected with saline here and below). As expected, inhibition of kallikrein or FXIIa (by 

infusion of DX-88 or 3F7, respectively) did not reduce BK-induced leakage in the skin of 

FXII_Thr309Lys expressing HAEIII mice (8.3 ± 1.9 [DX-88]; 7.9 ± 0.6 [3F7]; P >0.05 vs. 

WT). Consistent with previous studies89, intradermal injection of DXS induced leakage in 

WT mice (5.5 ± 1.6). DXS triggered vascular permeability was increased more than 3-fold 

in FXII_Thr309Lys-expressing HAEIII animals compared with noninduced HAEIII mice (18.1 
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± 2.4 vs. 5.0 ± 1.3; P < 0.01), and the contact activation-induced leakage was similar in 

noninduced HAEIII versus WT mice. Since congenital deficiency in B2R provides protection 

from contact system–mediated edema3, we further tested the therapeutic potential of 

inhibitors of BK formation in our new mouse model of HAEIII. Infusion of DX-88 or 3F7 

prior to challenge largely reduced DXS-induced edema in FXII_Thr309Lys-expressing 

induced HAEIII mice (3.3 ± 1.4 [DX-88] and 3.1 ± 1.5 [3F7]; P < 0.01 vs. untreated HAEIII 

mice). Leakage in inhibitor-pretreated HAEIII mice was below challenged WT mouse levels, 

suggesting that inhibitors interfered with mutant and endogenous FXIIa-driven increases 

in vascular permeability. Cumulatively, these data show that FXII_Thr309Lys mediates 

increased contact-initiated vascular leakage in vivo. 

Normal arterial thrombus formation in HAEIII mice. 
Thrombin generation in HAEIII patient plasma triggered by contact activators kaolin and 

ellagic acid is indistinguishable from that of healthy controls (Supplemental Figure 3). 

Figure 8. Increased DXS-driven edema in HAEIII mice. (A–E) Evans blue was intravenously infused as a 
tracer into (A) WT, (B) noninduced HAEIII (+dox), and (C) induced HAEIII (–dox) mice, and (D and E) FXII_
Thr309Lys–expressing mice treated with DX-88 (430 μg/kg bw; +DX-88 –dox) or 3F7 (7 mg/kg bw; +3F7 –dox). 
Skin edema formation was induced by intradermal injection of 50 μL BK (100 μM), DXS (80 mg/mL), or saline 
as control (NaCl) and visualized by tracer extravasation after 30 minutes. (F) Spots with extravasated tracer 
were excised entirely, and dye was extracted and quantified. Tracer extravasation is plotted relative to leakage 
in WT mice stimulated with NaCl (dashed line). Columns show mean ± SEM. n=4 per group. **P < 0.01, 
unpaired 2-tailed Student’s t-test. Representative mouse hides are shown in A–E. 
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Consistent with previous data97, the aPTT in HAEIII patient plasma is within the reference 

range (33 ± 4, 25–38 seconds) indicating that FXII, PK, and HK plasma antigen levels are 

normal. Western blotting with contact factor–specific antibodies98 confirmed comparable 

FXII, PK, C1inh, and HK plasma levels in HAEIII patients and healthy controls (not shown). 

Consistent with the results in patients, the aPTT in plasma of induced HAEIII mice was 

close to WT animal levels (30 ± 8 vs. 26 ± 6 seconds). Arterial thrombus formation induced 

by mechanical vascular injury is defective in F12–/– mice20. Thrombosis in the carotid artery 

challenged with FeCl3 was consistently impaired in F12–/– mice, and all animals displayed 

normal flow rates through the injured vessel at the end of the 40-minute observation period. 

Thrombus formation in induced HAEIII mice was not significantly different from that of WT 

animals, and arteries occluded in all mice within 15 minutes (8.5 ± 1.1 vs. 7.9 ± 0.8 minutes, 

n = 10). Non-induced HAEIII mice did not express human FXII_Thr309Lys and exhibited 

50% of endogenous FXII levels only. In these animals, 7 to 10 carotid vessels occluded 

and time to occlusion was prolonged (23.8 ± 4.5 minutes, Figure 9).

Figure 9. Thrombus formation in HAEIII mice. Thrombosis was induced in the carotid artery of F12–/–, WT, 
HAEIII –dox (induced) and HAEIII +dox (noninduced) mice by topical application of 5% FeCl3 for 3 minutes. 
Time to complete vascular occlusion after injury was monitored. Each symbol represents 1 individual animal. 
The experiment was stopped after 40 minutes. **P < 0.01, unpaired 2-tailed Student’s t-test.
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DISCUSSION

Classical HAEI and HAEII result from a deficiency in functional C1inh99 and occur with 

roughly the same prevalence of 1 in 50,000 to 100,000 in men and women100. In contrast, 

C1inh-independent HAEIII was initially believed to selectively affect women in an estrogen-

dependent manner85. Challenging the suggested X-linked dominant mode of inheritance, 

genome-wide linkage studies associated HAEIII with a single point mutation in the F12 

gene on chromosome 540; recently, male HAEIII patients were identified101, 102. Here, we 

show that both HAEIII-associated FXII mutations Thr309Lys40 and Thr309Arg86 result in a 

loss of O-linked glycosylation that increases their susceptibility for contact activation 

compared with healthy controls, notwithstanding the mutation being located outside the 

enzymatic domain. We reasoned that mutations at position Thr309 could increase 

susceptibility of contact-induced FXII zymogen activation or modulate the interaction of 

FXIIa with inhibitors such as C1inh. The FXII mutation did not affect C1inh binding, as 

second-order rate constants for C1inh inhibition of Thr309-mutated and WT FXIIa were 

similar and consistent with previous data for WT protein inhibition by C1inh on cell 

surfaces92. FXII binds to surfaces via its heavy chain, and surface-bound FXIIa is protected 

from inactivation by C1inh. The heterogeneous ligand-binding model used in surface 

plasmon resonance (SPR) analysis reflects these 2 populations of FXIIa molecules, either 

surface associated via a combination of the heavy chain and 6xHis-tag or simply via the 

tag alone92. Consistent with the surface-plasmon resonance data, C1inh bound and 

inhibited WT and mutated FXIIa forms similarly in plasma (Figure 4) and immobilized on 

surfaces (IC50 of 95 nM). The data argue against a postulated role of increased C1inh 

binding to mutated FXIIa variants for pathological BK formation in HAEIII103. CTI (a FXIIa 

inhibitor) prevents FXIIa-C1inh complex formation; however, it does not inhibit FXIIa-

mediated PK activation, indicating that C1inh binding to WT FXIIa is slow compared with 

FXIIa-triggered PK-mediated HK processing104. Facilitated formation of the mutated enzyme 

and slow inhibition of the active protease offers an explanation for poor interference of 

C1inh with Thr309-mutated FXIIa-initiated BK formation. While contact- triggered Thr309-

mutated FXIIa formation escaped the control of C1inh, the inhibitor inactivated both 

preformed WT and Thr309-mutated proteases (Figure 5). C1inh has been reported to 

inhibit edema in some HAEIII patients105, and interference of C1inh with excessively 

formed kallikrein and Thr309-mutated FXIIa offers a rationale for this activity. Activation 

of FXII_Thr309Lys or Thr309Arg mutants initiated by naturally occurring and synthetic 

contact activators was increased in both plasma and a purified system containing 

physiological levels of C1inh (Figure 3 and Supplemental Figure 1). Thus, HAEIII appears 

to be caused by a hyperactivable FXII_Thr309Lys or FXII_Thr309Arg that has enhanced 

susceptibility for contact activation over WT FXII. This excessive activation of mutant FXII 

induces edema in a BK-dependent manner via the kallikrein-kinin pathway in vivo. 

Consistently, targeting FXIIa or kallikrein interferes with pathological vascular leakage in 

HAEIII. HAEIII patient FXII plasma levels and total FXIIa enzymatic activity (following full 

activation) were in the normal range. However, Thr309-mutated FXII variants showed 
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increased susceptibility for contact activation over the WT protein. This may help explain 

why the aPTT assay, which measures total FXII activity levels in response to excess 

stimulation with the strong contact activator silica, is normal in HAEIII patients97. In support 

of the notion that FXII is more easily contact activated in HAEIII, doses of DXS that are 

insufficient to trigger FXIIa formation in healthy individuals readily activate FXII_Thr309Lys 

and produce BK in HAEIII patient plasma (Figure 2) and BK-dependent vascular leakage 

in HAEIII mice (Figure 6). 

Recently, the crystal structure of the FXIIa protease domain was solved106. The structure 

improves understanding of FXIIa interaction with inhibitors and substrates; however, the 

insect cell–expressed construct does not comprise the residue Thr309. FXIIa107 and FXIIa-

C1inh complexes108 are significantly increased in the acute swelling episode, but not during 

remission, in HAE patient plasma. Consistent with findings in HAEI and HAEII patients109, 

we found contact system factor consumption in 3 of our HAEIII patients during the acute 

swelling episode, supporting FXIIa-driven BK formation in HAE. However, in addition to 

FXIIa and contact activation, alternative mechanisms of BK formation might exist with 

potential implications for HAE. PK- and HK-deficient mice have very low levels of BK110, 

111. In contrast, inherited FXII deficiency reduces baseline BK plasma levels by 50% only, 

indicating FXII-independent BK formation in these mice18. Proteases, such as neutrophil 

elastase and mast cell–derived tryptase, process HK and might have a role in BK formation 

at sites of inflammation involving activated mast cells112. Furthermore, BK formation 

mediated by zymogen PK bound to HK has been described in plasma of HAEI and HAEII 

patients. The underlying mechanism has remained enigmatic and may involve defective 

stabilization of PK-HK complexes in the absence of C1inh91, 113. Similarly to Thr309 in human 

FXII, differential glycosylation has been implicated in contact system regulation in rodents. 

Lewis rats are more susceptible to the development of inflammation in bacterial-induced 

colitis114 and B2R-mediated inflammatory arthritis models115. In contrast to other rat strains, 

Lewis rats lack an O-linked glycosylation in HK and have an increased rate of HK cleavage 

by kallikrein during activation by DXS116. We focused on the 2 FXII mutations at Thr309 

that were initially described in HAEIII families40, 86. Recently, a F12 gene deletion of 72 

base pairs (coding amino acids 305–321) was identified in 2 unrelated HAEIII families117, 

118. Additionally, in a 37-year-old woman and her daughter with recurrent C1inh-independent 

angioedema, a duplication of 18 base pairs in the F12 gene was reported119. This duplication 

codes for 6 additional amino acids in FXII (positions 298–303). The molecular mechanism 

of edema formation in patients carrying these latter 2 mutations is unknown. However, 

all mutations in C1inh independent HAEIII patients affect the proline-rich region of FXII. 

This C-terminal portion of the FXII heavy chain mediates contact to other proteins and 

zymogen FXII surface binding88, supporting a critical function of Thr309 for zymogen 

contact activation. In contrast with gain-of-function FXII mutations associated with edema, 

multiple other mutations are known to cause loss of FXII activity. Some of these mutations 

reduce FXII plasma levels by interference with synthesis or secretion120. Other mutations 

reduce the enzymatic activity of FXIIa; these are mostly located in the serine protease 

catalytic triad His393-Asp442-Ser544 or are close to the active site120. 
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Another example is FXII Locarno, which is a secreted but dysfunctional protein, due to 

an Arg353Pro substitution mutation. The mutation alters the FXIIa/kallikrein recognition 

site in FXII and abolishes zymogen activation by limited proteolysis7. The proline-rich region 

mediates the binding of FXII to negatively charged surfaces, which triggers a conformational 

change to induce FXII activation (autoactivation)88. Activation of FXII by the silicate kaolin 

is used to initiate the FXIIa-driven intrinsic coagulation cascade in aPTT coagulation 

assays25, 45. FXIIa cleaves surface-associated PK to generate kallikrein, which in turn 

reciprocally activates further FXII molecules, thereby amplifying the initial signal25, 45, 121. 

In vitro, the polyanionic polysaccharide heparin liberates BK by providing a surface for FXII 

contact activation122, 123. We have recently identified mast cell–released heparin as an 

endogenous FXII activator during mast cell–mediated vascular leakage in a mouse model 

of HAEI3. Additionally, heparin triggers BK-mediated hypersensitivity reactions, including 

hypotension in mouse models of anaphylaxis and in anaphylactic patients in an FXII-

dependent manner98. Cutaneous edema in HAEIII patients is known to occur after allergen 

exposure or physical stress105, which is associated with degranulating mast cells124. 

Heparin specifically triggers FXIIa-mediated BK formation; however, under these 

conditions, FXIIa does not trigger the intrinsic coagulation pathway via its substrate FXI3. 

HAE patients suffer from recurrent activation of FXII and consecutively BK-mediated 

swelling, but the swelling episodes are not associated with an enhanced risk for 

thrombosis125. FXII contact activators either trigger activation of both coagulation and 

kallikrein-kinin systems or specifically activate the kallikrein-kinin pathway without 

activating coagulation45. For example, misfolded protein aggregates allow for FXIIa and 

kallikrein without activation of coagulation, indicating that some biological surface initiates 

inflammatory events in an FXIIa dependent manner independently of coagulation2, 3. 

Similarly to mast cell–released heparin, the synthetic polysaccharides oversulfated 

chondroitin sulfate24 and DXS126 specifically trigger BK formation in patients and large 

animal models without producing thrombotic reactions in vivo. Other contact system 

activators such as polyP46 or ellagic acid initiate both FXIIa driven fibrin and BK formation. 

The precise molecular basis for the preferential activation of the kallikrein-kinin pathway, 

without the intrinsic coagulation pathway, requires further investigation and may involve 

differential proteolysis forms of FXIIa127, additional FXIIa substrates, FXIIa-independent 

BK-forming reactions, or the nature and structural requirements of the FXII zymogen-

activating surface2, 127. 

There has been substantial progress in the development of therapeutic targets for HAE. 

Current treatments of choice for acute edema attacks are supplementation of C1inh82, 

inhibition of kallikrein (DX-88, ecallantide)84, and targeting of B2R (icatibant)83. All these 

pharmacological strategies interfere with FXIIa-initiated BK function. In contrast to all other 

coagulation proteases, inherited FXII deficiency is not associated with any hemorrhagic 

disorder in humans, baboons, birds, or mice. While being dispensable for hemostasis25 in 

mouse20 and large animal models27, there is a critical role of FXII in thrombosis, making it 

an attractive antithrombotic drug target. The recombinant FXIIa-specific antibody 3F7 

blocks FXIIa activity and prevents surface-induced clotting of plasma. Infusion of 3F7 
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provides thromboprotection in a clinical setting without therapy-associated increase in 

bleeding. Additionally, targeting FXIIa with 3F7 interferes with DXS-driven contact 

activation in human plasma94 and edema formation in HAEIII mice (Figure 8). This suggests 

that the fully human antibody 3F7 may be useful both in the prophylaxis and acute settings 

of HAE. Indeed, humanized antibodies have been effectively introduced as patient therapy 

on numerous occasions128. Similarly, subcutaneous application of fully human anti-kallikrein 

antibody DX-2930, which has a high bioavailability (66%) and long half-life (12.5 days), 

interferes with BK formation in monkeys. A placebo-controlled, dose-escalation phase 1 

trial with DX-2930 has just been completed129. Antisense oligonucleotides (ASOs) provide 

an alternative method to interfere with PK and FXII activity. Repetitive subcutaneous ASO 

injection knocks down FXII and/or PK expression for several weeks in mice130. 

Contact-induced leakage in WT and F12+/– mice (having 50% FXII plasma levels of WT 

animals)20 are similar (Figure 7), indicating that half-normal FXII levels are sufficient for 

edema formation. Consistently, FXII levels of 50% also allow for thrombus formation68, 

emphasizing the need for potent and selective FXIIa interfering therapeutic strategies. 

Clinical studies are required to evaluate and compare the efficacy and applicability of these 

new agents in patients of various HAE types. This study shows that the mechanism for 

HAEIII is increased contact-activatable FXII, resulting from a defective O-linked Thr309 

glycosylation, which leads to BK formation in vitro and angioedema in vivo.
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MATERIAL & METHODS

Patients
HAEIII plasma samples were obtained from France, Germany, and Spain. Control plasma 

was obtained from healthy volunteers at the Karolinska University Hospital or purchased 

from Siemens Life Science. FXII-deficient human plasma was obtained from George King 

Bio-Medical Inc.
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Genotyping of HAEIII patients
F12 gene sequencing was performed in symptomatic HAEIII patients and in unaffected 

relatives. DNA was extracted from venous EDTA anticoagulated blood using a DNA 

extraction kit (DNeasy Blood and Tissue Kit, QIAGEN). PCR was performed using forward 

primer 5'-ACGTGACTGCCGAGCAAG-3' and reverse primer 5'-CCTCTCGGCTCCTCCTTC-3' 

with 30 cycles with an annealing temperature of 59˚C. The mutation was confirmed by 

sequencing. 

Peptide analysis by mass spectrometry. 
Tryptic peptides from in-gel digestion of 1D-PAGE bands were separated by nano-LC and 

detected by a Qtrap4000 Mass Spectrometer (Applied Biosystems) as previously 

described131. 

Contact phase system activation assays in vitro
Human citrated platelet-poor plasma samples were activated with increasing concentrations 

(ranging from 1 pg/mL to 100 μg/mL) of high molecular weight DXS (500 kDa, Sigma-

Aldrich) or buffer in the presence or absence of C1inh concentrate (Berinert, CSL Behring 

GmbH); FXIIa inhibitory antibody (3F7, CSL Limited); PCK (Bachem); rHA–infestin-4 (CSL 

Behring GmbH); CTI (Calbiochem); aprotinin (Trasylol, 500,000 KIU, Bayer) or DX-88 

(Ecallatide, Dyax). Similarly, a reaction containing recombinant expressed pure FXII or 

FXII_Thr309Arg, HK (Molecular Innovation), PK (Molecular Innovation), and C1inh (Berinert) 

was supplemented with DXS. Samples were incubated for 30 minutes at 37˚C. Reducing 

Laemmli sample buffer was added to stop reactions, and the samples were boiled for 5 

minutes followed SDS-PAGE on 8% gels and western blotting using the following 

antibodies: anti-FXII; anti- C1inh (catalog GAHu/FXII and GAHu/CEI; Nordic Immunological 

Laboratories); anti-FXIIa98, donated by David Pritchard, Axis Shield, Dundee, United 

Kingdom); anti-HK132, 133, or anti-PK antibody (catalog SAPK-AP; Affinity Biologicals Inc.). All 

antibodies were diluted 1:1000 and horseradish peroxidase–coupled secondary antibody 

was diluted 1:5000 (catalog 205-032-176 and 713-035-147; DAKO). 

FXIIa amidolytic activity assays
FXII-deficient plasma was reconstituted with mutated or WT FXII and stimulated with DXS, 

polyP (>150 phosphate units, BK Guilini), or collagen (Collagen Reagens HORM, Takeda). 

The enzymatic activity of FXIIa was measured photometrically using the chromogenic 

substrate S-2302 (1 mM, Chromogenix) at an absorbance wavelength of 405 nm. In another 

set of experiments using pure proteins, FXII was activated with kallikrein for 15 minutes, 

aprotinin was added to inhibit kallikrein, and then C1inh or buffer was added together with 

the chromogenic substrate L2120 (H-D-Pro-Phe-Arg-pNA, 2.5 mM, Bachem) to assess 

FXIIa. FXIIa capture ELISA. FXIIa ELISA using B7 nanobodies was performed as previously 

described1, with minor modifications. FXII was activated as described above, and kallikrein 

activity was inhibited by aprotinin. Activated FXII was added to citrated FXII-deficient 

plasma. Samples were taken over time and added to a stop mixture (0.5% w/v milk HBS 
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[mHBS], 200 μM PPACK). The B7-coated plate was blocked with 2% mHBS, and detection 

antibodies were dissolved in 0.5% mHBS with 12.5 μM PPACK. ELISA wells coated with 

an unrelated nanobody were incubated identically and served as controls. 

Biacore analysis 
SPR analysis of C1inh-binding affinity to FXIIa was performed with Biacore T-200 Biosensor 

(GE Healthcare). N-terminal 6xHis-tagged FXIIa or FXIIa_Thr309Lys was captured on an 

NTA sensor chip, precharged with NiCl2. C1inh (Berinert) association was measured for 

120 seconds and dissociation for 60 seconds before regeneration of the surface. C1inh 

was added in serial dilutions from 0.625 to 10 μM for detailed kinetics, with each 

concentration measured in duplicate. As N-terminal-tagged recombinant proteins were 

used, any small amounts of β fragment in the preparations would not bind to the chip 

surface and contaminate binding results. All assays were conducted at 37˚C, and data were 

analyzed using the software provided by the manufacturer. Sensorgrams were double 

referenced by subtraction of signal from a reference flow cell and blank injections. 

Referenced sensorgrams were fitted to a heterogeneous ligand kinetic model with local 

Rmax and association rate constants derived by least-squares fitting using Biacore T-200 

evaluation software (GE Healthcare).

Real-time thrombin formation (endogenous thrombin potential) analysis
Thrombin generation in real time was analyzed by the calibrated automated 

thrombography (CAT) method of Hemker, using a Fluoroskan Ascent Fluorometer 

(Thermo Scientific) equipped with a dispenser (Thrombinoscope BV), with minor 

modifications94. All experiments were run in triplicate in pooled normal platelet–poor 

human plasma or HAEIII patient plasma, both supplemented with 4 μM phospholipids. 

Plasma was activated with kaolin (1 μg/mL, Sigma-Aldrich) or ellagic acid (100 ng/mL, 

Actin FS, Siemens). Thrombin generation was calculated using the Thrombinoscope 

software package (version 3.0.0.29). 

Expression of Thr309Lys-, Thr309Arg-, and Thr309Lys/Thr310Lys mutated and WT FXII
 FXII_Thr309Lys, FXII_Thr309Arg, and FXII_Thr309Lys/Thr310Lys site–directed mutagenesis 

(QuikChange Multi Site-Directed Mutagenesis Kit, Stratagene) was performed on human 

FXII cDNA (MIM ID: 610619) in a pcDNA3 vector with the following primers: 

5'-CCGAAGCCTCAGCCCAAGACCCGGACCCCGCCTCAG-3', 

5'-CCGAAGCCTCAGCCCAGGACCCGGACCCCGCCTCAG-3', and 

5'-CCGAAGCCTCAGCCCAAGAAGCGGACCCCGCCTCAG-3', resulting in the exchange of 

C at position 1032 to G (marked in bold; encoding for FXII_Thr309Arg) or A (marked in bold; 

encoding for FXII_Thr309Lys). C at position 1032 was mutated to A and CC at position 

1035–1036 to AG (marked in bold) for FXII_Thr309Lys/Thr310Lys-coding cDNA. Transient 

transfection of FXII and the mutants into HEK293T cells (ATCC: CRL-3216) was done using 

Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. The 

supernatant was collected 48 hours after transfection and concentrated with Amicon Ultra 
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centrifugal filters (30 K, Millipore). In some experiments, FXII and the mutants were 

recombinantly expressed in HEK293T cells via a modified pcDNA6A V5 His vector 

(Invitrogen) and isolated via Strep-tag in combination with streptactin, according to the 

manufacturer’s instructions (Streptactin Sepharose, IBA). Normal and mutated FXII variants 

containing an N-terminal 6xHis tag were similarly expressed in HEK293T cells, but purified 

using Profility IMAC resins (Bio-Rad). 

Vascular permeability assay
Vascular permeability assay was performed as described previously3, with minor 

modifications; where indicated, F12–/– mice were preadministered recombinant FXII, FXII_

Thr309Lys, or FXII_Thr309Arg (5 mg/kg bw), and some HAEIII transgene mice without 

doxycycline were pretreated with inhibitory FXIIa antibody 3F7 (7 mg/kg bw94) or DX-88 

(430 μg/kg bw). Densitometric scans of FXII signals in western blots of blood samples 

collected over a week after infusion determined the half-life of recombinant human FXII 

transfused in F12–/– mice on a C57BL/6 background at 22 ± 8 hours. 

Skin vascular leakage assay
Skin vascular permeability assay was performed as described previously3, with minor 

modifications. Briefly, anesthetized mice were intravenously injected with 10 μL/g bw 0.25% 

Evans blue solution; 5 minutes later, 50 μL saline (negative control), BK (positive control, 100 

μM, Sigma-Aldrich), or DXS (80 mg/mL, Sigma-Aldrich) was intradermally injected in the 

dorsal skin of mice using a 23-gauge syringe. After 30 minutes, the animals were sacrificed 

and the skin was removed and photographed. Skin samples were excised, and the Evans 

blue dye was extracted by incubation in N,N-dimethylformamide overnight at 55˚C. After 

centrifugation at 10,000 g for 2 minutes, the supernatant was collected and the concentration 

of the extracted dye was determined by absorbance spectroscopy, λ at 620 nm. 

FeCl3-induced arterial thrombosis model
FeCl3-induced arterial thrombosis model was performed as described previously20 with 

minor modifications. The flow probe (Transonic Systems Inc.) was inserted around the 

carotid artery. A filter paper (1-2 mm) was saturated with 5% FeCl3 and applied topically 

for 3 minutes. Challenged arteries were monitored for 40 minutes or until complete 

occlusion occurred (blood flow stopped for >10 minutes). 

Transgene vector construct
FXII_Thr309Lys was cloned into a pTRE-Tight vector (Clontech Laboratories Inc./Takara Bio) 

to obtain pTRE-Tight_FXII_Thr309Lys. 

Inducible FXII_Thr309Lys expression in cells
FXII_Thr309Lys was expressed using the reverse tetracycline-induced expressing system 

(Tet-On System). The transactivator plasmid expressed the reverse tTA under control of a 

CMV promoter, and the responder plasmid expressed TRE-controlled pTRE-Tight_FXII_
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Thr309Lys. In the presence of doxycycline (an analog to tetracycline), the transactivator 

binds to the responder plasmid TRE, allowing for expression of FXII_Thr309Lys. The 

transactivator plasmid and FXII_Thr309Lys vector were transfected into HEK293T cells 

using Lipofectamine 2000 in the presence of different concentrations of doxycycline (0.1–

6.4 μg/mL). The supernatant was collected 48 hours after transfection, concentrated with 

Amicon Ultra centrifugal filters (30 K), and analyzed by western blotting. 

Generation of responder mouse strain (hFXII_Thr309Lys transgene) and doxycycline 
treatment
HAEIII transgene mice were generated using a transgenic mouse system with liver-specific 

inducible expression using the tetracycline-regulated expression system (Tet-Off System, 

Supplemental Figure 2A). This binary transgenic system involves 2 transgenic mouse lines. 

The first component is a mouse line that expresses the tTA under control of the LAP 

promotor95 on a C57BL/6 background. Mice were purchased from Jackson Laboratories 

(Tg[Cebpb-tTA]5Bjd [tTALAP, LAP-tTA]). The second component is the responder mouse line 

that expresses mutant FXII (Thr309Lys) under the control of a TRE-driven minimal CMV 

promoter. The responder mouse line was generated via DNA microinjection of fertilized 

oocytes with the pTRE-Tight_FXII_Thr309Lys plasmid after linearization with BspHI (5') and 

BspLU11I (3'), and mice were bred with tTALAP mice. Resulting double-transgenic animals 

were bred with F12–/– mice, leading to HAEIII mice. Genotyping of all mice was performed 

by PCR using the forward primer 5'-CGTATGTCGAGGTAGGCGTG-3' and the reverse primer 

5'-CACAAATGTACCCACAAGGGCCGGC -3'. The breeding scheme to obtain HAEIII mice is 

shown in Supplemental Figure 2B. The HAEIII mice possess an inducible mutated human 

FXII expression on the background of heterozygote endogenous FXII level. The standard 

rodent chow (Ssniff) was supplemented with doxycycline (final concentration 100 mg/kg). 

Doxycycline was removed from mice 10 days before experiments were performed. Western 

blotting and aPTT analyses determined that combined plasma levels of mutant FXII and 

endogenous protein were similar to FXII plasma levels in WT animals. In plasma of doxy-

cycline-fed animals, there was no FXII_Thr309Lys detectable by western blotting (Figure 7B). 

Statistics
All data are presented as mean ± SEM. Statistical analyses were performed with GraphPad 

Prism 5.0 software using unpaired 2-tailed Student’s t-test, and P < 0.05 was considered 

statistically significant. 

Study approval
Animal care and experiments were approved by the Ethics Committee of Stockholm’s 

Norra Djurförsöksetiska board. Mice were used between 6 and 12 weeks of age, and all 

strains were backcrossed to a C57BL/6 background for more than 10 generations. All 

plasma samples were obtained with written, informed consent under the approval of the 

research ethics committee of the city of Hamburg. Written, informed consent was provided 

for the clinical photograph.
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SUPPLEMENTAL DATA

Supplemental Table 1. Clinical and laboratory data of HAEIII family members
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1 F 62 308 26.3 191 46 c.1032C>A p.Thr309Lys Yes

2 F 28 291 23.5 * 35 c.1032C>A p.Thr309Lys Yes

3 F 67 287 18.5 114 * c.1032C>A p.Thr309Lys Yes

4 F 38 293 20.6 294 54 c.1032C>A p.Thr309Lys Yes

5 F 34 272 22.7 286 52 c.1032C p.Thr309 No

6 F 29 261 21.0 153 49 c.1032C>A p.Thr309Lys No

7 M 94 * * * * c.1032C>A p.Thr309Lys No

8 M 31 280 24.5 225 * c.1032C>A p.Thr309Lys No

Numbers correspond to the pedigree in Figure 1B. *: not determined. ACE: angiotensin converting enzyme. 
‡: Nucleotide numbering according to cDNA sequence of F12 (gi: 9961354). §: Amino acid numbering 
omitting signal peptide. Normal range: C1inh antigen [210-390 mg/L], C1inh function [17.2-27.4 U/mL], 
C4 antigen [100-400 mg/L] and ACE activity [23-57 U/mL]
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Supplemental Figure 1. Increased FXII_Thr309Arg zymogen activation triggers excess KK-mediated 
HK cleavage in a purified system. (A) Purified recombinant FXII or FXII_Thr309Arg was added to PK, HK 
and C1inh, all at normal plasma concentrations. Protein mixtures were incubated with a concentration series 
of dextran sulfate (DXS, 1 pg/mL-100 μg/mL) or buffer (w/o). Contact factors were analyzed by western 
blotting with (A, B) anti-FXII, (C, D) anti-C1inh, (E, F) anti-PK and (G, H) anti-HK antibodies. A representative 
photographic film of a series of n=3 is shown.
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Supplemental Figure 2. Generation of HAEIII transgene mice. Liver specific inducible expression of 
Thr309Lys mutated human FXII (hFXII_Thr309Lys) by a tetracycline (Tet)- regulated system. (A) Schematic 
outline of the tetracycline-controlled transactivator system used in this study. The LAP promoter restricts 
expression of the regulatory protein tTA to the liver. In the absence of tetracycline (or its analog doxycycline), 
tTA binds to TRE-sequence and activates the expression of Thr309Lys mutated human FXII protein. (B) 
Breeding scheme of HAEIII transgene mice. HAEIII transgene mice were generated by breeding Tg(Cebpb-
tTA)5Bjd (LAPtTA) mice to hFXII_Thr309Lys responder mice. Double transgenic animals were further 
crossbred to FXII knockout animals (F12-/-) to obtain a heterozygous F12 background (F12+/-). When tetracycline 
(or doxycycline) is removed, tTA binds to the TRE-sequence and allows for the expression of the mutated 
hFXII_Thr309Lys (Tet-Off System).
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Supplemental Figure 3. Procoagulant activity in HAEIII plasma. Real time thrombin generation in HAEIII 
patient and healthy control plasma (NP) (A) stimulated with kaolin (1 μg/mL) or (B) ellagic acid (100 ng/mL). 
A representative thrombin generation curve of a series of n=3 is plotted.
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ABSTRACT

When the contact system assembles and activates on negatively charged surface materials, 

plasma coagulation rapidly follows. This mechanism is redundant for hemostasis but 

mediates pathological thrombus formation, as was reported in a multitude of in vivo studies. 

Epidemiological data are presently scarce to firmly support a role for the contact system 

in human thrombotic disease, while its physiological function and mode of activation remain 

mysterious. Besides its role in blood coagulation in vitro, the contact system is responsible 

for the production of bradykinin. This inflammatory peptide is involved in episodes of 

pathological tissue swelling in (hereditary) angioedema, but potentially also in the 

physiological regulation of vascular permeability. A body of evidence indicates that contact 

system factors are recruited to the surface of activated endothelial cells, where proteins 

that are locally released can activate them. Furthermore, clinical and biochemical studies 

indicate that plasmin, the effector enzyme of the fibrinolytic system, can evoke contact 

system activation. This auxiliary role for plasmin may so far not have been fully appreciated 

in pathophysiology. To conclude this review, we propose a complementary model for 

contact system activation on the endothelial cell surface that is initiated by plasmin activity.
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The plasma contact system and thrombotic disease
The plasma contact system consists of factor XII (FXII), plasma prekallikrein (PPK) and 

high-molecular weight kininogen (HK). The main inhibitor of the contact system proteases 

is C1-esterase inhibitor (C1inh). When plasma is exposed to negatively charged materials, 

the contact system assembles itself on the surface and generates spontaneous enzymatic 

activity in a concerted mechanism28. This process, amongst others, leads to fibrin 

formation via the intrinsic pathway of coagulation by activation of factor XI (FXI). Both 

original reports that revealed an enzymatic cascade-like sequence as a mechanism for 

blood coagulation, were dependent on initial activation of the contact system to initiate 

the intrinsic coagulation pathway134, 135. Only much later was it found that thrombin could 

functionally replace activated factor XII (FXIIa) to activate FXI and amplify coagulation 

once a little thrombin had formed15, 136. 

Persons with genetic deficiencies in contact factors do not present with bleeding 

tendencies, strongly indicating that these proteins are redundant for hemostasis137.  

In contrast, in vitro clotting reactions, triggered by negatively charged materials are 

dramatically prolonged in the plasma of individuals who have these deficiencies67.  

This raises the questions: what is the purpose of the contact system and under what 

conditions does it become active?

The contact system has been strongly implicated to participate in the formation of occlusive 

thrombi in a wide variety of animal models for thrombosis. Genetic or therapeutic targeting 

of contact factors or coagulation FXI in such models strongly reduces thrombosis 

development, while having modest effects on hemostasis (if any at all)19, 20, 68, 138. Furthermore, 

negatively charged polymers, including polyphosphates139 and extracellular nucleic acids, 

mediate pathological thrombus formation in these disease models and targeting these 

compounds has antithrombotic effects46, 47, 140. These studies indicate that the mechanism 

that mediates the in vitro clotting reaction on non-physiological materials for which the contact 

system was originally identified, is also involved in experimental thrombosis.

At present, evidence for a contribution of the contact system to human thrombotic disease 

is still ambiguous. While high levels of clotting factors generally result in a prothrombotic 

state (e.g. FXI31), this is not the case for the contact factors. Low levels of FXII are associated 

with an elevated risk of all-cause mortality29, 70 and myocardial infarction31. Correspondingly, 

the presence of FXIIa-C1inh complexes and kallikrein-C1inh complexes, which are a 

fingerprint for recent contact activation, are inversely related to the risk on developing 

cardiovascular disease. Low levels of these complexes (i.e. FXIIa-C1inh and kallikrein-C1inh) 

translate into elevated risk for coronary heart disease and stroke in men, as was established 

in the Northwick Park Heart Study35. Surprisingly, no relationship was found for FXIa-C1inh 

complexes in the same cohort of patients with cardiovascular disease. In contrast, elevated 

FXIa-C1inh complexes are present during the acute phase of myocardial infarction, while 

FXIIa- and kallikrein-C1inh complexes remain normal32. In the months after the event, levels 

of these activation complexes return to normal. These findings indicate that intrinsic 

coagulation activity (here determined by FXIa-C1inh complexes) is not always directly 

related to contact system activation. In another study of women between 18-50 years, this 
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relation was strikingly different: subjects with high levels (>90 percentile) of FXIIa-, FXIa- 

and kallikrein-inhibitor complexes were at increased risk of developing stroke, while only 

high kallikrein-C1inh complexes were associated with an elevated risk on myocardial 

infarction. Despite these efforts, the role of the contact system in cardiovascular disease 

and physiology remains mysterious.

Bradykinin - an elusive troublemaker
During plasma contact system activation on negatively charged surface materials, 

coagulation is accompanied by the formation of bradykinin. This peptide is released from 

its precursor HK by plasma kallikrein. Bradykinin has a very short half-life in plasma, as it 

is effectively degraded by several kininases. These include angiotensin converting enzyme 

(ACE), aminopeptidase-P, and carboxypeptidase N141, 142. Endothelial cells become stimulated 

when bradykinin binds to the kinin B2 receptor that they constitutively express. This process 

amongst others leads to the release of nitric oxide from the endothelial cells, which in turn 

causes relaxation of surrounding smooth muscle cells to promote vascular leakage. The 

kinin B2 receptor is also present on other cell types, including leucocytes and neurons143, 

144. As a result, bradykinin is involved in pain responses and inflammatory reactions.

Familial deficiency in C1inh and several mutations in the gene that encodes FXII can result 

in hereditary angioedema (HAE)86, 117. In this disease, attacks of tissue swelling occur that 

can last from hours up to days and are caused by excessive vascular permeability. 

Angioedema attacks are mediated by bradykinin and, as a result, inhibition of plasma 

kallikrein activity or blockade of bradykinin receptors has therapeutic benefit for these 

patients83, 84. Although there are several biomarkers that suggest ongoing coagulation 

activity145, 146, there is a remarkable absence of thrombotic events in these patients.

Swelling attacks can affect extremities, the gastrointestinal- or urinary tract, upper airways 

or the face. These attacks are painful, disfiguring and potentially life-threatening. Although 

the plasma contact system is present in the systemic circulation, attacks are surprisingly 

localized: swelling often occurs at a single location, but can sometimes occur at multiple 

separate locations at once. Because of their localized nature, these episodes of vascular 

leakage do not appear to lead to hypotension. As a consequence, this suggests that the 

contact system generates bradykinin in a localized, rather than a systemic manner. This 

is supported by clinical evidence that bradykinin is locally formed at the site of swelling147. 

The trigger factors for angioedema attacks are very elusive, but they can be preceded 

by mild tissue injuries or allergic challenges148. It is attractive to hypothesize that the 

triggers for attacks of angioedema are the very same that mediate physiological contact 

system activation.

The majority of patients that develop angioedema are not deficient in C1inh and do not 

have mutations in the gene that encodes FXII. In those patients that have a positive family 

history, additional unidentified genetic risk factors may be present. Some leads may help 

us to identify new risk factors for angioedema. For example, a subset of patients that are 

treated with ACE-inhibitors for hypertension develop angioedema, while the large majority 

remains asymptomatic. In all patients that are treated with ACE inhibitors, plasma bradykinin 
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levels rise as a result of reduced degradation by ACE149. This (rare) side effect of ACE 

inhibitor treatment remains unexplained, but withdrawal or replacement of therapy is 

sufficient to prevent further problems. It is possible that those particular patients that 

develop swelling attacks a) have a heightened sensitivity to bradykinin or b) are insufficiently 

capable of degrading bradykinin through non-ACE kininases. Genetic and proteomics-based 

approaches should be helpful to identify potential risk factors for swelling attacks in these 

patients, which can subsequently be extrapolated in idiopathic angioedema patients.

Contact activation on surfaces and microparticles
Surfaces
Over the past decades, extensive efforts have been made to identify endogenous activators 

of the contact activation system in physiology and pathology. As a result, a number of 

damage-associated molecular entities have been suggested to directly drive contact system 

activation during vascular injury and infection. These include extracellular nucleic acids47, 

long polyphosphates that are released by pathogens150 or shorter polyphosphates that are 

released by platelets46, aggregated proteins2, including Alzheimer’s peptide49, mast cell-

released heparin3 and pathogen-related molecules, such as endotoxin151. Finally, 

extravascular matrix proteins such as laminin152 and collagen153, 154 are capable of assembling 

and activating the contact system to drive coagulation under flow.

Microparticles
Besides the anionic compounds summarized above, the surface of cells has also been 

proposed as platform for contact system activation in relation to vascular damage and 

infection. At first, it was reported that anionic phospholipid surfaces could drive activation 

of purified contact factors155. Later on, it was found that cell-derived microparticles are a 

better source of contact activation. In a comparative study, it was found that cell-derived 

microparticles of erythrocytes and platelets could drive coagulation in plasma in a contact-

system dependent manner, whereas isolated phospholipid vesicles or microparticles from 

monocytes could not156. This leads to the question of what particular properties these 

microparticles have that trigger contact system activation. For platelet microparticles, it is 

possible that they carry polyphosphates on their surface, since intact platelets contain this 

substance in their dense granules157. These anionic phosphate polymers are able to exert 

a multitude of effects in secondary hemostasis. Amongst others, polyphosphate promotes 

the activation of factor V and thrombin-activatable fibrinolysis inhibitor158. Additionally, 

platelet polyphosphate can reinforce the activation of FXI by thrombin159, providing a 

potential endogenous replacement for the non-physiological materials that were used 

during the original identification of this feedback mechanism in coagulation15, 136. 

Furthermore, platelet-released polyphosphate triggers excessive coagulation in a FXII- and 

FXI-dependent manner in mouse models for thrombosis46. Although this matter is currently 

a subject of debate160, 161, mice that are incapable of polyphosphate synthesis are protected 

against experimental thrombosis (but also show signs of generally impaired hemostasis)139. 

This latter study confirms the role of polyphosphate as a central regulator of coagulation, 



CHAPTER 4

74

but seemingly contradicts the specific protection against thrombosis of mice that lack 

contact system proteins20, 26 or are treated with experimental therapies that target these 

factors68. Observations that polyphosphate chain length is an important determinant for its 

various functions may help to obtain a better understanding of its multifunctional behavior150. 

These studies together have identified a number of endogenous candidates for contact 

system activation in thrombotic disease. However, the mechanisms that drive bradykinin 

formation and vascular leakage may not be completely identical.

Endothelial cells
Recruitment of contact system factors
Over the past decades, evidence has been steadily accumulating that the contact system 

can assemble on the surface of endothelial cells162. Whereas FXII(a) and HK can directly 

bind to these cells, PPK and FXI are recruited via HK. FXII(a) requires its heavy chain for 

cell binding; HK has a binding sequence for endothelial cells in domain 5163. Endothelial 

cells contain approximately 1x106 Zn2+-dependent binding sites per cell for HK164 and 0.4x106 

for FXII(a)165. Infection of endothelial cells with pathogens such as hantavirus can increase 

the binding of contact system components to their surface, resulting in a 2-3 fold increase 

of bradykinin generation in a FXII-dependent manner166. Additionally, bradykinin temporarily 

induces the increase of the total number of HK binding sites on endothelial cells (1.5-1.8 

fold respectively)164. These studies suggest that environmental changes or cellular stress 

evoke the recruitment of contact system components.

Four types of binding sites for HK and FXII(a) have been described on endothelial cells. 

The outer surface of the vascular endothelium is lined with glycosaminoglycans, including 

heparan sulfate, which are highly charged. From cell culture experiments, it became 

apparent that glycosaminoglycans are able to recruit HK132. Surprisingly, binding of HK to 

glycosaminoglycans effectively prevents the liberation of bradykinin from its parent 

molecule by plasma kallikrein cleavage167. This is in line with the earlier finding that culture 

supernatants from endothelial cells can prevent contact activation by non-physiological 

negatively charged materials, which was at that time proposed to be attributable to the 

release of glycosaminoglycans168. This remarkable anticoagulant property of the vessel wall 

is most probably required to prevent unbridled intravascular contact activation, leading to 

uncontrolled vascular leakage, as well as systemic coagulation. It was recently found that 

‘elution’ of HK from the endothelial cell surface by other heavily charged soluble anionic 

polymers effectively restores bradykinin generation3. It is possible that bradykinin formation 

is controlled by mechanisms that locally elute HK from endothelial cell glycosaminoglycans. 

A second cellular binding partner for contact factors on endothelial cells is the C1q receptor 

(gC1qR). As this name suggests, this receptor was originally identified as a receptor for 

the globular heads of the complement component C1q. gC1qR is constitutively expressed 

on the surface of (cultured) endothelial cells169, as well on various leucocytes. In 1996, it 

was shown that HK and FXII, but not low molecular weight kininogen (LK)170, 171 can interact 

with gC1qR. Subsequently, the molecular details of these interactions were elucidated: 

the binding of HK is mediated by two amino acid stretches (residues 190-202 and 204-218) 
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within gC1qR and it has been proposed that these stretches together form a HK binding 

pocket172. The exact binding site for the contact factors on gC1qR differs from that of C1q: 

HK and FXII compete with each other for binding to gC1qR, while the binding of C1q itself 

does not171. gC1qR does not have independent cell-signaling capabilities but can interact 

with other transmembrane proteins such as DC-SIGN to contribute to signaling events173. 

It has been reported that fragments of the HK molecule (i.e. beyond bradykinin) can induce 

the production and secretion of proinflammatory cytokines by monocytes, which amongst 

others depends on the interaction with gC1qR174. gC1qR supports FXII-dependent PPK 

activation and subsequent bradykinin formation on endothelial cells169. However, there is 

little evidence that gC1qR supports activation of the intrinsic pathway of coagulation by 

FXIIa.

A third reported interaction partner for contact factors on endothelial cells is cytokeratin-1 

(CK1). This protein was originally identified as a fibrillar intracellular protein in epithelial 

cells. Microscopy studies identified that CK1 can also be present on the outside of cultured 

endothelial cells175. This same study also showed that CK1 interacts both with HK and LK, 

but not FXII, in a Zn2+-dependent manner. A sequence of 20 amino acids on CK1 is 

responsible for the binding of kininogens176. Together with gC1Qr, CK1 is involved in contact 

activation on endothelial cells169. 

These three cellular interaction partners described above help to explain how (cultured) 

endothelial cells are able to recruit contact factors to their surface. However, it is difficult 

to imagine that the luminal side of the vascular endothelium would be constantly occupied 

by contact system components that become activated continuously and without regulation.

Urokinase plasminogen activator receptor (uPAR), the fourth reported binding partner for 

contact factors on endothelial cells, may be important for local regulation of contact system 

activation on the endothelium. This receptor is presented on the surface of endothelial 

cells after activation, but is absent from the cell surface under resting conditions. Stimuli 

for uPAR expression include hypoxia177, Interleukin 2178, bacterial lipopolysaccharide and 

nearby platelet activation179. As the name suggests, presentation of uPAR on the cell surface 

is required for the binding of urokinase plasminogen activator (uPA), and the binding of uPA 

in turn is necessary for plasminogen activation. Intriguingly, this mode of plasminogen 

activation seems to be redundant for physiological fibrinolysis and it is attractive to speculate 

that this system serves another physiological purpose.

In contrast to the endothelial cell surface molecules that were described above, uPAR is 

incapable of directly binding native HK. However, it can interact with cleaved HK (cHK) and 

FXII in a Zn2+-dependent manner through domains 2 and 3180-182. Under physiological 

conditions and protein concentrations, uPA does not compete for the binding of cHK or 

FXII to uPAR183. Since anti-C1qR antibodies, anti-CK1 or anti-uPAR antibodies all completely 

abolish binding of HK or FXII to endothelial cells, it is thought that these receptors are in 

close vicinity of each other and function as a multi-receptor complex. The binding of contact 

factors to this complex has direct consequences for endothelial cells: when FXII binds, 

signaling events can be induced that promote angiogenesis184. In contrast, cHK inhibits 

angiogenesis, while bradykinin promotes it185. Additionally, there appears to be functional 
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enzymatic crosstalk between the contact system and urokinase system: plasma kallikrein 

is a potent activator of uPA on endothelial cells in a HK-dependent manner180. Together, 

these studies lead to the question: how does plasma kallikrein become activated on the 

endothelial cell surface when the contact factors assemble?

Activation of contact system factors
The assembly of contact factors on negatively charged surfaces in vitro triggers spontaneous 

enzymatic activity. This does not appear to be the case on the cellular surface; a first 

enzymatic impulse is needed to induce contact activation186. Furthermore, recent studies 

have shown that PPK bound to endothelial cells first becomes activated in a FXII-

independent manner. This seemingly contradicts earlier findings that contact activation on 

endothelial cells occurs in a FXII-dependent manner169, 181. To reconcile these findings, a 

model was proposed in which a limited amount of plasma kallikrein is generated first (FXII-

independently), and is subsequently amplified in a FXII-dependent manner (Figure 1, left 

panel).

In 2002, two proteins were proposed to provide a first enzymatic impulse for PPK activation 

on endothelial cells. Heat shock protein 90 (HSP90) was the first reported protein with the 

property to catalyze PPK activation in an FXII-independent manner187. HSP90 has two 

isoforms (HSP90α and HSP90β) that result from gene duplication and share 85% 

homology188. HSP90α and HSP90β are mostly localized in the cytosolic compartment and 

around the nucleus. Endoplasmin and the TNF-receptor-associated protein 1 are two 

isoforms of HSP90, which are located in the endoplasmic reticulum and mitochondria, 

respectively. HSP90 has a function as an ATP-binding chaperone. In this role, HSP90 does 

not directly exert enzymatic activity, but is involved in the refolding of misfolded proteins 

and targets damaged proteins for proteasomal degradation189. HSP90 is very abundantly 

present in almost all cell types (2-3% of total cellular proteins) and can be even more 

abundantly expressed by tumor cells (up to 7%)190. Secretion of HSP90 is proposed to 

occur in a non-classical manner through an exosomal pathway that can be stimulated by 

shock triggers including hypoxia or heat. These triggers also further increase intracellular 

levels of HSP90.

Recent studies have uncovered new details on the effect that HSP90 has on PPK activation: 

PPK already adopts a partially activated state when it complexes with HK. This preactivated 

state is further potentiated by interaction with HSP90α and -β. This subsequently leads to 

the conversion PPK into plasma kallikrein in a Zn2+-dependent reaction that is controlled by 

C1inh91. Based on these findings, it was proposed that HSP90 plays a role in the onset of 

angioedema attacks. Studies on endothelial cells showed that antibodies against HSP90 

could inhibit FXII-independent PPK conversion, indicating that HSP90 is involved in PPK 

activation on or near endothelial cells. The required presence of both HK and Zn2+ for this 

activation pathway suggests that this reaction takes place on the cell surface. In future 

studies, it will be of interest to elucidate the finer details of the molecular mechanism by 

which HSP90 catalyzes PPK activation and further establish a role for HSP90 as a molecular 

player in clinical studies on the development of HAE attacks.
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Around the same time that HSP90 was identified as endothelial-cell derived PPK activator, 

prolylcarboxypeptidase (PRCP)191 was reported to have a very similar function. PRCP is a 

73 kDa intracellular protein that is predominantly found in the lysosomal compartment. 

Like HSP90, it is expressed by a large variety of cell types. However, PRCP was found 

present on the outer membrane of cultured endothelial cells by microscopy and did not 

colocalize with LAMP-1, a marker for lysosomes192. The mechanism of PRCP externalization 

still remains to be uncovered. PRCP is an exopeptidase and cleaves substrates after a 

proline close to the C-terminus of peptides, leading to the release of C-terminal amino acids 

from targeted sequences. Although PRCP preferentially cleaves its substrates under acidic 

conditions, some substrates of PRCP can still be cleaved at neutral pH193. PRCP is also 

known as angiotensinase C, and can cleave angiotension II and III, as well as bradykinin 

under neutral conditions193. Intriguingly, incubation of PRCP with PPK and HK induces 

plasma kallikrein activity. Antibodies against PRCP prevented PPK activation on endothelial 

cells, indicated that PRCP exerts this activity on the endothelial cell membrane. Interestingly, 

PRCP activation of PPK was sensitive to corn trypsin inhibitor (CTI). This either suggests 

Figure 1. Contact activation on endothelial cells. Left panel: Existing models for contact activation on 
the endothelial cell surface depend on the initial activation of prekallikrein (PPK). PPK is recruited to a multi 
receptor complex, consisting of Cytokeratin-1, gC1qR and uPAR, via its cofactor HK. Here, PPK is activated 
by surface-bound heat shock protein 90 (HSP90) or prolylcarboxypeptidase (PRCP). Finally, kallikrein activity 
is amplified via FXII that is located on the same receptor complex and leads to bradykinin formation.
Right panel: A complementary model for contact system activation that is triggered by urokinase-dependent 
plasmin formation. Factors of the urokinase system and contact system simultaneously assemble on the 
cell surface. Once plasmin formation occurs, nearby FXII is activated and subsequently stimulates PPK 
activation, leading to bradykinin release.
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a role for FXIIa in PRCP-dependent PPK activation but could also indicate that CTI is a less 

specific inhibitor of FXIIa than is commonly assumed192. Gel separation studies revealed 

that PPK is cleaved at the very same position (Arg371–Ile372), as when it is activated by 

FXIIa191. This is surprising, as PRCP usually cleaves close to the C-terminus of peptides 

(mature PPK is 619 amino acids). A recent report proposed that a C-terminal target cleavage 

site for PRCP may be present in PPK at position Pro618-Ala619 (in the mature protein), 

and suggested that this cleavage affects the stability of PPK and increases susceptibility 

for autocatalysis194. Mutagenesis studies may be helpful to fully reveal how PPK becomes 

activated by PRCP.

Hypothesis: a revised model for contact system activation on the endothelium
The endothelial cell surface; a niche for local enzymatic crosstalk
From in vitro studies it has become apparent that plasma contact system enzymes are 

protected from inactivation by C1inh on the surface of non-physiological anionic materials13. 

This has been related to electrostatic repulsion of C1inh, which is itself highly negatively 

charged. In a similar manner, C1inh is less capable of inactivating FXIIa and plasma kallikrein 

on the surface of endothelial cells, owing to the presence of glycosaminoglycans. This 

subsequently enhances local contact system activity195. 

It is noteworthy that the contact system is not the only enzyme system that assembles 

and activates on the surface of activated endothelial cells: these cells also support 

conversion of plasminogen to plasmin via the urokinase system. Plasmin(ogen) can be 

recruited to the cell surface by specialized receptors196 and is shielded from inactivation by 

its inhibitor α2-antiplasmin at this location197. So far, plasminogen activation and contact 

system activation on the endothelial cell surface are considered to be unrelated events. 

However, there is evidence for functional interplay between these enzyme systems (Figure 

1, right panel).

Clinical evidence for contact system activation by plasmin
In the search for endogenous activators of the contact system, a possibly important 

observation was made by Ewald and co-workers: thrombotic patients that were treated 

with the plasminogen activator streptokinase correspondingly developed plasma contact 

system activity198. In this study, it was demonstrated that FXII becomes activated through 

cleavage by plasmin, leading to the downstream formation of plasma kallikrein and 

enzymatic processing of HK. Later on, further evidence was provided in a study that 

showed free FXIIa in the plasma of thrombotic patients that had been treated with the 

unrelated plasminogen activator tenecteplase199. These studies show that multiple 

exogenous triggers for plasminogen activation cause downstream plasma contact system 

activation. In continuation, it is attractive to hypothesize that endogenous plasminogen 

activation is responsible for natural contact system activation. A first line of evidence for 

an active role for plasmin in contact system activation in vivo is present in HAE patients 

during angioedema attacks: here, plasminogen activation and contact system activation 

coincide200. So far, plasminogen activation in HAE was considered to be secondary to 
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contact system activity, since both FXIIa and plasma kallikrein can induce plasminogen 

activation in vitro201. However, the plasminogen activating potential of the contact system 

in vivo appears limited: after systemic induction of endothelial cell activation (by 

desmopressin), a subfraction (23%) of plasminogen activation can be attributed to FXII, 

while the major source of plasminogen activation is dependent on tPA and uPA202. A second 

line of evidence for plasmin as natural activator of the contact system is related to the 

therapeutic management of HAE patients, which have been found to benefit from treatment 

with the soluble lysine analog tranexamic acid203, 204. The therapeutic mechanism of action 

of this drug for HAE is currently unknown, but its reported activity strongly suggests an 

active contribution of plasmin to contact activation in HAE. Tranexamic acid selectively 

interferes with the capacity of plasmin(ogen) to bind to its substrates, which include, but 

are not restricted to fibrin205. It is feasible that tranexamic acid can also interfere with the 

propensity of plasmin to cleave and activate FXII. 

The combined evidence from extensive research indicates that endothelial cells have the 

capacity to recruit contact system factors to their surface and to prime them for activation. 

Since plasminogen activation expectedly takes place at the same time and location, plasmin 

may provide the initial spark for contact system activation, ultimately leading to bradykinin 

formation and vascular leakage. In persons where C1inh is lacking, this mechanism is poorly 

controlled and becomes clinically apparent during swelling attacks. It will be of interest to 

investigate whether mutations in FXII that also precipitate HAE change their propensity to 

become activated by plasmin.
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ABSTRACT

Background
Patients with angioedema develop unpredictable attacks of tissue swelling in which 

bradykinin is implicated. Several distinct mutations in factor XII (FXII) are associated with 

hereditary angioedema in the presence of normal C1-esterase inhibitor activity (FXII-HAE). 

The underlying disease mechanisms are unclear, which complicates diagnosis and 

treatment.

Objective
To identify the natural trigger for FXII activation that causes uncontrolled bradykinin 

production in FXII-HAE.

Methods
We generated recombinant variants of FXII, representing health and disease, and studied 

their behavior in functional studies. We investigated bradykinin-forming pathways in blood 

plasma with newly developed nanobody-based analytical methods.

Results
We here report that FXII-HAE mutations collectively introduce new sites that are sensitive 

to enzymatic cleavage by plasmin. These FXII mutants rapidly activate after cleavage by 

plasmin, escape from inhibition by C1-esterase inhibitor and elicit excessive bradykinin 

formation. Furthermore, our findings indicate that plasmin modulates disease activity in 

FXII-HAE patients. Finally, we show that soluble lysine analogs attenuate this mechanism, 

explaining their therapeutic value in HAE.

Conclusion
Our findings indicate a new pathway for bradykinin formation in HAE, in which FXII is 

cleaved and activated by plasmin. This should lead to the identification of new markers for 

diagnosis and targets for treatment.
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INTRODUCTION

Local swelling attacks of the dermis and (sub)mucosa are key features of angioedema. 

These unpredictable attacks can affect various areas of the body. They can be disfiguring, 

painful or life-threatening and have a large impact on patient quality of life206. There are 

different types of angioedema that are categorized by possible genetic inheritance and 

known aggravating factors207. However, it is generally unknown how swelling attacks are 

triggered.

Bradykinin is an important mediator of vascular leakage and strongly implicated in 

angioedema208. This peptide is liberated from its non-enzymatic precursor high molecular 

weight kininogen (HK) by plasma kallikrein (PK), which in turn is activated by active factor 

XII (FXIIa). Together, these factors form the contact activation system. C1-esterase inhibitor 

(C1inh) is the major inhibitor of FXIIa and PK, and is required to keep bradykinin production 

under control209. As a result, congenital C1inh deficiencies can lead to a hereditary form of 

angioedema (C1-INH-HAE). In other forms of HAE, C1inh is normal85. Mutations in the gene 

that encodes FXII are reported to segregate with disease in these patients. This strongly 

suggests that swelling attacks in this type of angioedema are also the result of contact 

system activation and bradykinin release40, 86, 120. 

The natural trigger for contact system activation in HAE is unknown. However, several 

lines of evidence implicate the enzyme plasmin as an important player: 1) Clinical studies 

reported elevated levels of plasmin-α2-antiplasmin complexes (PAP) and D-dimer during 

HAE attacks145, 210, 211. During attacks, levels of plasmin activator inhibitor 1 and 2 are 

lowered212, 213. Together, these changes favor plasminogen activation and -activity. 2) 

Thrombolytic therapy (which generates plasmin) can provoke angioedema in adverse 

reactions214-216. 3) Thrombolytic therapy leads to direct activation of FXII, via cleavage by 

plasmin198. 4) Antifibrinolytic agents (that target plasmin) have therapeutic value as 

prophylactic treatment for various types of (hereditary) angioedema204, 217, 218. These reports 

suggest that plasmin is more than a passive bystander in pathological vascular leakage.

We here report that three distinct familial FXII-HAE mutations lead to an increased sensitivity 

of FXII for activation by plasmin. The resulting accelerated activation of FXII exceeds its 

inactivation by C1inh. This leads to free FXIIa in plasma and ultimately causes uncontrolled 

bradykinin formation. Soluble lysine analogs attenuate this mode of FXII activation and 

temper bradykinin release, which offers an explanation for their therapeutic value in HAE. 

Finally, we report that variation in plasminogen levels and -activity modulates contact 

system activation and bradykinin generation in FXII-HAE patients. Based on these findings, 

we conclude that plasmin is a natural trigger for swelling attacks in FXII-HAE, and potentially 

other forms of angioedema.
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RESULTS

FXII-HAE mutations change protein glycosylation and introduce new cleavage sites
All reported FXII-HAE mutations are located in the proline-rich region of the F12 gene 

(schematically presented in Figure 1A). This central part of the protein is heavily charged 

and unique to FXII. Two types of mutations both lead to the substitution of threonine 309 

by either a lysine or an arginine residue (T309K or T309R, respectively86). A third mutation 

(c.971_1018+24del72120) removes 16 amino acids, but simultaneously introduces 27 new 

amino acids via intron retention121. We reasoned that these FXII mutants could provide 

new insights that might lead to the identification of the trigger for FXII activation in HAE. 

In silico prediction models confirmed our earlier findings that FXII-HAE mutations alter FXII 

glycosylation224 (Supplementary Figure 1A, B). However, this is not the only feature of FXII 

that changes.

During contact system activation, PK (a trypsin-like enzyme) activates FXII by cleavage 

after an arginine at position 353 (R3537). Two more cleavages after arginines (at R334 and 

R343) alter the target specificity of FXIIa225 (schematically shown in Figure 1A “WT”). 

Remarkably, all FXII-HAE mutations introduce one or more positively charged amino acids, 

leading to additional sites for potential cleavage by trypsin-like enzymes (Figure 1A, 

Supplementary Figure 1A, B). We developed recombinant variants of FXII, representing 

health (WT) and disease (T309K, T309R and Del&Ins; each mutant has its own color). To 

dissect the contribution of defective glycosylation from that of newly introduced enzymatic 

cleavage sites, we designed two additional mutants (T309A and Del). Mutant T309A 

resembles T309K and T309R: one O-linked glycosylation at position 309 is lost, but the 

number of putative cleavage sites remains unchanged (Figure 1A, Supplementary Figure 

1A-C). In analogy to mutant Del&Ins, we developed mutant ‘Del’. In this mutant, the target 

sequence of 16 amino acids is deleted, without replacement by a 27 amino acid sequence. 

This enables us to distinguish the role of the inserted sequence from that of the deleted 

sequence. The migratory behavior of these recombinant FXII variants corresponds well 

with the predicted variations in glycosylation and amino acid sequence length (Figure 1B). 

These FXII variants were not spontaneously active in buffer (Supplementary Figure 2A) or 

in plasma (Supplementary Figure 2B). We found that kaolin-triggered clotting activity and 

enzymatic (kallikrein-like) activity in plasma was comparable between FXII variants 

(Supplementary Figure 2C, D). This suggests that mutations in FXII that cause HAE 

accelerate contact system activation in a manner that is mechanistically dissimilar from 

surface-triggered coagulation in vitro.

FXII-HAE mutations collectively accelerate FXII activation by plasmin
We next investigated whether FXII-HAE mutations insert new sites for enzymatic cleavage 

of FXII. We considered PK as the primary candidate for executing these cleavages8, 14. 

Unexpectedly, we found no evidence for cleavage by PK (Supplementary Figure 2E; 

unreduced blots) and all FXII variants developed equal activity as a result (Supplementary 

Figure 2F). We next explored the possibility that another enzyme could fulfill this role. It 
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was previously reported that plasmin, principal enzyme of the fibrinolytic system, can cleave 

and activate FXII198, 226. When mutants T309K and T309R were exposed to plasmin, they 

rapidly fragmented through cleavage of a site that was not present in WT FXII (Figure 1C). 

Furthermore, these mutants developed higher enzymatic activity (Figure 1D; colors 

Figure 1. Mutations that cause FXII-HAE introduce cleavage sites that accelerate FXII activation by 
plasmin. (A) Schematic comparison of FXII (WT), FXII-HAE mutants (T309K, T309R, Del&Ins) and control 
constructs (T309A, Del). (B) Migratory behavior of recombinant FXII variants. (C) FXII cleavage by plasmin 
(unreduced; time series indicated above in minutes). (D) Enzymatic activity of FXII variants after 15 minutes 
of exposure to plasmin. (E) FXIIa levels after 15 minutes of exposure to plasmin. Data are means ± SD of 
three separate experiments, each performed in duplicate. *P<0.05, #P<0.005, †P<0.0005, §P<0.0001, 
compared to WT, analyzed by one-way ANOVA.
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correspond to Figure 1A). Control mutant T309A was not fragmented by plasmin and 

displayed normal activity (Figure 1C, D). Quantitative analyses indicate that both FXII-HAE 

mutants generate higher amounts of free FXIIa in response to plasmin than WT and control 

T309A (Figure 1E, Supplementary Figure 2G). In identical manner, we found that plasmin 

provokes fragmentation (Figure 1C) and hyperactivity of FXII-HAE mutant Del&Ins, but not 

of control mutant Del (Figure 1D). Also in this case, FXIIa levels in solution were strongly 

increased (Figure 1E, Supplementary Figure 2G). Together, these experiments with purified 

proteins revealed that FXII-HAE mutations insert new cleavage sites that accelerate FXII 

activation by plasmin. Next, we went on to investigate this mechanism in a plasma 

environment.

FXII-HAE mutants escape from inactivation by C1inh during activation by plasmin
C1inh keeps the plasma contact system under control to prevent continuous bradykinin 

formation in solution. This leads to the question how bradykinin-mediated angioedema can 

take place when C1inh activity is normal. In the next experiments, we reconstituted FXII-

deficient plasma with FXII mutants, triggered plasmin activity and investigated contact 

system activation. Small amounts of FXII were consumed in all cases (Supplementary 

Figure 3A). Activation of FXII-HAE mutants (but not WT-FXII) by plasmin leads to strongly 

increased levels of free FXIIa in plasma, despite the presence of C1inh (Figure 2A). 

Subsequently, plasma levels of FXIIa-C1inh complexes increased (Figure 2B, Supplementary 

Figure 3B), plasma prekallikrein (PPK) was consumed (Supplementary Figure 3C) and PK-

C1inh complexes formed (Figure 2C, Supplementary Figure 3D). We found no evidence 

for FXI consumption under these conditions (not shown). Ultimately, the activation of FXII-

HAE mutants by plasmin accelerated HK consumption (Figure 2D, Supplementary Figure 

3E) and exacerbated bradykinin formation (Figure 2D). These experiments indicate that 

FXII-HAE mutations collectively accelerate FXII activation by plasmin, breaking the balance 

between activation and inhibition of the contact system in solution.

Variation in the plasminogen activation system modulates FXII-HAE disease activity 
Patients with FXII-HAE mutations are not continuously ill. This suggests that factors beyond 

these mutations contribute to swelling attacks. We next investigated a relationship between 

plasmin and FXII in two female patients with FXII-HAE (both heterozygous for FXII-T309K). 

Plasma samples were collected in remission (indicated as “basal”). In patient 1, additional 

samples were collected over the course of an attack. C1inh levels and -activity were within 

reference range in all samples (Supplementary Figure 4A). Western blotting analyses 

confirmed the heterozygous FXII mutation in both patients (Figure 3A; WT = upper band, 

T309K = lower band), while other contact system factor antigen levels were normal. 

Furthermore, aPTT clotting times of both patients were normal (not shown).

In search for a functional link between plasmin and FXII in FXII-HAE patients, we triggered 

plasmin activity ex vivo in these patient plasma samples and investigated contact system 

activation. Surprisingly, although mutant FXII protein is present in all FXII-HAE plasma 

samples (Figure 3A), large amounts of free FXIIa were only generated in a subset of 
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samples (Figure 3B). When free FXIIa was generated, complexes of FXIIa-C1inh (Figure 

3C, Supplementary Figure 4B) and PK-C1inh (Figure 3D, Supplementary Figure 4C) strongly 

increased and excessive bradykinin production followed (Figure 3E). It is noteworthy that 

FXIIa-C1inh and PK-C1inh complexes formed less aggressively after plasmin was triggered 

in plasma of Patient 1 that was collected at the end of a swelling attack (72 hours after 

onset; Figure 3C,D). This indicates that Patient 1 at this time of blood sampling was less 

sensitive to a plasmin trigger. 

Patient 2 was pregnant at the time of blood sampling (a known aggravating factor for 

swelling attacks227) and had been going through a series of attacks. When plasmin activity 

was triggered, her plasma responded violently: it generated free FXIIa (Figure 3B), FXIIa-

Figure 2. FXII-HAE mutants escape inactivation by C1inh during activation by plasmin in plasma.  
(A) Free (uninhibited) plasma FXIIa levels after induction of plasmin activity. (B) Formation of FXIIa-C1inh 
complexes in plasma, 30 minutes after induction of plasmin activity. (top: western blot; bottom: ELISA, 100% 
refers to the levels of complexes that are formed in contact-activated control plasma). (C) Formation of PK-
C1inh complexes in plasma, 30 minutes after induction of plasmin activity. (D) Plasma HK consumption 
(western blot, 30 minutes after induction of plasmin activity) and bradykinin production over time. Data are 
means ± SD of three separate experiments, each performed in duplicate. *P<0.05, #P<0.005, †P<0.0005, 
§P<0.0001, compared to WT, analyzed by one-way ANOVA.
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Figure 3. Plasmin triggers bradykinin production in FXII-HAE patient plasma. Samples were collected 
from two FXII-HAE (T309K mutation) in remission (“basal”). From patient 1, samples were repeatedly 
collected during a swelling attack. Normal pooled plasma (NPP) serves as a control. (A) Western blot of 
plasma contact system factors. (B) Free (uninhibited) plasma FXIIa levels after induction of plasmin activity. 
(C) Formation of FXIIa-C1inh complexes in plasma, 30 minutes after induction of plasmin activity. (D) Formation 
of PK-C1inh complexes in plasma, 30 minutes after induction of plasmin activity. (E) Bradykinin production 
in plasma after induction of plasmin activity. (F) Plasma levels of plasmin-α2-antiplasmin (PAP) complexes. 
(G) Plasma levels of C1inh-enzyme complexes (100% refers to the levels of complexes that are formed in 
fully contact-activated NPP). Data are means ± SD of analyses performed in triplicate. *P<0.05, #P<0.005, 
†P<0.0005, §P<0.0001, compared to NPP, analyzed by one-way ANOVA.
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C1inh and PK-C1inh complexes formed (Figure 3C, D), and bradykinin production (Figure 

3E). The presence of plasmin and α2-antiplasmin (PAP) complexes in plasma indicate that 

plasminogen activation has recently occurred in vivo205, 228. These PAP-complexes were 

present in our (unprovoked) patient plasmas and appeared to be associated with disease 

activity (Figure 3F). We next went on to determine FXIIa-C1inh and PK-C1inh complexes 

(reflecting recently occurring contact system activation in vivo2, 229) and found that these 

complexes were increased in patient plasmas in a similar manner (Figure 3G). These 

combined observations suggest that plasminogen activation and contact system activation 

coincide in patients with FXII-HAE.

Our findings raise the question how the responsiveness of the contact system for activation 

by plasmin is modulated. We therefore categorized patient samples by their sensitivity to 

a plasmin trigger (i.e. samples that generate free FXIIa (n=3) vs samples that do not (n=3)). 

We found that mutant FXII-T309K was specifically consumed in sensitive samples after 

plasmin was triggered (Figure 4A, mutant FXII indicated by arrow; categorized quantifications 

in Figure 4B). This in turn led to a sequence of events that included formation of FXIIa-C1inh 

complexes (Supplementary Figure 4B), consumption of PPK (Supplementary Figure 4D, 

E), formation of PK-C1inh complexes (Supplementary Figure 4C) and increased consumption 

of HK (Supplementary Figure 4 D, E). Since FXII, PPK, HK and C1inh antigen levels were 

not significantly different between sensitive and insensitive samples (Supplementary Figure 

4F), we shifted our attention to the factors of the plasminogen activation system.

The potential for plasmin-induced FXII activation was not related to variation in α2-

antiplasmin, as its activity was normal in all samples (Supplementary Figure 4G). In contrast, 

plasminogen levels fluctuated between samples and were significantly higher in sensitive 

samples than they were in samples that were insensitive to an identical trigger (Figure 4C, 

Supplementary Figure 4H). Accordingly, the total amount of plasmin activity was higher in 

sensitive plasma samples after an identical stimulus (Figure 4D). These experiments 

indicate that the plasminogen activation system and contact activation system are 

functionally linked and suggest that increased potential of the plasminogen activation 

system can prime plasma for excessive bradykinin production.

Soluble lysine analogs block FXII activation by plasmin
Patient studies in HAE indicate that prophylactic treatment with lysine analogs (e.g. epsilon-

aminocaproic acid (εACA) or tranexamic acid203, 204 has therapeutic benefit, but their 

mechanism of action is unknown. We next investigated whether lysine analogs interfere 

with activation of FXII by plasmin. Hereto, we exposed FXII to plasmin in the presence of 

εACA, neutralized plasmin activity (with aprotinin) and found that FXIIa activity was dose-

dependently lowered (Figure 5A). In contrast, FXIIa activity was normal when the same 

concentrations of εACA were added after activation by plasmin (Supplementary Figure 5A). 

Furthermore, εACA was unable to inhibit activation of FXII by PK (Supplementary Figure 

5B). These experiments show that εACA selectively interferes with the activation of FXII 

by plasmin, but does not directly inhibit FXIIa. We next established that monoclonal antibody 

OT2230 fully inhibits WT-FXIIa after activation by plasmin (Figure 5B; concentrations represent 
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FXII:OT2 ratios of 2:1, 1:1 and 1:2). Furthermore, we found that both εACA and OT2 are 

able to control the activation- and activity of all FXII-HAE mutants (Figure 5C-E, 

Supplementary Figure 5C-E). Plasmin-triggered consumption of PPK and HK in plasma was 

modestly affected by both εACA and OT2 in the presence of FXII-HAE mutants 

(Supplementary Figure 6A, quantifications in Supplementary Figure 5B-E). However, both 

these compounds significantly attenuated excessive bradykinin production in plasma that 

contains FXII-HAE mutants (Figure 5F-H, Supplementary Figure 6F-H). Together, these 

results show that soluble lysine analogs can inhibit excessive contact system activation 

by plasmin and support their therapeutic application in FXII-HAE.

Figure 4. FXII-HAE disease activity in patients is associated with variation in plasmin-forming potential. 
(A) Consumption of FXII (upper bands) and FXII-T309K (lower bands), 30 minutes after induction of plasmin 
activity. (B) Analysis of FXII-WT and FXII-T309K consumption in grouped patient samples, categorized by 
their capacity to generate FXIIa in response to plasmin (n=3 per group). (C) Plasminogen levels in grouped 
patient samples. (D) Streptokinase-triggered plasmin activity in grouped patient samples. (B, C) *P<0.05, 
#P<0.005, †P<0.0005, §P<0.0001 analyzed by unpaired Student’s t-test.
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DISCUSSION

HAE is tightly linked to uncontrolled bradykinin production and is surrounded by several 

intriguing questions: How is the contact system naturally activated? How can excessive 

contact activation take place when C1inh activity is normal? Why do HAE attacks and 

bradykinin production take place locally, while the contact system circulates systemically?

It is commonly assumed that the mechanism of contact system activation in vivo resembles 

its activation by negatively charged surfaces or polymers in vitro. We here report that three 

FXII-HAE mutations introduce cleavage sites that enhance FXII activation. Our results 

suggest that initial activation of the contact system in FXII-HAE is not mediated by a surface 

or polymer, but through enzymatic cleavage. This aggressive activation mechanism 

temporarily renders C1inh ineffective, increasing bradykinin production. 

Figure 5. Soluble lysine analog εACA selectively inhibits FXII activation by plasmin, while monoclonal 
antibody OT2 terminates FXIIa activity (A) εACA inhibits activation of FXII by plasmin (Plm). (B) Monoclonal 
antibody OT2 inhibits FXIIa activity after activation by plasmin. (C-E) Inhibition of plasmin-triggered activation 
and activity of purified FXII-HAE mutants by εACA or OT2 (εACA (200 mM) was added prior to activation, OT2 
(750 nM) after activation). (F-H) Inhibition of plasmin-triggered bradykinin production by εACA (200 mM) or OT2 
(225 nM) in the presence of FXII-HAE mutants. Data are means ± SD of three separate experiments, each 
performed in duplicate. *P<0.05, #P<0.005, †P<0.0005, §P<0.0001, compared to vehicle by one-way ANOVA.
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FXII-HAE mutants are abnormally sensitive to plasmin and changes in plasminogen levels 

modulate the potential for excessive contact system activation in patient plasma (Figure 

1-4). This suggests that plasmin, rather than PK, delivers the initiating spark for contact 

activation in FXII-HAE attacks. Only after initial activation of FXII, PK amplifies the reaction. 

It is possible that a similar scenario exists in C1inh-HAE. Here, the sensitivity of FXII for 

plasmin is normal, but its inactivation is compromised. It is a limitation of our study that 

our confirmatory experiments were performed in the plasma of only two FXII-HAE patients. 

It will be of great interest to investigate the role of plasmin in (FXII-)HAE in further studies 

with larger patient groups.

The identification of plasmin as natural activator of the contact system is helpful to 

understand how bradykinin can be locally produced during HAE attacks147. Contact system 

components can bind to- and activate on the endothelial cell surface (reviewed in 231). The 

responsible receptor complex includes receptors that also mediate plasminogen activation. 

We propose a three-step mechanism: 1) endothelial cells become activated by 

subendothelial stimuli (e.g. damage, infection, hypersensitivity or hypoxia). 2) The contact 

activation system and plasminogen activation system assemble on the endothelial cell 

surface. 3) Plasmin activates FXII on the cell surface. The charged glycocalix protects these 

enzymes from inactivation, creating a niche for effective enzymatic crosstalk231 and 

facilitates localized bradykinin production.

Recently, several new FXII-HAE mutations were described122, 232. None of these mutations 

directly introduce new positively charged amino acids. The mature WT-FXII sequence 

contains 58 putative cleavage sites (Supplementary Figure 1). Out of these 58 sites, three 

are actually cleaved by PK. It is attractive to speculate that these newly described mutations 

reposition preexisting putative cleavage sites, making them susceptible for actual cleavage 

by a trypsin-like enzyme. This could be PK or plasmin, but it is also possible that other 

enzymes facilitate this cleavage of FXII.

There are several potential clinical implications coupled to our findings. Soluble lysine 

analogs inhibit activation of FXII by plasmin. This helps to explain the effectiveness of lysine 

analogs in HAE and non-histaminergic AE204. Lysine analogs may interfere with the role of 

plasmin in (H)AE at multiple levels: besides inhibiting FXII activation, they may also interfere 

with the sequestration and activation of plasminogen, reducing potential for FXII activation. 

Furthermore, they may interfere with the direct cleavage of HK by plasmin (this primes it 

for kallikrein-mediated bradykinin release)233. Lysine analogs are rapidly absorbed after oral 

intake, but also rapidly eliminated. It may be of interest to develop a new, more powerful 

therapeutic strategy that specifically prevents the interaction between plasmin and the 

contact activation system.

The implications of our findings may extend to states of pathological vascular leakage 

beyond angioedema. Simultaneous plasminogen activation and contact system activation 

has been demonstrated in anaphylaxis234, 235, rheumatoid arthritis72, 236, 237 and systemic 

amyloidosis2, 228. It is attractive to speculate that the interaction between plasmin and the 

plasma contact system extends to states of (pathological) vascular leakage beyond HAE.

In conclusion, we propose that plasmin is a natural activator of FXII. This mechanism is 
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meant for physiological production of bradykinin and controlled regulation of vascular 

permeability. However, excessive activation of the contact system by plasmin leads to 

pathological vascular leakage. Our findings warrant further exploration of the plasminogen 

activation system as a source of biomarkers for diagnosis and therapeutic targets for 

treatment of FXII-HAE and possibly other forms pathological vascular leakage.
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MATERIALS AND METHODS

Summarized experimental approach
We generated recombinant FXII variants that represent health and disease for the functional 

studies on FXII-HAE. These mutants vary in protein glycosylation and the presence of 

(predicted) cleavage sites. (schematically represented in Figure 1A). We investigated these 

FXII variants in purified systems and plasma for their responsiveness to  surfaces and 

activating enzymes. Our findings implicate plasmin as a powerful trigger of FXII-HAE.  

We investigated this mechanism further in the plasmas of two FXII-HAE patients. Finally, 

we investigated the capacities of lysine analogs (εACA) and a monoclonal antibody against 

FXII to interfere with plasmin-triggered bradykinin production in plasma.

Reagents
ε-Aminocaproic acid (εACA), Aprotinin, Benzamidin hydrochloride hydrate, Bovine Serum 

Albumine (BSA), Bromophenol blue, DL-Dithiothreitol (DTT), DNA oligonucleotides, 

Ethylenediaminetetraacetic acid (EDTA; IDRANAL III), Glycerol, Glycine, KCl, MgSO4, 

Hexadimethrine bromide (polybrene), Skimmed milk powder, NaCl, Na2HPO4, NaH2PO4, 

Soy Bean Trypsin Inhibitor (SBTI), Triethylamine, and Tween20 were from Sigma-Aldrich 

(St. Louis, MO, USA). Maxisorp microtiter plates, Nunc Cell Factory Systems, PageBlue, 

Phusion Polymerase, RNAse H, and restriction enzymes BsteII, EcoRI, HindIII, NotI, and 

SfiI were from Thermo Scientific Inc. (Waltham, MA, USA). Bolt 4-12% Bis-Tris Plus Gels, 

MOPS buffer, Gibco DMEM (High Glucose, Glutamax and HEPES), Alexa Fluor 680 
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Donkey Anti-Sheep IgG, pcDNA6/V5-His A, Gibco Penicillin-Streptomycin, EZ-Link Sulfo-

NHS-LC-Biotin, Lipofectamine 2000 and One-shot Bl21 pLysS Escherichia coli (E.coli) 

were from Life Technologies (Carlsbad, CA, USA). Polyclonal antibodies (total IgG) to 

FXII, PPK, and C1inh (affinity purified) were from Cedarlane Ltd. (Burlington, ON, Canada). 

Polyclonal affinity purified antibodies to Plasminogen and HK were from Affinity Biologicals 

Inc (Ancaster, ON, Canada). Peroxidase-conjugated polyclonal rabbit anti-sheep antibody 

was from Dako (Heverlee, Belgium). Blasticidin-S hydrochloride and bradykinin ELISA 

were from Enzo Life Sciences (Raamsdonksveer, the Netherlands). Sodium acetate and 

CaCl2 were from Merck (Darmstadt, Germany). Immobilon-FL, Ficoll 400, and ethanol 

were from Merck-Millipore (Amsterdam, the Netherlands). Chromogenic substrates H-D-

Val-Leu-Lys-AMC (I1390) and H-D-Pro-Phe-Arg-pNA (L2120) were from Bachem 

(Bubendorf, Switzerland). FXII immune-depleted plasma and Phe-Pro-Arg-

chloromethylketone (PPACK) were purchased from Haematologic Technologies Inc. 

(Essex Junction, VT, USA). α-FXIIa, β-FXIIa and active plasma kallikrein were purchased 

from Enzyme Research laboratories (ERL; South Bend, IN, USA). Pfu Turbo was from 

Agilent Technologies (Santa Clara, CA, USA) and T4 ligase from New England Biolabs 

(Whitby, ON, Canada). HEK293T cells were from ATCC (LGC Standards GmbH, Wesel, 

Germany) and fetal bovine serum (FBS) was from Lonza (Breda, the Netherlands). Strep-

tactin superflow sepharose was from IBA-life sciences (Goettingen, Germany). Lysine-

sepharose and HiLoad 26/600 Superdex 200 pg columns were from GE Healthcare 

(Hoevelaken, the Netherlands). Tris-HCl was from Roche (Woerden, the Netherlands) 

and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) from VWR International 

(Amsterdam, the Netherlands). Kaolin (light) was purchased from BDH ltd (Poole, UK) 

and routinely suspended in in Tris-buffered Saline (TBS; 50 mM Tris-HCL, 150 mM NaCl, 

pH=7.4). Odyssey blocking reagent was purchased from Licor (Bad Homburg, Germany) 

and Streptokinase (Streptase) from CSL-Behring (Breda, the Netherlands). 

3,3’,5,5’-Tetramethyl-benzidine (TMB) was obtained from Tebu Bio (Heerhugowaard, the 

Netherlands). Kininase inhibitors Apstatin, Ramipril, Lisinopril, and Enalapril were 

purchased from Santa Cruz biotechnology Inc. (Santa Cruz, CA, USA). C1-esterase 

inhibitor was from Alpha diagnostics (San Antonio, TX, USA) and Streptavidin-poly-HRP 

from Sanquin Blood Supply (Division Reagents, Amsterdam, the Netherlands). Technozym 

PAP Complex ELISA Kit was obtained from Technoclone (Vienna, Austria). STACHROM 

antiplasmin activity assay kit was purchased from Diagnostica Stago S.A.S (Asnières sur 

Seine, France).

In silica prediction
Mature amino acid sequences (Uniprot: P00748219) were analyzed with Peptide Cutter 

software for the presence of putative cleavage sites that are sensitive to trypsin-like 

enzymes220. Changes in protein charge were analyzed with Protparam220 and changes in 

O-linked glycosylation with NetOGlyc server 4.0221.
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Factor XII protein expression and purification
Eukaryotic expression vector pcDNA6/V5-His A was modified by the insertion of a murine 

Igĸ secretion signal and two strep-tags via the HindIII and EcoRI digestion sites (called 

pSM2 in Supplementary Table 1). cDNA of the F12 gene was kindly donated by Dr. F. 

Citarella  and matches the NCBI Reference Sequence: NM_000505.3222, except for silent 

mutation c.nt.1140T>C (P460P, mature protein numbering). A sequence coding for a 

tobacco etch virus (TEV) protease cleavage site was inserted 5’ from the F12 sequence 

by PCR using Phusion polymerase (Supplementary Table 1, primers FXII_NTerm-TEV_For 

and FXII_C-Term_Short). Mutations T309K, T309R, and T309A were generated via site-

directed mutagenesis using Pfu turbo (Supplementary Table 1). The ‘Del&Ins’ and ‘Del’ 

mutants were prepared in two steps: N-terminal (Supplementary Table 1, primers FXII-

TEV_N-term_For with Del&Ins_P1_Rev or Del_P1_Rev, respectively) and C-terminal 

(Supplementary Table 1, primers FXII_C-term_Short with Del&Ins_P3_For or Del_P2_For) 

fragments were generated by PCR that were subsequently fused and amplified by PCR 

through overhanging primer sequences. In case of the ‘Del&Ins’ mutant, the primers 

introduced an additional sequence that encodes 27 amino acids (Supplementary Table 1, 

primers Del&Ins_P2_For and Rev). All FXII constructs were ligated into pSM2 via EcoRI 

and NotI. HEK293T cells were transfected with Lipofectamine 2000. Transfected cells were 

selected by resistance to 5 μg/mL blasticidin, expanded and grown in 1L cell factories. 

Production medium (DMEM, 5% FBS, 0.5% Ultroser G, Pen/Strep) was harvested twice 

a week. Harvested medium was supplemented with benzamidin (0.174 gr/L), SBTI (0.024 

gr/L) and polybrene (0.056 gr/L), centrifuged to remove cell debris and stored at -20˚C. 

Harvested media were thawed at 37˚C, pooled, concentrated and buffer-exchanged (100 

mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH=8.0) on a 10 kDa dialysis membrane in a 

Quixstand benchtop system (GE Life Sciences). Recombinant FXII protein was purified 

using strep-tactin sepharose beads. Purified recombinant FXII was dialyzed against 4 mM 

Sodium Acetate-HCL, 150 mM NaCl, pH=5.4 and stored at -80˚C. Protein concentrations 

were determined by absorption spectroscopy at OD280nm. Absorption coefficients of the 

FXII mutants were determined based on their mature amino acid sequences using 

ProtParam220. Purity and degradation was assessed via 4-12% Bis Tris-PAGE gel and 

coomassie blue staining.

Plasminogen purification
Plasminogen was purified from citrated human plasma by lysine-sepharose affinity 

chromatography. In brief, 600 mL plasma was supplemented with 3mM EDTA, filtered 

through paper filters to remove precipitate and diluted to 900 mL with distilled water. A 30 

mL lysine sepharose column was equilibrated with >10 bed volumes 30 mM NaPO4, 3 

mM EDTA, pH=7.4. Columns were loaded with plasma at 3 mL/min and washed with >30 

bed volumes 30 mM NaPO4, 3 mM EDTA, 500 mM NaCl, pH=7.4 until the flow-through 

was free of protein. The column was eluted with 30 mM NaPO4, 3 mM EDTA, 500 mM 

NaCl and 200 mM εACA, pH=7.4. Protein-containing fractions were pooled and dialyzed 

against 25 mM Tris-HCL, 150 mM NaCL, pH=7.4. Plasminogen concentrations were 
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determined by OD280nm. Purity was assessed on 10% SDS-PAGE gels and coomassie blue 

staining. Plasmin activity was monitored at 37˚C by cleavage of the chromogenic substrate 

H-D-Val-Leu-Lys-AMC (0.5 mM final concentration) at Extinction: 380nm Emission: 460nm. 

Plasmin was freshly prepared for functional experiments by preactivation of plasminogen 

with 10 U/mL streptokinase in 10 mM HEPES, 150 mM NaCl, 1 mM MgSO4, 5 mM KCl, 

pH=7.4 (HBS) with 0.1% BSA for 15 minutes at 37 ˚C, after which it was kept on ice until 

use.

Contact system activation assays
Purified factor assays

Recombinant FXII (375 nM) in HBS with 0.1% BSA (and antibody OT2 where indicated) 

was incubated with plasma kallikrein (0.5 μg/mL), plasmin (50 μg/mL; and εACA where 

indicated) or vehicle at for 15 minutes at 37˚C, after which kallikrein and plasmin activity 

was neutralized with 100 KIU/mL aprotinin. FXIIa activity was determined through 

conversion of chromogenic substrate H-D-Pro-Phe-Arg-pNA (0.5 mM) at 405nm, 37˚C. 

Alternatively, samples were collected in assay-specific buffers for analysis by western 

blotting or ELISA.

Plasma assays

Citrated FXII-depleted plasma was reconstituted with 375 nM recombinant FXII and 

activated by kaolin (150 μg/mL). Alternatively, plasma from healthy donors or FXII-HAE 

patients was used. To induce plasmin activity in plasma, 400 U/mL streptokinase was added 

and incubated at 37˚C. Where indicated, εACA (200 mM) or OT2 (37.6 μg/mL) was added 

to plasma 10 minutes prior to activation. Total kallikrein-like enzymatic activity was 

monitored at 37˚C by cleavage of chromogenic substrate H-D-Pro-Phe-Arg-pNA (0.5 mM 

final concentration) at 405nm. Alternatively, samples were collected in assay-specific 

buffers for analysis by western blotting or ELISA.

Coagulation assays
Plasma coagulation times were recorded on a mc10 plus coagulometer (Merlin medical, 

Lemgo, Germany) by mixing 50 μL prewarmed reconstituted FXII-depleted plasma with a 

50 μL prewarmed mixture of kaolin (150 μg/mL) and 10 μM phospholipid vesicles (PS/PC/

PE in a 40/40/20% ratio). Coagulation was initiated after two minutes by recalcification 

with 50 μL prewarmed CaCl2 (8.3 mM final concentration). Coagulation times were recorded 

up to 1000 seconds.

Western blotting
Samples from contact system activation assays were diluted 20 times in (non-)reducing 

sample buffer (15.5% Glycerol, 96.8 mM Tris-HCL, 3.1% SDS, 0.003% Bromephenol Blue, 

+/- 25 mM DTT) and boiled for 10 minutes at 95 ˚C. Samples were separated on a 4-12% 

Bis-Tris gels at 165 V for 65 minutes in MOPS buffer. Proteins were transferred onto 

Immobilon-FL membranes at 125 V for 60 minutes in blotting buffer (14.4 gr/L glycine, 3.03 
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gr/L Tris-HCL, 20% Ethanol) and blocked with blocking buffer (0.5x Odyssey blocking 

reagent in TBS) for 1 hour at RT. FXII, PPK, C1inh and HK were detected by overnight 

incubation at 4˚C with polyclonal antibodies in blocking buffer (1:4,000 for HK; 1:2,000 for 

other proteins). Blots were washed with TBS- 0.05% Tween20 (TBST), and primary 

antibodies were detected with Alexa Fluor 680 donkey anti-sheep IgG (1:7,500 in blocking 

buffer). Blots were extensively washed with TBST, followed by aquadest and analyzed on 

a near infra-red Odyssey scanner (Licor).

FXIIa Nanobody ELISA
FXIIa ELISA was performed as described previously with minor modifications1. Briefly, 5 

μg/mL nanobody B7 against FXIIa was immobilized on Maxisorp plates in phosphate 

buffered saline, (PBS; 21 mM Na2HPO4, 2.8 mM NaH2HPO4, 140 mM NaCl,  pH=7.4) 

overnight at 4˚C. Samples from contact system activation assays were collected by 8x 

dilution in 0.5% skimmed milk in HBS (mHBS), containing 200 μM PPACK and 100 KIU/

mL aprotinin. Wells were rinsed with PBS, blocked with 4% mHBS, and incubated with 

samples for 2 hours at RT, while shaking. Next, the wells were rinsed with 0.05% PBS-

Tween (PBST) and incubated with goat polyclonal anti-FXII (1:2,000 in 0.5% mHBS) for 1 

hour at RT. After washing with PBST, wells were incubated with a peroxidase-conjugated 

anti-sheep polyclonal (1:8,000 in 0.5% mHBS) for 1 hour at RT. Finally, wells were rinsed 

with PBST and developed with 100 μL TMB substrate. Substrate conversion was stopped 

by adding 50 μL H2SO4 (0.3 M) and absorbance was read at 450 nm. A β-FXIIa standard 

curve was included on each plate which was plotted in Prism Graphpad 6.0 using a 

sigmoidal 4PL fit model to which sample concentrations of FXIIa were related.

Bacteriophage library preparation
A pair of Llama glama were immunized with αFXIIa-C1Inh every week for 4 weeks in total, 

after which venous blood was collected. Blood lymphocytes were isolated by Ficoll gradient 

centrifugation after which total RNA was isolated. RNA was transcribed into cDNA and 

subsequently residual RNA was degraded by RNAse H. IgG heavy chain sequences were 

amplified from the cDNA by PCR using an oligo-DT framework1-specific primer containing 

a 5’ SfiI restriction site. The 1.3 kb PCR product was digested with SfiI and BsteII, resulting 

in a 300-400 bp fragment (nanobody sequence) that was purified and ligated into the 

phagemid vector pUR8100. pUR8100 provides a c-terminal Myc- and His6 tag for the 

detection and purification of the nanobodies as well as ampicillin resistance for selection. 

The ligated vectors from both libraries were transformed into the E.coli TG1 strain56 reaching 

a transformation efficiency of over 107.

Nanobody development against C1inh with cleaved reactive center loop
2 mg of PK was incubated with 3 mg of C1inh in HBS and incubated at 37˚C for 90 minutes. 

The PK-C1inh complex was purified by gel filtration over a superdex column. The purity was 

confirmed by SDS-Page with coomassie blue staining. PK-C1inh complex (5 μg/mL in PBS) 

was immobilized overnight at 4˚C on a 96-well Maxisorp plate. Phages from both libraries 
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were produced overnight and isolated via polyethylene glycol (PEG; Mr=6000) precipitation 

(20% PEG in 2.5M NaCl). The coated microtiter plate and phages were blocked with 2% 

skimmed milk powder (m/v) in PBS for 1 hour at room temperature (RT). Subsequently the 

phages were added to the immobilized PK-C1inh and incubated for 3 hours at RT. Bound 

phages were extensively washed with PBST after which bound phages were eluted by the 

addition of Triethylamine (0.1 M). Eluted phages were pH neutralized by the addition of Tris 

(1M, pH=7.5). Isolated phages were allowed to infect exponentially growing E. coli TG1, after 

which the infected bacteria were plated on Yeast Tryptone-agar plates containing glucose 

(2% m/v) and ampicillin (100 μg/mL) and incubated overnight at 37˚C.

Nanobody production
Nanobody 1B12 and B7 were codon-optimized for E.coli (http://eu.idtdna.com/CodonOpt) 

and ligated into the pMEK219 vector via SfiI and BsteII. pMEK219 provides a LacZ promotor 

and c-terminal Myc- and His6 tag for the detection and purification of the nanobodies as 

well as ampicillin resistance for selection. E.coli (BL21 pLysS strain) were transformed and 

grown overnight at 37˚C in 2xYT containing glucose (2% m/v) with ampicillin (100 μg/mL). 

The overnight culture was used to inoculate a 5L fermenter (Bioflo 115, Eppendorf, 

Germany) containing ZYP-5052 auto induction media (without trace metals223). Bacteria 

were grown for 3 hours at 37˚C followed by 20 hours at 24˚C. The nanobody was isolated 

by immobilized metal affinity chromatography (IMAC) as published57. Nanobodies were 

dialyzed against HBS and purified by gel filtration over a Superdex column. Protein 

concentration was spectrophotometrically determined via OD280nm. Absorption coefficients 

of the nanobodies were determined based on their amino acid sequences using 

ProtParam220. Purified nanobodies were assessed for impurity and degradation by 

coomassie blue staining after SDS-PAGE.

Nanobody capture ELISA for C1inh-enzyme complexes
The C1inh complex capture ELISA was performed similarly to the FXIIa capture ELISA.  

5 μg/mL 1B12 (Nanobody against complexed C1inh) in HBS was immobilized on Maxisorp 

plates overnight at 4˚C. Samples from contact system activation assays were diluted 32x 

in mHBS, containing 200 μM PPACK. Wells were rinsed with PBS, blocked with 2% mHBS 

for 1 hour after which the samples were incubated for 2 hours at RT while shaking. Next, 

the wells were rinsed with PBS, 0.1% Tween20 and incubated with polyclonal anti-PK 

(1:2,000 in mHBS) or by 5 μg/mL biotinylated polyclonal nanobody mix that was selected 

against β-FXIIa47 for 1 hour at RT. After washing with PBS, 0.5% Tween20, wells were 

incubated with a peroxidase-conjugated anti-sheep polyclonal (1:8,000 in 0.5% mHBS) or 

streptavidin-poly-HRP (1:5,000 in 0.5% mHBS) for 1 hour at RT. Finally, wells were rinsed 

with PBS, 0.1% Tween20 and developed with 50 μL TMB substrate. Substrate conversion 

was stopped with the addition of 25 μL/well H2SO4 (0.3 M) and absorbance was measured 

at 450 nm. An activated plasma standard curve (activated with 30 μg/mL DXS-500k for 30 

minutes) was included on each plate, which was plotted in Prism Graphpad 6.0 using a 

sigmoidal 4PL fit model to which sample concentrations were related.
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Bradykinin ELISA
Kininase inhibitors (1.19 μg/mL Apstatin, 104 ng/mL Ramipril, 21 ng/mL Lisinopril, 162 ng/

mL Enalapril) were added to plasma prior to experiments to reduce bradykinin degradation. 

Samples were collected and diluted 5x in ice-cold ethanol. Protein precipitate was removed 

by centrifugation (15 minutes at 1,000xg) after which supernatants were dried in a 

centrifugal evaporator. Pellets were reconstituted in buffer to the original sample volume 

after which they were frozen at -20˚C until analysis. Samples were diluted 36 times in assay 

buffer and analyzed with a competitive ELISA for bradykinin, according to the manufacturer’s 

instructions.

α2-antiplasmin activity 
α2-antiplasmin activity was measured with a commercial chromogenic assay. 10 μL plasmin 

(13 nanokatal per milliliter) was incubated for 30 seconds with 10 μL of 5x diluted citrated 

(patient) plasma in HBS. Subsequently, 40 μL of plasmin substrate (2 mmol/L; MM-L-Tyr-

Arg-pNA) was added and absorption was measured at 405 nm. Slopes were determined 

and expressed as a percentage of the inhibitory capacity of normal pooled plasma (defined 

as 100%).

Plasmin-α2-antiplasmin ELISA 
Plasmin-α2-antiplasmin (PAP) levels were determined in 10x diluted samples, according to 

manufacturer instructions.

Plasma collection
Blood was collected from healthy volunteers who had not been on anticoagulant or 

antiplatelet medication for at least 10 days before blood withdrawal with informed consent. 

Blood was anticoagulated with 10% sodium citrate (3.2% w/v.). Platelet-poor plasma was 

prepared by double centrifugation (10 min, 2,000xg). The University Medical Center Utrecht 

Ethics Committee approved these procedures. FXII-HAE patients provided written informed 

consent, after which blood was collected during routine diagnostic procedures and labeled 

with a code, according to the guidelines of the Ethical Committee of the University of Milan. 

From patient 1, two remission plasma samples were obtained, as well as three samples 

that were taken at onset, 24h, and 72 after onset of an HAE attack. Patient 2 donated 

plasma during remission. Plasma was isolated by centrifugation (20 min, 2,000xg), after 

which the plasma was divided into aliquots and stored at -80˚C until tested. Experiments 

were performed, blinded to the patient history.

Statistical Analysis
Statistics were performed by one-way ANOVA or unpaired Student’s t-test as indicated in 

figure legends. p<0.05 was considered significant. All data analyses were performed with 

Prism Graphpad 6.0 (Graphpad Software Inc, La Jolla, CA, USA).
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Supplementary Figure 1 Mutations that cause FXII-HAE introduce novel cleavage sites in FXII.  
(A) Predicted changes in protein size, isoelectric point, O-linked glycosylation and cleavage sites for trypsin-
like enzymes in full-length FXII variants (“Overall”), or its proline-rich domain (“Pro-rich”). (B) Map of predicted 
O-linked glycosylation sites in the proline-rich domain of FXII. Putative glycosylation sites are marked in red 
(high probability), yellow (medium probability). (C) Map of predicted cleavage sites for trypsin-like enzymes 
in the proline-rich domain of FXII. Putative cleavage sites are marked in red (high probability of cleavage), 
yellow (medium probability), or grey (low probability).
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Supplementary Figure 2. FXII-HAE mutations do not provoke spontaneous activity or enhance clotting 
potential. (A) Spontaneous enzymatic activity of purified FXII variants. (B) Spontaneous enzymatic activity 
in plasma in the presence of recombinant FXII variants. (C) Kaolin-triggered coagulation times (dilute aPTT) 
of FXII-deficient plasma in the presence of recombinant FXII variants. (D) Kaolin-triggered kallikrein-like activity 
in reconstituted FXII-deficient plasma. (E) Enzymatic activity of FXII variants after exposure to plasma kallikrein 
(0.5 μg/mL). (F) FXII cleavage by plasma kallikrein (unreduced; time series indicated above in minutes). (G) 
Time course of FXIIa production by FXII variants during exposure to plasmin. Data represent the means ± 
SD of three separate experiments, each performed in duplicate. *P<0.05, #P<0.005, †P<0.0005, §P<0.0001, 
compared to WT, analyzed by one-way ANOVA.
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Supplementary Figure 3. FXII-HAE mutants escape inactivation by C1inh during activation by plasmin 
in plasma. (A) FXII consumption in plasma, 30 minutes after induction of plasmin activity. (top: western blot; 
bottom: quantification of repeated experiments). (B) Time course of FXIIa-C1inh complex formation by FXII 
variants during exposure to plasmin. (C) PPK consumption in plasma, 30 minutes after induction of plasmin 
activity. (top: western blot; bottom: quantification of repeated experiments). (D) Time course of PK-C1inh 
complex formation in the presence FXII variants during exposure to plasmin. (E) HK consumption in plasma, 
30 minutes after induction of plasmin activity. (top: western blot; bottom: quantification of repeated 
experiments). Data represent the means ± SD of three separate experiments, each performed in duplicate. 
*P<0.05, #P<0.005, †P<0.0005, §P<0.0001, compared to WT, analyzed by one-way ANOVA.
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Supplementary Figure 4. Plasmin triggers bradykinin production in FXII-HAE patient plasma and 
modulates disease activity. Samples were collected from two FXII-HAE (T309K mutation) in remission 
(“basal”). From patient 1, samples were repeatedly collected during a swelling attack. Normal pooled plasma 
(NPP) serves as a control. (A) Activity- and antigen levels of C1inh, C4 and C1q. (B) Formation of FXIIa-C1inh 
complexes in FXII-HAE patient plasma after induction of plasmin activity. (C) Formation of PK-C1inh complexes 
in FXII-HAE patient plasma after induction of plasmin activity. (D) Plasma FXII, PPK and HK consumption after 
30 minutes of plasmin activity. (E) Quantification of PPK and HK consumption, 30 minutes after induction of 
plasmin activity in grouped patient samples, categorized by their capacity to generate FXIIa in response to 
plasmin (n=3 per group). (F) FXII, PK, HK, and C1inh antigen levels in grouped patient samples (n=3 per 
group). (G) α2-antiplasmin activity in grouped patient samples (n=3 per group). (H) Western blot of plasminogen 
levels. *P<0.05, #P<0.005, †P<0.0005, §P<0.0001, analyzed by unpaired Student’s t-test.
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Supplementary Figure 5. Soluble lysine analog εACA selectively inhibits activation of factor XII by 
plasmin, while monoclonal antibody OT2 terminates FXIIa activity. (A) εACA does not inhibit activity of 
FXII after it has been activated by plasmin (Plm; εACA added after activation). (B) εACA does not inhibit 
activation of FXII by PK (εACA added before activation). (C-E) Inhibition of plasmin-triggered activation and 
-activity of purified FXII variants (FXII-WT, FXII-T309A, FXII-Del) by εACA or OT2 (εACA (200 mM) was added 
prior to activation, OT2 (750 nM) after activation).
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Supplementary Figure 6. Soluble lysine analog εACA selectively inhibits activation of factor XII by 
plasmin in plasma, while monoclonal antibody OT2 terminates FXIIa activity. (A) Effects of εACA (200 
mM) or monoclonal antibody OT2 (225 nM) on plasmin-triggered PPK (upper panels) and HK (lower panels) 
consumption in plasma. Quantification of PPK consumption after 15 and 30 minutes of plasmin activity (B, 
C, respectively). Quantification of HK consumption after 15 and 30 minutes of plasmin activity (D, E, 
respectively). (F-H) Effects of εACA or OT2 on plasmin-triggered bradykinin production in the presence FXII 
variants (FXII-WT, FXII-T309A, FXII-Del; εACA (200 mM) was added prior to activation, OT2 (225 nM) after 
activation). Data are means ± SD of three separate experiments, each performed in duplicate. *P<0.05, 
#P<0.005, †P<0.0005, §P<0.0001, compared to vehicle by one-way ANOVA.
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A two-step model for factor XII activation - 

Interplay with leukocyte enzymes
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ABSTRACT

The pro-inflammatory peptide bradykinin is a powerful modulator of vascular permeability. 

It is implicated in hereditary angioedema (HAE), sepsis, anaphylactic shock and rheumatoid 

arthritis. Bradykinin is produced by the plasma contact system after initial activation of 

factor XII (FXII).

We previously identified that mutations in FXII, which cause HAE (FXII-HAE), introduce 

cleavage sites for the enzyme plasmin. When plasmin cleaves at these sites, uncontrolled 

FXII activation occurs and bradykinin production follows. It is currently unknown how FXII 

is activated in physiology.

We here report that the proline-rich region of FXII contains several naturally occurring 

cleavage sites for a variety of enzymes, such as neutrophil elastase and monocyte-

expressed cathepsin K. Cleavage at these positions removes a large shielding sequence 

of the FXII molecule and primes it for activating cleavage by plasma kallikrein. 

Based on these findings, we propose a unified two-step model for FXII activation by cell-

derived enzymes. This mechanism helps to explain how bradykinin production occurs in 

inflammatory conditions.
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INTRODUCTION

Vascular integrity is essential for an effective blood circulation. Under certain circumstances, 

such as infection, local increases in vascular permeability is necessary to protect and repair 

tissue. The small pro-inflammatory peptide bradykinin is a powerful modulator of vascular 

permeability and is generated by the contact system. This plasma based enzyme system 

consist of factor XII, plasma prekallikrein and the non-enzymatic co-factor high molecular 

weight kininogen (FXII, PPK and HK respectively). FXII activation is a critical first step in 

contact activation. To achieve this, plasma kallikrein (PK) needs to cleave FXII after residue 

arginine 353 (R353), which is located within the disulfide loop that also contains the active 

site7. Contact system activation has been investigated extensively over the past few 

decades, mainly in relation to blood coagulation. However, the natural activation pathway 

remains enigmatic127. 

Although deficiency of contact system factors is rare, it is not associated with a known 

pathological state. In contrast, increased levels of bradykinin are known to mediate attacks 

of tissue swelling in angioedema patients208. Furthermore, involvement of bradykinin and 

the contact system has been reported in numerous inflammatory disease states such as 

sepsis, anaphylaxis and arthritis69, 98, 224.

In Chapter 5, we show that mutations in FXII that are associated with hereditary 

angioedema (FXII-HAE) increase its potential for activation by the enzyme plasmin. These 

mutations introduce a novel cleavage site in the unstructured proline-rich region of FXII, 

which is unique to FXII. Cleavage at this new position by plasmin removes a large part of 

the FXII molecule outside the disulfide loop that contains the active site. This accelerates 

FXII activation (FXIIa) to such an extent where it is no longer properly controlled by C1-

esterase inhibitor (C1-Inh), resulting in PPK activation and bradykinin production.

These findings provide new insights into the natural mechanism that drive FXII activation, 

but provoke several new questions at the same time. How does heavy-chain removal 

enhance FXII activation? Why does the proline-rich region form a hotspot for FXII-HAE 

mutations? Can enzymatic heavy-chain removal occur without FXII-HAE mutations? Is 

plasmin the only enzyme which enhances FXII activation?

In this chapter, we present a comprehensive two-step model for enhanced FXII activation 

by enzymes: In a first step, the shielding sequence that protects the activation site R353 

is enzymatically removed. In a second step PK activates FXII by cleaving after residue R353. 

As a result FXII is rapidly activated by low concentrations of enzyme, without the 

requirement of a surface of being present.
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RESULTS

Removal of a shielding sequence primes factor XII for activation by plasma kallikrein 
and plasmin
We first studied our concept in FXII-HAE mutant T309K (Figure 1A). The combined presence 

of low levels of plasmin and PK synergistically promotes FXIIa activity when this FXII-HAE 

mutation is present (Figure 1B). During this process, plasmin cleaves after residue K309 and 

fragments the molecule, (Figure 1C; non-reduced). When PK is simultaneously present, FXII 

is also cleaved after residue R353. This secondary cleavage event results in the formation 

Figure 1 Plasmin primes factor XII-T309K for activation by plasma kallikrein
(A) Schematic overview of cleavage sites in FXII. Plasma kallikrein (PK) cleavage sites are indicated in red. 
Plasmin cleavage site of T309K is indicated in yellow. (B) Enzymatic activity of FXII-T309K after 15 minutes 
of exposure to plasmin and/or PK. (C) FXII-T309K cleavage by plasmin and/or PK. (D) FXIIa-T309K levels after 
15 minutes of exposure to plasmin and/or PK. The striped bar represents the calculated cumulative 
contribution of both plasmin and PK on FXIIa formation. (E) Enzymatic activity of FXII-WT after 15 minutes 
of exposure to plasmin and/or PK. (F) FXII-WT cleavage by plasmin and/or PK. (G) FXIIa-WT levels after 15 
minutes of exposure to plasmin and/or PK. The striped bar represents the calculated cumulative contribution 
of both plasmin and PK on FXIIa formation. Data represents means ± SD of three separate experiments, all 
performed in duplicate. Data was analyzed by one-way ANOVA.
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of a disulfide-linked two-chain molecule, causing a weight shift under reducing conditions 

(Figure 1C; reduced). These simultaneous actions of plasmin and PK on FXII lead to strongly 

increased levels of FXIIa in solution (Figure 1D). In contrast, when these experiments are 

performed with FXII that does not contain a FXII-HAE mutation, little (if any) FXII fragmentation 

and activation is seen under the same conditions (Figure 1E-G). This shows that activating 

cleavage at R353 is strongly promoted by a preceding cleavage event at K309.

Next we went on to investigate the role of R353 in more detail. We found that activation 

of FXII by PK is critically dependent on R353 cleavage as FXII mutant R353A did not develop 

activity after exposure to PK (Figure 2A). 

Figure 2 Cleavage after arginine (R) 353 is critical for factor XII activation
(A) Schematic overview of plasma kallikrein cleavage sites in FXII. Plasma kallikrein (PK) cleavage sites are 
indicated in red. Incapacitated sites are indicated in black. (B) Enzymatic activity of FXII-WT or -R353A after 
15 minutes of exposure to PK. (C) FXII-WT or -R353A cleavage by PK. (D) FXIIa-WT or -R353A levels after 
15 minutes of exposure to PK. (E) Enzymatic activity of FXII-WT or -R353A after 15 minutes of exposure to 
plasmin. (F) FXII-WT or -R353A cleavage by plasmin. (G) FXIIa-WT or -R353A levels after 15 minutes of 
exposure to plasmin. Data represents means ± SD of three separate experiments, all performed in duplicate. 
Data was analyzed by one-way ANOVA.
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This is in good correspondence with earlier reports on the cross-reactive material positive 

FXII deficiency FXII-Locarno7. Surprisingly, PK efficiently cleaved mutant R353A within the 

disulfide loop that also contains the active site (Figure 2B; reduced). We currently assume 

that this cleavage event takes place at R3437 and will continue to investigate whether it 

influences FXII activation. However, cleavage at this alternative position does not 

independently trigger FXIIa formation (Figure 2C). When we investigated FXII activation by 

plasmin (higher levels than were used in Figure 1), we found that R353 cleavage was critical 

for development of FXIIa activity (Figure 2D). Also here, an unexpected cleavage event 

was seen in mutant R353A within the disulfide loop that also contains the active site (Figure 

2E; reduced). We currently assume that this cleavage event takes place at K346198 and will 

investigate whether it influences FXII activation in future studies. FXIIa formation was 

Figure 3 A shielding sequence blocks factor XII activation
(A) Schematic overview of plasma kallikrein cleavage sites in FXII. Plasma kallikrein cleavage sites are 
indicated in red. Incapacitated sites are indicated in black. (B) Enzymatic activity of FXII-WT or –R334A after 
15 minutes of exposure to PK. (C) FXII-WT or -R334A cleavage by PK. (D) FXIIa-WT or -R334A levels after 
15 minutes of exposure to PK. (E) Enzymatic activity of FXII-WT or -R334A after 15 minutes of exposure to 
plasmin. (F) FXII-WT or -R334A cleavage by plasmin. (G) FXIIa-WT or -R334A levels after 15 minutes of 
exposure to plasmin. Data represents means ± SD of three separate experiments, all performed in duplicate. 
Data was analyzed by one-way ANOVA.
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severely depressed in mutant R353A, but not completely absent (Figure 2F). These findings 

indicate that R353 cleavage is essential for effective FXII activation by either PK or plasmin.

It was previously reported that FXII (wild type) contains a PK cleavage site at position R334, 

located outside the disulfide loop that contains the active site (Figure 3A). We prepared 

the FXII mutant R334A, in which this site is unavailable. This mutant has a ~50% lower 

capacity for activation by PK than a wild type control construct (Figure 3B). This corresponds 

to decreased fragmentation (Figure 3C; non-reduced) and lowered formation of two-chain 

FXIIa (Figure 3C; reduced). Surprisingly, it appeared that FXIIa levels that are formed in 

solution are equal (Figure 3D). However, the applied nanobody-based detection method is 

more sensitive to forms of FXIIa with higher molecular weight1. Since R334A is unable to 

fragment in response to PK, it will retain its full molecular weight. Consequently this 

enhances detection. We currently propose that PK (at higher levels) is independently 

capable of removing the sequence that shields FXII R353 from being cleaved. 

Leukocyte enzymes prime factor XII for activation
The proline-rich region of FXII is thought to be highly unstructured and acts as a hinge to 

connect the surface-binding domains of FXII to its catalytic domain. Our previous 

experiments indicated that cleavage sites that are present in this region are well-accessible 

and can be efficiently cleaved by target enzymes. We next hypothesized that additional 

cleavage sites are present in this region. There is evidence for this hypothesis: recent 

mouse studies showed that bradykinin production contributes to systemic anaphylaxis98. 

Remarkably, in this study FXII is still cleaved in PPK-deficient mice during anaphylaxis. This 

indicates that an enzyme other than PK cleaves FXII during basophil or mast cell activation.

For the identification of the naturally occurring cleavage sites for alternative enzymes in 

the proline-rich region, we performed an in silico analysis. A selection of the predicted 

enzymes and their cleavage sites is presented in Figure 4. These predictions show two 

cleavage sites for elastase 2 (neutrophil elastase) in the proline-rich region. One is located 

after threonine 280 (T280) and a second after T333 (Figure 5A). Elastase 2 is amongst 

others expressed by neutrophils, basophils and mast cells. Neutrophils make up for 60-70% 

of the entire circulating leukocyte population. It was previously established that neutrophil 

elastase can cleave FXII into two fragments of 52 kDa and 28 kDa238, 239. Exposure of FXII 

to neutrophil elastase does not trigger activation (Figure 5B). However, western blotting 

confirmed that elastase cleaves FXII and suggested that one or both predicted sites are 

cleaved during this process (Figure 5C). When FXII is cleaved by neutrophil elastase in the 

Figure 4 In silico predictions of cleavage sites in factor XII
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presence of a small amount of PK, FXII is strongly activated (Figure 5B) and FXIIa levels in 

solution rise synergistically (Figure 5D). Western blotting analyses (reducing conditions) 

show that the catalytic domain of FXII undergoes a migratory shift (Figure 5C). This indicates 

that FXII forms a two-chain disulfide-linked activation product, most probably via activating 

cleavage after R353 by PK.

Cathepsin-K is expressed in osteoclasts and monocytes240. Our in silico analysis predicted 

a cleavage site within the proline-rich region after leucine 296 (L296; Table 1, Figure 5E). 

Similar to our findings with elastase, we found that cathepsin K does not trigger FXII 

activation (Figure 5F). However, this enzyme efficiently cleaves FXII into two fragments, as 

was predicted (Figure 5G). Robust FXII activation takes place when FXII is cleaved by 

cathepsin K in the presence of a small amount PK (Figure 5F) and FXIIa levels in solution 

rise synergistically (Figure 5H). This is corresponded by a migratory shift that is visible by 

western blotting under reducing conditions, indicating activating cleavage by PK (Figure 5G).

 

DISCUSSION

The presence of contact system activity has been identified in several inflammatory states98, 

241, but the pathway by which it becomes activated remains enigmatic. We here show that 

a shielding sequence protects FXII from activating cleavage by PK in solution. We found 

that this sequence can be removed in several ways, with consequences for FXII activation:

• The pathological mutation T309K in the proline-rich region of FXII constitutes a cleavage 

site for plasmin. Plasmin cleavage after this position does not directly activate FXII, but 

tremendously accelerates FXII subsequent activation by PK (Figure 1).

• The naturally occurring cleavage site R334 is cleaved by PK. A mutant in which this 

cleavage site is disabled (R334A) has a strongly reduced capacity for activation by PK. 

This indicates that R334 cleavage facilitates FXII activation by PK (Figure 3).

• The proline-rich region contains naturally occurring cleavage sites for neutrophil elastase 

and cathepsin K. When these enzymes cleave FXII in the predicted area, the FXII 

protease domain becomes highly susceptible to activating cleavage by PK (Figure 5).

Based on these findings, as well as our previous work (Chapter 5), we now present a 

unified two-step model for FXII activation in solution for both physiology and pathology. In 

a first step, a large part of the FXII molecule is removed via controlled cleavage. In a second 

step, PK cleaves FXII to trigger activation.

Removal of the shielding sequence by conformational change
It was proposed in 1976 that the binding of FXII to a surface alters its conformation and 

increases susceptibility to cleavage- and activation by PK242. Similarly, a monoclonal antibody 

directed against the kringle domain (located before to the proline rich region), enhances 

FXII activation by PK in a similar manner243. These earlier studies suggest that R353, the 

cleavage site that is needed for FXII activation (Figure 2), is shielded when FXII is in solution.
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Figure 5. Neutrophil elastase and monocyte cathepsin K prime factor XII for activation. (A) Schematic 
overview of cleavage sites in FXII. Plasma kallikrein cleavage sites are indicated in red. Predicted elastase 
cleavage sites are indicated in green. (B) Enzymatic activity of FXII after 15 minutes of exposure to elastase 
and/or PK. (C) FXII cleavage by elastase and/or PK. (D) FXIIa levels after 15 minutes of exposure to elastase 
and/or PK. The striped bar represents the calculated cumulative contribution of both elastase and PK on FXIIa 
formation. (E) Schematic overview of cleavage sites in FXII. Known plasma kallikrein cleavage sites are 
indicated in red. The predicted cathepsin K cleavage site is indicated in orange. (F) Enzymatic activity of FXII 
after 15 minutes of exposure to cathepsin K and/or PK. (G) FXII cleavage by cathepsin K and/or PK. (H) FXIIa 
levels after 15 minutes of exposure to cathepsin K and/or PK. The striped bar represents the calculated 
cumulative contribution of both cathepsin K and PK on FXIIa formation. Data represents means ± SD of three 
separate experiments, all performed in duplicate. Data was analyzed by one-way ANOVA.
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The proline-rich region is a diverse modulator of factor XII activation
The proline-rich region of FXII (spanning from Q277 to P330) consists of 54 amino acids, of 

which 18 are proline. The proline-rich region is unique to FXII. Although it has been 

implicated in the binding of FXII to negatively charged surfaces88, this region has never 

been appointed a natural function. Our studies identify multiple naturally occurring cleavage 

sites in this area that modulate the potential of FXII for activation by PK. Based on these 

findings, we hypothesize that the proline-rich region acts as a versatile sensor: it can be 

cleaved by a variety of enzymes that are released by- or activated by (inflammatory) cells. 

This cleavage removes the shielding sequence (in analogy to surface binding), priming FXII 

for activation, and lowering the threshold for bradykinin production.

Interplay of leukocyte enzymes with the contact system
Activation of the contact system and (innate) immune system has been linked on numerous 

occasions3, 98, 244. Recently, it was described that contact system activation and bradykinin 

production take place in patients with anaphylaxis3, 98. Evidence from experimental mouse 

studies suggests that an unidentified enzyme mediates this process in a FXII-dependent 

manner98. When IgE-dependent anaphylaxis is triggered in mice that are deficient in PPK, 

FXII is fully cleaved. However, PPK cleavage is fully dependent on the presence of FXII. 

This indicates that an unknown enzyme cleaves FXII, which ultimately leads to bradykinin 

production.

Elastase from neutrophils, basophils and mast cells (but not tryptase) can cleave FXII238, 239, 

245. Although cleavage of FXII has been a long-standing surrogate marker for its activation, 

it remains questionable whether cleavage really leads to activation in all cases. Macrophage 

derived elastase (MMP12) and membrane type 1-matrix metalloproteinase (MMP-14) can 

cleave FXII246. Cleavage analysis identified a common cleavage site for these two enzymes 

in the FXII proline-rich region: S331. It is attractive to speculate that cleavage at this site 

primes FXII for activation by PK (as we had found with elastase in Figure 5). However, 

extensive exposure to high levels of these enzymes has been shown to digests FXII to an 

extent where it is no longer able to activate. A secondary cleavage event at position L358 

may be responsible. 
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FUTURE PERSPECTIVES

The findings in this chapter reveal that the FXII activation by PK is enhanced by enzymatic 

removal of a shielding sequence. It will be worthwhile to investigate whether leukocyte-

derived enzymes can enhance contact system activation in a plasma environment to an 

extent where the activation overcomes inhibition by C1-esterase inhibitor (C1inh). 

Mutagenesis studies are required to interrogate the functional properties of the cleavage 

sites that are predicted to be present in the FXII proline-rich region. Finally, cell-biological 

and in vivo studies are required to further investigate the requirements for enzyme-driven 

contact system activation. With these studies, we aim to further establish a two-step model 

for FXII activation and bradykinin production in response to leukocyte degranulation.

MATERIAL & METHODS

Reagents
ε-Aminocaproic acid (εACA), Aprotinin, Benzamidin hydrochloride hydrate, Bovine Serum 

Albumine (BSA), Bromophenol blue, DL-Dithiothreitol (DTT), DNA oligonucleotides, 

Ethylenediaminetetraacetic acid (EDTA; IDRANAL III), Glycerol, Glycine, Hexadimethrine 

bromide (polybrene), NaCl, Na2HPO4, NaH2PO4, Soy Bean Trypsin Inhibitor (SBTI) and 

Tween-20 were from Sigma-Aldrich (St. Louis, MO, USA). Maxisorp microtiter plates, Nunc 

Cell Factory Systems, PageBlue, Phusion Polymerase, and restriction enzymes BsteII and 

SfiI were from Thermo Scientific Inc. (Waltham, MA, USA). Bolt 4-12% Bis-Tris Plus Gels, 

MOPS buffer, Gibco DMEM (High Glucose, Glutamax and HEPES), Alexa Fluor 680 Donkey 

Anti-Sheep IgG, Gibco Penicillin-Streptomycin, EZ-Link Sulfo-NHS-LC-Biotin, Lipofectamine 

2000 and One-shot Bl21 pLysS Escherichia coli (E.coli) were from Life Technologies 

(Carlsbad, CA, USA). FXII affinity purified polyclonal antibodies (Sheep IgG) was from 

Cedarlane Ltd. (Burlington, ON, Canada). Blasticidin-S hydrochloride, neutrophil elastase 

and active recombinant cathepsin K were from Enzo Life Sciences (Raamsdonksveer, the 

Netherlands). Sodium acetate was from Merck (Darmstadt, Germany). Immobilon-FL, and 

ethanol were from Merck-Millipore (Amsterdam, the Netherlands). Chromogenic substrates 

H-D-Val-Leu-Lys-AMC (I1390) and H-D-Pro-Phe-Arg-pNA (L2120) were from Bachem 

(Bubendorf, Switzerland). Phe-Pro-Arg-chloromethylketone (PPACK) was purchased from 

Haematologic Technologies Inc. (Essex Junction, VT, USA). β-FXIIa and active plasma 

kallikrein were purchased from Enzyme Research laboratories (ERL; South Bend, IN, USA). 

Pfu Turbo was from Agilent Technologies (Santa Clara, CA, USA) and T4 ligase from New 

England Biolabs (Whitby, ON, Canada). HEK293T cells were from ATCC (LGC Standards 

GmbH, Wesel, Germany) and fetal bovine serum (FBS) was from Lonza (Breda, the 

Netherlands). Strep-tactin superflow sepharose was from IBA-life sciences (Goettingen, 

Germany). Lysine-sepharose and HiLoad 26/600 Superdex 200 pg columns were from GE 

Healthcare (Hoevelaken, the Netherlands). Tris-HCl was from Roche (Woerden, the 

Netherlands) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) from VWR 
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International (Amsterdam, the Netherlands). Odyssey blocking reagent was purchased 

from Licor (Homburg, Germany) and Streptokinase (Streptase) from CSL-Behring (Breda, 

the Netherlands). 3,3’,5,5’-Tetramethyl-benzidine (TMB) was obtained from Tebu Bio 

(Heerhugowaard, the Netherlands). Streptavidin-poly-HRP was from Sanquin Blood Supply 

(Division Reagents, Amsterdam, the Netherlands).

Factor XII protein expression and purification
Factor XII mutagenesis and production was performed as described in Chapter 5. Briefly, 

Mutations R334A, R343A, and R353A were generated via site-directed mutagenesis 

using Pfu turbo (See Supplementary Table 1 for primer sequences). FXII constructs were 

ligated into the pSM2 eukaryotic expression vector via the HindIII and EcoRI digestion 

sites. pSM2 contains a N-terminal murine Igĸ secretion signal followed by two strep-

tags. FXII constructs were transfected into HEK293T cells with Lipofectamine 2000 

after which transfected cells were selected by resistance to 5 μg/mL blasticidin. After 

3 weeks of selection, stable transfected cells were expanded and grown in 1L cell 

factories. Production medium (DMEM, 5% FBS, 0.5% Ultroser G, Pen/Strep) was 

harvested twice a week, supplemented with benzamidin (0.174 gr/L), SBTI (0.024 gr/L) 

and polybrene (0.056 gr/L), centrifuged to remove cell debris and stored at -20˚C. 

Harvested media were thawed at 37˚C, pooled, concentrated and buffer-exchanged (100 

mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH=8.0) on a 10 kDa dialysis membrane in a 

Quixstand benchtop system (GE Life Sciences). Recombinant FXII protein was purified 

using strep-tactin sepharose beads. Purified recombinant FXII was dialyzed against 4 

mM Sodium Acetate-HCL, 150 mM NaCl, pH=5.4 and stored at -80˚C. Protein 

concentrations were determined by absorption spectroscopy at OD280nm. Absorption 

coefficients of the FXII mutants were determined based on their mature amino acid 

sequences using ProtParam234. Purity and degradation were assessed via 4-12% Bis 

Tris-PAGE gel and coomassie blue staining. 

In silica predictions
Mature FXII amino acid sequences (Uniprot: P00748 233) were analyzed with Peptide Cutter 

or Prosper software for the presence of putative cleavage sites234, 247. 

Supplementary Table 1. Primers for site-directed mutagenesis

Primer Sequence 5’-> 3’

R334A_For GAGCAGCCGCCTTCCCTGACCGCGAACGGCCCACTGAGCTGCG

R334A_Rev CGCAGCTCAGTGGGCCGTTCGCGGTCAGGGAAGGCGGCTGCTC

R353A_For GAGTCTGTCTTCGATGACCGCCGTCGTTGGCGGGCTGGTGGCGC

R353A_Rev GCGCCACCAGCCCGCCAACGACGGCGGTCATCGAAGACAGACTC
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Plasminogen purification
Plasminogen was purified from human plasma as described in Chapter 5. Briefly, 

plasminogen was isolated by lysine-sepharose affinity chromatography from citrate plasma. 

After extensive washing plasminogen was eluted by a soluble lysine analog (εACA). Protein-

containing fractions were pooled and dialyzed against 25 mM Tris-HCL, 150 mM NaCl, 

pH=7.4. Plasminogen concentrations were determined by OD280nm. Purity was assessed 

on 10% SDS-PAGE gels and coomassie blue staining. Plasmin activity was monitored at 

37˚C by cleavage of the chromogenic substrate H-D-Val-Leu-Lys-AMC (0.5 mM final 

concentration) at Extinction: 380nm Emission: 460nm. Plasmin was freshly prepared for 

functional experiments by preactivation of plasminogen with 10 U/mL streptokinase in 10 

mM HEPES, 150 mM NaCl, 1 mM MgSO4, 5 mM KCl, pH=7.4 (HBS) with 0.2% BSA for 

15 minutes at 37 ˚C, after which it was kept on ice until use.

Contact system activation assays
FXII activation by a single enzyme: For the chromogenic assay and FXIIa ELISA, recombinant 

FXII (375 nM) in BSA-HBS (0.2% w/v) was incubated with plasmin (50 μg/mL), PK (1 μg/

mL) or vehicle. For western blotting experiments, FXII was incubated with plasmin (100 

μg/mL), (8 μg/mL) PK or vehicle. 

FXII activation by multiple enzymes: For the chromogenic assay and FXIIa ELISA, 

recombinant FXII (375 nM) in BSA-HBS (0.2% w/v) was simultaneously incubated with 

plasmin (6 μg/mL), neutrophil elastase (800 ng/mL), cathepsin K (2 μg/mL), PK (123 ng/mL) 

or vehicle. For western blotting samples, FXII was incubated with plasmin (6 μg/mL), 

neutrophil elastase (400 ng/mL), cathepsin K (2 μg/mL), PK (2 μg/mL), or vehicle.

Sample preparation: After the activation period, plasma kallikrein and plasmin activity was 

neutralized with 100 KIU/mL aprotinin. FXIIa activity was determined through conversion 

of chromogenic substrate H-D-Pro-Phe-Arg-pNA (0.5 mM) at 405nm, 37˚C. Alternatively, 

samples were collected in assay-specific buffers for analysis by western blotting or ELISA.

Western blotting
Samples from contact system activation assays were diluted 20 times in (non-)reducing 

sample buffer (15.5% Glycerol, 96.8 mM Tris-HCL, 3.1% SDS, 0.003% Bromephenol 

Blue, +/- 25 mM DTT) and boiled for 10 minutes at 95 ˚C. Samples were separated on a 

4-12% Bis-Tris gels at 165 V for 65 minutes in MOPS buffer. Proteins were transferred 

onto Immobilon-FL membranes at 125 V for 60 minutes in blotting buffer (14.4 gr/L glycine, 

3.03 gr/L Tris-HCL, 20% Ethanol) and blocked with blocking buffer (0.5x Odyssey blocking 

reagent in TBS) for 1 hour at RT. FXII was detected by overnight incubation at 4˚C with 

an affinity purified polyclonal antibody in blocking buffer (1:2,000). Blots were washed 

with TBS- 0.05% Tween20 (TBST), and the primary antibody was detected with Alexa 

Fluor 680 donkey anti-sheep IgG (1:7,500 in blocking buffer). Blots were extensively 

washed with TBST, followed by aquadest and analyzed on a near infra-red Odyssey 

scanner (Licor).
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Nanobody production
Nanobody B7 was produced as described in Chapter 5. Briefly, B7 was condon optimized 

and ligated into the prokaryotic production vector pMEK219 via the via the SfiI and BsteII 

digestion sites. E.coli (BL21 pLysS strain) was transformed and grown overnight at 37˚C 

in 2xYT containing glucose (2% m/v) with ampicillin (100 μg/mL). The overnight culture 

was used to inoculate a 5L fermenter (Bioflo 115, Eppendorf, Germany) containing ZYP-

5052 auto induction media (without trace metals)237. Bacteria were grown for 3 hours at 

37˚C followed by 20 hours at 24˚C. The nanobody was isolated by immobilized metal affinity 

chromatography (IMAC) as published75. Nanobody B2 was produced as previously 

described1. Nanobodies were dialyzed against HBS and purified by gel filtration over a 

Superdex column. Protein concentration was spectrophotometrically determined via 

OD280nm. Absorption coefficients of the nanobodies was determined based on its amino 

acid sequences using ProtParam234. Purified nanobodies were assessed for impurity and 

degradation by coomassie blue staining after SDS-PAGE.

FXIIa Nanobody ELISA
FXIIa ELISA was performed as described previously with minor modifications1. Briefly, 5 

μg/mL nanobody B7 against FXIIa was immobilized on Maxisorp plates in phosphate 

buffered saline, (PBS; 21 mM Na2HPO4, 2.8 mM NaH2HPO4, 140 mM NaCl, pH=7.4) 

overnight at 4˚C. Samples from contact system activation assays were collected by 8x 

dilution in 0.5% skimmed milk in HBS (mHBS), containing 200 μM PPACK and 100 KIU/

mL aprotinin. Wells were rinsed with PBS, blocked with 4% mHBS, and incubated with 

samples for 2 hours at RT, while shaking. Next, the wells were rinsed with 0.05% PBS-

Tween (PBST) and incubated with the biotinylated monoclonal anti-FXII ‘B2’ nanobody (5 

μg/mL in 0.5% mHBS) for 1 hour at RT. The nanobody B2 was previously selected against 

β-FXIIa1, but recognizes FXII, α-FXIIa and β-FXIIa. After washing with PBST, wells were 

incubated with a peroxidase-conjugated anti-sheep polyclonal (1:8,000 in 0.5% mHBS) for 

1 hour at RT. Finally, wells were rinsed with PBST and developed with 100 μL TMB 

substrate. Substrate conversion was stopped by adding 50 μL H2SO4 (0.3 M) and absorbance 

was read at 450 nm. A β-FXIIa standard curve was included on each plate which was plotted 

in Prism Graphpad 6.0 using a sigmoidal 4PL fit model to which sample concentrations of 

FXIIa were related.

Statistical Analysis
Statistics were performed by one-way ANOVA. p<0.05 was considered significant. All data 

analyses were performed with Prism Graphpad 6.0 (Graphpad Software Inc, La Jolla, CA, 

USA).
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ABSTRACT

Von Willebrand factor (VWF) multimer size is controlled through continuous proteolysis by 

ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type I motif, 

member 13). This prevents spontaneous platelet agglutination and microvascular 

obstructions. ADAMTS13 deficiency is associated with thrombotic thrombocytopenic 

purpura (TTP), where life-threatening episodes of microangiopathy damage kidneys, heart 

and brain. Enigmatically, a complete ADAMTS13 deficiency does not lead to continuous 

microangiopathy. We hypothesized that plasmin, the key enzyme of the fibrinolytic system, 

serves as a physiological backup enzyme for ADAMTS13 in the degradation of pathological 

platelet-VWF complexes.

Using real-time microscopy, we determined that plasmin rapidly degrades platelet-VWF 

complexes on endothelial cells in absence of ADAMTS13, after activation by urokinase 

plasminogen activator (uPA) or the thrombolytic agent streptokinase. Similarly, plasmin 

degrades platelet-VWF complexes in platelet agglutination studies. Plasminogen directly 

binds to VWF and its A1 domain in a lysine-dependent manner, as determined by enzyme-

linked immunosorbent assay. Plasma levels of plasmin-α2-antiplasmin (PAP)-complexes 

increase with the extent of thrombocytopenia in patients with acute TTP episodes, 

independent of ADAMTS13 activity. This indicates that plasminogen activation takes place 

during microangiopathy. Finally, we show that the thrombolytic agent streptokinase has 

therapeutic value for Adamts13-/- mice in a model for TTP.

We propose that plasminogen activation on endothelial cells acts as a natural backup for 

ADAMTS13 to degrade obstructive platelet-VWF complexes. Our findings indicate that 

thrombolytic agents may have therapeutic value in the treatment of microangiopathies and 

may be useful to bypass inhibitory antibodies against ADAMTS13 that cause TTP.
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INTRODUCTION

Von Willebrand factor (VWF) circulates in plasma as multimers after release from endothelial 

cells or activated platelets. VWF circulates in a globular form, but it has an unfolded 

conformation during its release248. In this state, VWF can directly bind platelets via its A1 

domain249 and passively bridge multiple platelets together without inducing their activation 

(agglutination). The metalloprotease ADAMTS13 (a disintegrin and metalloproteinase with 

a thrombospondin type I motif, member 13) cleaves VWF in its A2 domain250, preferably 

when VWF is unfolded251. This proteolysis is essential to prevent the formation of ultralarge 

VWF multimers and pathological platelet-VWF complexes that obstruct the microvasculature, 

as occurs in patients with thrombotic thrombocytopenic purpura (TTP)252. TTP patients 

characteristically experience recurrent episodes of microangiopathy, intermitted by 

prolonged remission periods. This is thought to be a result of fluctuating ADAMTS13 activity 

levels, triggered by inhibitory antibodies. Remarkably, patients and mice that are completely 

and persistently deficient in ADAMTS13 activity, can achieve remission and do not present 

with continuous symptoms of microangiopathy253. This suggests that additional factors 

beyond ADAMTS13 activity modulate the presentation of TTP attacks.

We here propose a hypothesis that may help to explain the unpredictable nature of TTP 

pathology: a second proteolytic mechanism exists that is capable of degrading dangerously 

large VWF-platelet complexes in absence of ADAMTS13. One candidate enzyme that can 

substitute for ADAMTS13 and degrade platelet-VWF complexes is plasmin. Active plasmin 

is able to cleave VWF and alters its platelet-binding capacity under purified conditions254, 255.

Plasminogen can be activated by tissue-type plasminogen activator (tPA) or urokinase-type 

plasminogen activator (uPA). Whereas tPA has a high affinity for fibrin,256 uPA has little 

affinity for fibrin prior to activation257. As a result, tPA is considered the most important 

plasminogen activator in fibrinolysis258. In contrast, uPA becomes an efficient plasminogen 

activator on its receptor uPAR, which is amongst others presented by activated endothelial 

cells during hypoxia177, 259.

In this study, we investigated whether plasmin could substitute for ADAMTS13 to degrade 

platelet-VWF complexes. We found evidence that plasmin can destruct platelet agglutinates 

and is triggered during microangiopathy. Furthermore, we found that induction of 

plasminogen activation by thrombolytic agents can be used to controllably degrade platelet 

agglutinates in vitro and in vivo, which may offer therapeutic opportunities for the 

complicated clinical management of TTP.

RESULTS

Plasmin degrades platelet-VWF complexes on endothelial cells 
To investigate whether plasmin formation on endothelial cells could substitute for 

ADAMTS13, we cultured endothelial cells and stimulated them to release VWF under flow 

while perfusing fixed platelets over them. Stable platelet-VWF complexes formed under 
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flow in absence of ADAMTS13. Subsequently, plasminogen (plasma concentration) with 

or without 10 ng/mL of uPA was added. We found uPA and plasminogen together 

immediately degraded platelet-covered strings of VWF (Figure 1A and Supplemental Video 

1). A monoclonal antibody that blocks the interaction of uPA with its receptor uPAR 

protected these platelet-VWF complexes from degradation (Figure 1B and Supplemental 

Video 2). The stability of these strings remained unaffected in the presence uPA or 

plasminogen alone (Supplemental Figure 1 and Supplemental Video 3 and 4). String survival 

times (n=5 per condition) are shown in Figure 1C. These experiments indicate that activated 

endothelial cells support sufficient uPA-dependent plasminogen activation to degrade 

platelet-VWF complexes in a matter of seconds. In control experiments, we confirmed that 

these endothelial cells externalize uPAR by immunofluorescence microscopy (Supplemental 

Figure 2A) and support uPA-dependent plasmin activity after stimulation (Supplemental 

Figure 2B). It was previously reported that platelet-VWF complexes are efficiently degraded 

by ADAMTS13251. We next investigated whether the binding of platelets was required for 

the cleavage of VWF by plasmin. In line with our earlier findings, activated HUVEC retain 

part of their released VWF on their surface after activation (i.e. not all is released into the 

supernatant as soluble VWF). Next, we exposed these cells (after replacing the supernatant 

medium) to plasminogen only, or uPA and plasminogen together. In the presence of uPA 

and plasminogen together, the vast majority of VWF was removed from the cell surface 

within one hour (Figure 1E) and was now present in the supernatant (Figure 1D). In 

comparison, we found that simultaneous incubation of activated HUVEC with tPA and 

plasminogen did not induce the release of VWF (Figure 1D). Moreover, platelet-VWF 

complexes on endothelial cells were not degraded by plasminogen in the presence of tPA 

under flow (not shown). These results together indicate that uPA-dependent plasmin 

formation can independently degrade VWF on endothelial cells in the presence and absence 

of platelets, although with differing efficacy.

Plasminogen binds to and cleaves VWF in a lysine-dependent manner
ADAMTS13 requires direct binding to VWF for cleavage260. In similar fashion, we found 

that plasminogen can bind directly to immobilized VWF (Figure 2A). This binding is 

completely inhibited by addition of the soluble lysine analog εACA (200 mM261), indicating 

that this interaction is similar to the binding of plasminogen to fibrin. In correspondence, 

the cleavage and release of VWF by uPA-activated plasmin on endothelial cells was 

dependent on lysines and abrogated by addition of εACA (Figure 2B). Similarly, εACA 

protected platelet-covered VWF strings against degradation in the presence of uPA and 

plasminogen (Figure 2C, D and Supplemental Video 5; quantification in Figure 2E). Together, 

these findings suggest that lysine-dependent interactions between VWF and plasmin are 

required for the cleavage of VWF. 

ADAMTS13 recognizes VWF in its globular conformation, but requires unfolding in order 

to cleave the A2 domain260. As the immobilization of VWF on microtiter plates expectedly 

leads to its unfolding in our binding experiments, we investigated whether the binding of 

plasminogen to VWF is dependent on its conformation. In binding competition experiments, 
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Figure 1 Plasmin degrades platelet-VWF complexes on endothelial cells in a uPA/uPAR-dependent 
manner. 
Time-lapse morphology of stable platelet-covered VWF strings after addition of (A) plasminogen (Plg) and 
uPA, or (B) Plg and uPA in presence of a blocking antibody against uPAR (2 μg/mL). Scale bars represent 25 
μm; images are representative for experiments that were repeated at least three times. (C) String survival 
times (n=5 per condition; (median (interquartile range; IQR)) during uPA-dependent plasminogen activation. 
(D) Release of VWF antigen from PMA-stimulated endothelial cells into culture supernatant, determined by 
ELISA, during plasminogen activation (n=6; median (IQR)). Data are normalized to VWF release by uPA-
dependent plasmin activity after one hour. 100% represents 49.7 ng/mL of released VWF antigen. (E) 
Immunofluorescent staining of VWF on HUVEC after plasminogen activation with or without permeabilisation. 
VWF in green, nuclei (DAPI) in blue. Scale bars represent 20 μm. Images are representative for experiments 
that were repeated at least three times. 
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we found that the binding of plasminogen to immobilized VWF remained unaffected in the 

presence of a wide concentration range of soluble globular VWF (Supplemental Figure 3A), 

while binding was competitively inhibited by εACA in a dose-dependent manner 

(Supplemental Figure 3B). This suggests that binding of plasminogen to VWF is mediated 

by a binding site that is cryptic in globular VWF. We next aimed to identify a plasminogen 

binding site in VWF. VWF contains numerous lysine residues throughout the molecule 

Figure 2 Lysine-dependent binding of plasminogen to VWF and its A1 domain mediates cleavage. 
(A) Dose-dependent binding of Plg to immobilized VWF in presence and absence of lysine analog εACA (n=6; 
median (IQR)). (B) Release of VWF antigen from endothelial cells into culture supernatant, determined by 
ELISA, during plasminogen activation in presence and absence of εACA (n=6; median (IQR)). Data are 
normalized to VWF release by uPA-dependent plasmin activity after one hour. 100% represents 49.7 ng/mL 
of released VWF antigen. (C) Time-lapse morphology of stable platelet-covered VWF strings during uPA-
dependent plasminogen activation without εACA and (D) with εACA. Scale bars represent 25 μm; images 
are representative for experiments that were repeated at least three times. (E) String survival times during 
uPA-dependent plasminogen activation with or without εACA (n=5 per experimental condition; median (IQR)). 
(F) Direct lysine-dependent binding of Plg to immobilized VWF A1 domain (n=6; median (IQR)). (G) Dose-
dependent competition between recombinant VWF A1 domain in solution and immobilized VWF for Plg 
binding (100 μg/mL; n=6; median (IQR)).
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(http://www.uniprot.org/uniprot/P04275). The most lysine-rich area in the mature molecule 

resides in VWF A1 domain: KKKK1383-1386. We therefore investigated whether this 

domain is has the capacity to bind plasminogen independently. First, we confirmed that 

plasminogen directly binds to immobilized recombinant VWF A1 domain, in a lysine-

dependent manner (Figure 2F). Moreover, the binding of plasminogen to immobilized VWF 

was competitively inhibited by A1 domain in solution (Figure 2G). These experiments 

indicate that VWF A1 domain contains a lysine-dependent binding site for plasminogen, 

which remains cryptic when VWF is in a globular state.

Streptokinase-activated plasminogen degrades platelet-VWF complexes
We next investigated whether therapeutic thrombolytic agents that trigger plasminogen 

activation can be applied to degrade platelet-VWF complexes and bypass the necessity for 

uPA or ADAMTS13. Hereto, we activated plasminogen with streptokinase, which is used 

in the treatment of myocardial infarction and pulmonary embolism. Streptokinase-activated 

plasminogen gradually degraded purified VWF in solution (Supplemental Figure 3C), as was 

reported earlier for purified plasmin.254 Furthermore, streptokinase-activated plasminogen 

rapidly cleaved platelet-covered VWF strings from endothelial cells under flow (Figure 3A, 

Supplemental Video 6; quantification in Figure 3C). This cleavage was also lysine-dependent; 

εACA protected against streptokinase-mediated degradation of platelet-VWF complexes 

(Figure 3B, Supplemental Video 7). In similar experiments, we found that ADAMTS13 could 

directly degrade platelet-VWF complexes on HUVEC under flow, but neutrophil elastase, 

granzyme M and -B could not (Supplemental Figure 4A-D; quantification in Supplemental 

Figure 4E). We next investigated whether plasmin-mediated destruction of platelet-VWF 

complexes was restricted to the surface of endothelial cells, which are known to express 

lysine-dependent receptors for plasminogen196. Hereto, we triggered platelet agglutination 

by ristocetin in the presence of streptokinase-activated plasminogen. Although platelet-

VWF complexes formed normally in the presence of plasmin activity, they became unstable 

and fell apart immediately after full agglutination (Figure 3D). In contrast, the addition of 

plasminogen alone, or in the presence of uPA or tPA did not induce degradation of these 

complexes (indicating a critical role for uPAR). Moreover, platelet agglutinates in suspension 

were protected against degradation by streptokinase-activated plasminogen in the presence 

of εACA (Figure 3E) and addition of εACA after the onset of plasmin digestion immediately 

halted further degradation (Figure 3E; εACA added after 9 minutes of agglutination is 

indicated by black arrow). In similar experiments, we found that ADAMTS13, neutrophil 

elastase, granzyme M and -B were unable to directly (i.e. without pre-exposure of VWF to 

these enzymes) degrade ristocetin-induced platelet agglutinates (Supplemental Figure 4F). 

Also in platelet-rich plasma, ristocetin-induced platelet agglutinates were sensitive to 

breakdown by streptokinase-activated plasminogen in a lysine-dependent manner (Figure 

3F). These data indicate that thrombolytic plasminogen activators can bypass ADAMTS13 

and uPA to induce the breakdown of platelet agglutinates.

Uncontrolled plasmin activity can affect multiple important targets in the hemostatic 

system, which are involved in platelet aggregation and hemostasis (e.g. fibrinogen or 
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platelet Glycoprotein Ibα262). We therefore investigated whether the levels of streptokinase-

activated plasminogen that degrade platelet-VWF complexes, also generally affect platelet 

aggregate formation. Hereto, we triggered platelet activation by type I collagen or 

α-thrombin. Both these physiological agonists induced complete and irreversible platelet 

Figure 3 Streptokinase-activated plasminogen lysine-dependently degrades platelet-VWF complexes. 
Time-lapse morphology of stable platelet-covered VWF strings after addition of (A) streptokinase-activated 
plasminogen (Plg strep) and (B) streptokinase-activated Plg in presence of εACA (εACA Plg strep). Scale bars 
represent 25 μm; images are representative for experiments that were repeated at least three times. (C) 
String survival times during streptokinase-induced plasminogen activation with or without εACA (n=5 per 
condition; median (IQR)). (D) Ristocetin-induced platelet agglutination in the presence of Plg with or without 
streptokinase, tPA or uPA. (E) Ristocetin-induced platelet agglutinates are protected by εACA during 
streptokinase-dependent plasmin activity (either added prior to- or 9 minutes after onset of agglutination; 
indicated with black arrow). (F) Streptokinase-dependent plasmin activity degrades ristocetin-induced platelet 
agglutinates in a lysine-dependent manner. Panels D-F show representative experiments that were performed 
at least three times. 
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aggregation in the presence of streptokinase-activated plasminogen (Figure 4A, B). 

However, we found that the initial phase of platelet aggregation was delayed, suggesting 

an auxiliary role for VWF during the initiation of aggregate formation. Under flow, platelet 

aggregate formation on immobilized collagen at arterial shear remained unaffected in the 

presence of streptokinase-activated plasminogen (Figure 4C; quantification of surface 

coverage in Figure 4D), even when whole blood was pre-incubated with a high dose of 

streptokinase (100 U/mL) for 5 minutes prior to perfusion (Supplemental Videos 8 (control) 

and 9 (streptokinase)). Together, these data indicate that neither globular plasma VWF, nor 

collagen-bound VWF form efficient targets for plasmin-mediated breakdown, whereas 

platelet-VWF complexes are rapidly degraded. 

Plasminogen activation during thrombotic thrombocytopenic purpura attacks
Given the effects of plasmin on platelet-VWF complexes, we hypothesized that plasminogen 

activation may also be triggered during attacks of microangiopathy in TTP. Therefore, we 

investigated the status of the plasminogen activation system in plasma samples from TTP 

patients, collected both during TTP attacks as well as during remission (baseline 

characteristics are provided in Supplemental Table 1). First, we confirmed that ADAMTS13 

Figure 4 Primary hemostasis remains largely normal in the presence of streptokinase-activated 
plasminogen. 
Platelet aggregation was triggered by (A) type I-collagen (Col), or (B) α-thrombin in the presence of 
streptokinase-activated plasminogen (Plg strep) with or without εACA (Plg strep εACA). (C) Whole blood was 
perfused over immobilized type I-collagen at 1600 sec-1 shear in the presence or absence of streptokinase 
(100 U/mL; 5 minutes preincubated with whole blood prior to perfusion). Scale bars represent 25 μm; panels 
A-C show representative experiments that were performed at least three times. (D) Surface coverage 
quantification of whole blood perfusions over type I collagen in the absence or presence of streptokinase 
(n=4; median (IQR); experiments performed with individual donors).
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Figure 5 Plasminogen activation in patients with thrombotic microangiopathy. (A) ADAMTS13 activity 
levels in TTP patients in remission (n=32) and during episodes of active disease (n=26). (B) α2-antiplasmin 
activity and (C) plasmin-α2-antiplasmin (PAP)-complex levels in TTP patients in remission, during active disease 
and in normal healthy donors (NHD, n= 19). (D) PAP-complexes in all TTP patients, categorized by platelet 
counts (closed symbols represent patients during active disease, open symbols represent patients in 
remission). Medians are indicated by bars in panels A-D. (E) Changes in platelet counts, ADAMTS13 activity 
(open symbols; left y-axis) and PAP-complex levels (closed symbols; right y-axis) in two individual acute TTP 
patients determined on several days during plasmapheresis treatment. The numbering over the symbols 
indicates the number of days after hospital admission.
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activity was lowered during active TTP (median (interquartile range; IQR) = 0.0% (0.0-4.0); 

n=26), compared to remission samples (6.5% (0.3-32.0); n=32; Figure 5A). A significant 

number of TTP patients in remission had little (8 patients <10%) or no (9 patients) detectable 

ADAMTS13 activity, underlining that ADAMTS13 deficiency in itself is not sufficient to 

develop episodes of acute TTP.

After plasminogen activation in plasma, plasmin is allowed to function for a limited amount 

of time, before it is inactivated by its natural inhibitor α2-antiplasmin. This prevents off-target 

degradation of proteins. In a recent case-report, a patient with a pre-existing ADAMTS13 

deficiency (10% activity) developed α2-antiplasmin deficiency during an episode of TTP263, 

potentially worsening ADAMTS13 deficiency. In our patient cohort, we found that α2-

antiplasmin activity was somewhat lowered during acute TTP (98.4% (91.7-106.6); n=26) 

compared to patients in remission (104.0% (100.6-113.3); n=32) and healthy controls 

(104.7% (98.2-107.5); n=19) (Figure 5B). However, no evidence for α2-antiplasmin 

deficiency was found amongst our patients that could help to explain their lowered 

ADAMTS13 levels or TTP attacks. 

Next, we moved on to investigate whether there was plasminogen activation in TTP 

patients. The determination of plasmin-α2-antiplasmin (PAP)-complexes is commonly used 

to determine ongoing plasminogen activation, as this complex is cleared approximately 5 

times faster than the uncomplexed inhibitor264 or plasminogen zymogen265. During acute 

TTP, PAP-complex levels were elevated (Figure 5C; 1.80 μg/mL (1.19-3.85); n=26) compared 

to patients in remission (1.19 μg/mL (0.99-1.51); n=32) and normal healthy donors (NHD; 

1.15 μg/mL (0.93-1.57); n=19). Since thrombocytopenia serves as a cardinal sign for 

microangiopathy, we categorized all our patient samples by platelet counts and further 

investigated the association with PAP-complex levels. We found that these complexes 

were predominantly elevated (3.89 μg/mL (1.65-5.99)) in patients with platelet counts below 

50x103 platelets/μL (n=11), representing severe microangiopathy (Figure 5D; acute TTP 

samples in closed circles; remission samples in open circles). In the second category (50-

100 x103 platelets/μL; n=8), PAP-complexes were only modestly increased (1.80 μg/mL 

(1.30-2.00)) over the third and higher categories (>100 x103/μL), which had normal PAP-

complex levels (1.08 μg/mL (0.98-1.47); n=28). This indicates that plasminogen activation 

mainly occurs in patients during severe thrombotic microangiopathy. 

We next investigated the relationship between ADAMTS13 activity and plasminogen 

activation in further detail. In TTP patients with undetectable ADAMTS13 activity, PAP-

complexes were elevated, whereas they were normal in samples with low (1-20%) and 

moderate- to normal activity (20-100%) (Supplemental Figure 5A). However, this negative 

association between ADAMTS13 activity and PAP-complex levels only held true in acute 

TTP patients (Supplemental Figure 5B), but was absent in patients in remission 

(Supplemental Figure 5C). This suggests that the state of TTP disease activity (i.e. 

microangiopathy), rather than the absence of ADAMTS13 activity, induces plasminogen 

activation in TTP patients. We further explored this rationale over time in repeated samples 

from three individual acute TTP patients that were taken on admission (indicated by day 

0) and on several days during plasmapheresis treatment (sampled prior to plasmapheresis). 
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In our first patient, platelet counts were directly related to ADAMTS13 activity: with 

increasing ADAMTS13 activity, platelet counts were correspondingly higher (Figure 5E 

(patient A); open symbols; days after admission are shown above the symbols). Inversely, 

PAP-complex levels were high in this patient when platelet counts were low and normalized 

with higher platelet counts (Figure 5E; closed symbols). In two other patients, platelet 

counts corrected while ADAMTS13 activity remained undetectable (Figure 5E (patient B) 

and Supplemental Figure 5D (patient C)). However, in good correspondence to our first 

patient, PAP-complexes in these patients were elevated during severe thrombocytopenia, 

but normalized with increasing platelet counts. These data indicate that plasmapheresis 

does not always restore ADAMTS13 activity and that thrombotic microangiopathy triggers 

plasminogen activation in human patients.

Thrombolytic therapy attenuates symptoms of acute thrombotic thrombocytopenic 
purpura in Adamts13-/- mice 
We earlier found that exogenous plasminogen activators, such as streptokinase, can be 

used to degrade platelet-VWF complexes on endothelial cells and in suspension when 

ADAMTS13 is absent. We therefore continued to investigate whether thrombolytic agents 

have therapeutic value in vivo in a mouse model for acute thrombotic thrombocytopenic 

purpura. Intravenous administration of a high dose of rhVWF into Adamts13-/- mice leads 

to the formation of TTP-like symptoms, with thrombocytopenia as a cardinal sign266.  

In continuation of our earlier experiments, we chose to investigate the therapeutic potential 

of streptokinase, which specifically reacts with human plasminogen267. Hereto, we 

challenged mice by administration of rhVWF, while simultaneously administering human 

plasminogen. Twenty-four hours after this challenge, platelet counts in these mice were 

reduced to 140.0 x103/μL (90.0-294.5) (median (interquartile range)) (Figure 6A). In 

comparison, unchallenged mice had platelet counts of 490.5 x103/μL (455.8-528.3). In 

parallel, mean platelet volumes (MPV) were elevated in rhVWF challenged mice to 6.5 fL 

(5.75-6.85), compared to unchallenged mice 4.1 fL (3.9-4.3) (Figure 6B). This is indicative 

for the presence of circulating platelet complexes as a long-term result of the challenge. 

When streptokinase was administered to these mice, either 5 or 15 minutes after the initial 

challenge, platelet counts normalized to 368.5 x103/μL (248.8-418.8) and 381 x103/μL (259.5-

434.5), respectively, 24 hours later. In good correspondence, MPVs returned to 4.4 fL 

(4.1-5.0) and 4.1 fL (4.1-4.9), respectively, indicating the absence of circulating platelet 

complexes. Finally, in control mice that were treated with thrombolytic treatment without 

being challenged with rhVWF, platelet counts remained normal at 518 x103/μL (454.5-557.5) 

and the MPV remained normal at 4.1 fL (4.0-4.3). Histochemical analyses of sections from 

various tissues of the challenged mice revealed that the vasculature appeared to be largely 

normal, 24 hours after rhVWF challenge. However, several thrombi were dispersedly found 

in various tissues of challenged mice, but no thrombi were seen anywhere in mice that 

had received thrombolytic treatment (Figure 6C shows liver sections). Together, these 

experiments indicate that the induction of plasminogen activation in vivo attenuates 

thrombotic microangiopathy.
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DISCUSSION

Attacks of TTP are hallmarked by occlusion of the microvasculature by platelet-VWF 

complexes and are life-threatening unless treated. ADAMTS13 deficiency forms an 

important risk factor for TTP attacks252. Intriguingly, both patients and knockout mice with 

continuous deficiency do not present with continuous symptoms of TTP, suggesting that 

additional susceptibility factors beyond ADAMTS13 deficiency modify the development 

of TTP attacks268. In the present studies, we explored the hypothesis that a second 

enzyme can substitute for ADAMTS13 in its absence. Several candidate enzymes have 

been identified in vitro, such as thrombin, neutrophil elastase, granzyme B and plasmin255. 

Here, we chose to investigate the potential involvement of plasmin in TTP. Our in vitro 

experiments show that platelet-VWF complexes can be efficiently degraded through 

uPA-dependent plasminogen activation on endothelial cells (Figure 1). This can take place 

through direct lysine-dependent binding of plasminogen to VWF (Figure 2). Furthermore, 

exogenously added thrombolytic agents degrade platelet-VWF complexes with equal 

Figure 6 Thrombolytic therapy attenuates symptoms of acute thrombotic thrombocytopenic purpura 
in Adamts13-/- mice. Platelet counts (A) and mean platelet volumes (MPV) (B) were determined in 
unchallenged Adamts13-/- mice (n=8), or 24 hours after a challenge with 2000 IU/kg recombinant human VWF 
(rhVWF) and Plg (n=9). Two other groups were challenged with rhVWF and Plg, but were injected with the 
thrombolytic agent streptokinase after 5 (n=5) or 15 minutes (n=10). As additional controls, Adamts13-/- mice 
were injected with Plg (this time without rhVWF) and streptokinase after 15 minutes (n=5), Medians are 
indicated by bars in these figures. (C) Haematoxylin eosin staining of liver sections of mice, 24 hours after 
being challenged with rhVWF and Plg, with or without administration of streptokinase, 15 minutes after the 
initial challenge. 



CHAPTER 7

138

efficacy and can be securely controlled by the administration of lysine-analogs (Figure 

3). In contrast, plasminogen activation has little effect on primary hemostasis in vitro 

(Figure 4). These findings indicate that platelet-VWF complexes, rather than platelet 

aggregates in general are susceptible to degradation by plasmin. The gradual cleavage 

of globular VWF by plasmin has been previously reported254, 255. We here propose that 

the efficiency of VWF cleavage by plasmin is a function of its conformation: plasmin has 

limited affinity for the binding to- and cleavage of globular VWF, but unfolding of VWF 

strongly enhances this process. As a result, uPA-triggered plasminogen activation 

destroyed platelet-VWF complexes on endothelial cells and in suspension in a matter of 

seconds, which could be recapitulated by streptokinase-activated plasminogen. Based 

on these in vitro findings, we propose a working model for the activation of plasminogen 

in response to obstructive platelet-VWF complexes (Figure 7). In the complete absence 

of ADAMTS13, platelets, as well as ultralarge VWF multimers are present in the 

circulation. Obstructive microthrombi do not spontaneously form until an elusive triggering 

event occurs. At this moment, vascular endothelial cells are the first to register differences 

in oxygenation and respond to hypoxia through expression of extracellular uPAR259. In a 

final step, plasminogen is activated on the activated endothelial cell surface with the aim 

to remove the obstructions.

In the past, there has been enigmatic evidence for plasminogen activation in acute TTP 

patients263, 269. In our studies, we found elevated PAP-complexes, representing 

plasminogen activation, in a group of TTP patients with acute microangiopathy (Figure 

5). However, in TTP patients in remission (i.e. without microangiopathy) no plasmin was 

generated. This is in good correspondence to our proposed model (Figure 7): microvascular 

obstructions cause hypoxia, resulting in plasminogen activation on endothelial cells. It is 

seemingly paradoxal that plasminogen activation takes place, especially in those patients 

that suffer from disease. Apparently, in these patients, plasmin activity is insufficiently 

capable of fully preventing clinical problems. However, it is most likely that an avalanche-

like sequence of intravascular events precedes the moment of clinical presentation in 

the hospital: in a first phase, continuously forming platelet agglutinates begin obstructing 

the microvasculature. In further stages, these obstructions grow in size and accumulate 

more platelets until clinical symptoms appear. In the situation where plasmin is able to 

clear obstructed vessels at an early stage, a TTP patient would not present him/herself 

to the hospital and would not be included in our patient group. In other words, patients 

that experienced an attack of microangiopathy that was successfully countered by 

endogenous plasminogen activation were by definition not included in our study. However, 

we propose that even in our group of acute TTP patients, the observed plasminogen 

activation is not without purpose; it may help to slow down disease progression. Indeed, 

it is presently difficult to estimate what would happen when a TTP patient would not 

have the capacity to recruit plasmin at sites of microvascular occlusion. Mice that are 

deficient in ADAMTS13 do not spontaneously develop TTP-like symptoms, unless 

challenged with shigatoxin25 or supraphysiological amounts of rhVWF266. It remains 

currently unknown what factors beyond ADAMTS13 deficiency modify the susceptibility 
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of mice to develop TTP, but certain strains are more susceptible than others268. Targeting 

factors of the plasminogen activation system in mouse models for TTP may help to 

provide new insights.

In our group of 32 acute TTP patients, we found no evidence that ADAMTS13 deficiency 

was related to α2-antiplasmin deficiency, in contrast to a recently published case report263. 

Figure 7 A model for plasminogen activation during microangiopathy. 
In the complete absence of ADAMTS13, platelets, as well as ultra-large VWF multimers are present in the 
circulation. A triggering event induces the formation of platelet-VWF complexes until microvascular occlusions 
start to develop. Nearby endothelial cells (EC) are sensitive to hypoxia and present uPAR on their surface. Finally, 
plasminogen is activated on the activated endothelial cell surface with the aim to clear the obstructed vessel.
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How to reconcile these apparently contradicting findings? In the case report, the cause for 

the (transient) α2-antiplasmin deficiency remained uncertain. However, α2-antiplasmin 

deficiency can either be caused by genetic abnormalities, or become depleted through 

consumption. This is possible since plasminogen is more abundantly present in the 

circulation (2.4 μM) than its inhibitor α2-antiplasmin (1 μM). Subsequently, the continuous 

formation of plasmin would result in the continuous formation of PAP-complex until the 

inhibitor runs out. We hypothesize that this was the case in the α2-antiplasmin deficient 

TTP patient263. We propose the following sequence of events: 1) The patient had a pre-

existing ADAMTS13 deficiency; 2) After a trigger, the patient developed an episode of 

microangiopathy (when the remaining ADAMTS13 was insufficiently protective); 3) 

Plasminogen activation was triggered to degrade VWF in microvascular obstructions until 

all α2-antiplasmin was consumed. Finally, the remaining uncontrolled plasmin slowly 

degraded the remaining ADAMTS13 (as collateral damage).

In a final set of experiments, we show that thrombolytic therapy is therapeutic in a mouse 

model for acute thrombotic thrombocytopenic purpura (Figure 6). Administration of 

thrombolytic therapy resolved thrombocytopenia and platelet complexes were no longer 

detectable in the circulation, or found in the microvasculature. Although this therapeutic 

opportunity needs to be further explored, it is an attractive idea that conventional and 

commonly available therapeutic agents may be valuable in the treatment of TTP attacks. 

Intuitively, it appears dangerous to administer thrombolytic drugs (with bleeding as a well-

known side effect) to thrombocytopenic patients. However, our experiments suggest that 

thrombolysis may actually be helpful in restoring primary hemostasis by restoring platelet 

counts (Figure 6A), while removing harmful obstructions from the vasculature at the same 

time. Additionally, the dosing of thrombolysis required to degrade a platelet-VWF complex 

is expectedly lower than the dose required to degrade a fibrin-rich thrombus: in our 

experiments, we applied a single dose of streptokinase that approximately represented 

20% of the loading dose (in concentration) commonly given to resolve pulmonary embolism 

and stroke in human patients. Finally, should the desired effects of thrombolysis in TTP 

patients be achieved, it is expectedly possible to limit further plasmin activity through 

administration of lysine analogs, such as εACA (Figure 3E). The majority of TTP patients 

have ADAMTS13 deficiency as a result of inhibitory antibodies against this metalloprotease. 

Currently, high volumes of plasma exchange are required to overcome these antibodies. 

It is attractive to consider the use of thrombolytic therapy to effectively bypass anti-

ADAMTS13 antibodies.

In conclusion, we propose that endogenous plasminogen activation as is seen during TTP-

related microangiopathy is meant for local clearance of microvascular obstructions. This 

last line of proteolytic defense can operate independently of other enzymes. Based on our 

findings, we propose that the plasminogen activation system forms a modulating factor in 

the events that cause microangiopathy, which may help to explain the episodal nature of 

TTP. Future studies will need to identify the reasons for which the plasminogen activation 

system falls short to completely prevent microangiopathy in patients that present with 

episodes of acute TTP. However, stimulation of plasminogen activation with readily available 
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conventional thrombolytic agents may have therapeutic value by stimulating the breakdown 

of vascular obstructions in thrombotic microangiopathy. 
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MATERIALS AND METHODS

Real-time microscopy of platelet-VWF complex formation on HUVEC 
Confluent HUVEC were cultured on glass coverslips and pre-activated with 100 nM phorbol 

12-myristate 13-acetate (PMA; Sigma-Aldrich, Zwijndrecht, the Netherlands) for 60 minutes. 

Coverslips were placed into a laminar-flow perfusion chamber under an inverted microscope 

(Zeiss observer Z.1, Carl Zeiss, Sliedrecht, the Netherlands). Lyophilized platelets (BioData 

Corporation, Horsham, USA) were resuspended in serum-free M199 culture medium 

(Invitrogen) and perfused at a shear rate of 300 sec-1, triggering platelet-VWF string 

formation. String stability was ensured during 5 minutes of perfusion. Next, serum-free 

M199 medium containing 100 mM PMA, with 216 μg/mL plasminogen, 10 ng/mL uPA, 10 

U/mL streptokinase, 2 μg/mL anti-uPAR (R&D systems, Abingdon, UK; Clone 62022) or 

200 mM εACA or in combinations was perfused over platelet-VWF strings. Similarly, 

perfusions were performed in the presence of 5 μg/mL ADAMTS13 (R&D systems), 20 

nM elastase (from human leukocytes, Sigma-Aldrich) and 300 nM granzyme B and M 

(generously provided by Dr. Niels Bovenschen)255, 270. 

Patient studies
Plasma samples from 19 healthy individuals, 26 samples of patients with acute TTP and 

32 samples of TTP patients in remission were collected in trisodium citrate (3.2% w/v). 

Baseline characteristics of these three groups are provided in Supplemental Table 1. All 

samples were studied in all assays described below. Plasma samples of TTP patients in 

remission without clinical signs of microangiopathy were obtained between 1 month and 

6 years after they experienced their last episode. Samples from patients with acute TTP 

were obtained before plasma transfusion and on following days during acute disease state. 

All donors and patients gave written informed consent. Approval was obtained from the 

Medical Ethical committee of the University Medical Center Utrecht. Platelet poor plasma 
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was stored at -80˚C. Control samples were obtained from healthy volunteers and were age 

and gender matched to the TTP patients. PAP-complexes were determined by ELISA, 

according to the manufacturer’s protocol (Technoclone, Vienna, Austria). ADAMTS13 activity 

was determined using fluorescence resonance energy transfer (FRETS) assay for 

ADAMTS13 activity (Peptides International, Lexington, USA). ADAMTS13 activity of normal 

pooled plasma (NPP) was set at 100%, and the values obtained in individual plasma samples 

were expressed as percentage. Similarly, α2-antiplasmin activity was determined by 

incubating 10 μL purified plasmin (13 nkat/mL; Roche, Woerden, the Netherlands) for 30 

seconds with 10 μL of 5-times pre-diluted citrated patient plasma in HBS. After incubating 

for 30 seconds, 40 μL plasmin substrate was added (6 mM; MM-L-Tyr-Arg-pNA, Roche) 

and conversion was measured at 405nm for 300 seconds. Slopes were determined and 

related to the capacity of NPP (defined as 100%) to inhibit plasmin activity. 

In vivo studies
Animal studies were performed in accordance with protocols approved by the Institutional 

Animal Care and Use Committee of KU Leuven (Belgium). Male Adamts13-/- mice (CASA/

Rk-C57BL/6J-129X1/SvJ background), with a body weight between 16-20 grams were 

anaesthetized with isoflurane and intravenously injected with 2000 U/kg recombinant 

human VWF (rhVWF; Baxter, Vienna, Austria) and 20 mg/kg human plasminogen via the 

right retro-orbital plexus to induce symptoms of TTP15 (n=9). After 5 or 15 minutes, 10 U/

mL streptokinase (which reacts specifically with human plasminogen267) was intravenously 

administered via the left retro-orbital plexus (5 minutes n=5; 15 minutes n=10). As controls, 

completely untreated mice (n=8) and mice that were treated with thrombolytic treatment 

without being challenged with rhVWF (n=5) were taken along. After 24 hours, venous blood 

was drawn into trisodium citrate (resulting in a final concentration of 0.61% w/v) and the 

mice were exsanguinated under deep anesthesia by isoflurane. Cell counts were 

determined within 30 minutes using a Hemavet Hematology system (Drew Scientific, 

Dallas, USA). Heart, kidneys and liver were collected from all mice, rinsed in PBS and fixed 

in 4% paraformaldehyde overnight and embedded in paraffin. Four μm sections were cut 

and stained with Haematoxylin-Eosin for morphological analysis. Pictures were taken using 

an Olympus DP71 camera with a 40x objective and Cell^P imaging software (Olympus, 

Zoeterwoude, the Netherlands).

Blood collection
Blood was collected from healthy volunteers (without anticoagulant- or antiplatelet 

treatment for at least 10 days) under approval by the University Medical Center Utrecht 

Ethics Committee and was anticoagulated with trisodium citrate (final concentration of 

0.32% w/v). Platelet-rich plasma (PRP) and washed platelets (WP) were prepared by 

centrifugation as described before.271 Platelet counts were determined using CellDyn1800 

(Abbott, Hoofddorp, the Netherlands) and set to 200x109/L. Human umbilical vein endothelial 

cell (HUVEC) isolation and cell culture HUVEC were freshly isolated from umbilical cords 

by trypsinisation as described previously.272 Isolated cells were cultured for 2 passages in 
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HUVEC medium (EndoPrime Base Medium, enriched with EndoPrime Kit Supplements 

(2% Fetal Bovine Serum (FBS)), PAA, Pasching, Austria) in culture flasks coated with 5 μg/

mL fibronectin (purified according to Klebe et al 273).

Immunofluorescence microscopy
Confluent HUVEC were pre-activated with 100 nM phorbol 12-myristate 13-acetate (PMA; 

Sigma-Aldrich, Zwijndrecht, the Netherlands) for 60 minutes. Cells were fixed with 4% 

paraformaldehyde and blocked with 10% normal goat serum in phosphate buffered saline 

(21 mM Na2HPO4, 2.8 mM NaH2HPO4, 140 mM NaCl, pH=7.4; PBS). uPAR was visualized 

with mouse anti-human uPAR (R&D systems, Abingdon, United Kingdom) and goat anti-

mouse-AF488 (Invitrogen, Bleiswijk, the Netherlands). VWF was stained using rabbit anti-

human VWF (Dako, Heverlee, Belgium) and goat anti-rabbit-AF488. Where indicated, 

HUVEC were incubated for 60 minutes at 37˚C with 216 μg/mL plasminogen (purified in-

house by lysine-sepharose affinity chromatography) and 10 ng/mL uPA (Komabiotech, 

Seoul, Korea) or either individually. Cells were embedded with DAPI prolonged gold 

(Invitrogen) and permeabilised with 0.5% Triton-X100 for 5 minutes prior to embedding 

where indicated. 

Enzyme-linked immunosorbent assay (ELISA) for VWF release
HUVEC were stimulated with PMA as before. Next, the medium was replaced with fresh 

medium (removing soluble non-cell bound VWF), containing 2% FCS, 216 μg/mL 

plasminogen, 10 ng/mL uPA, 200 mM ε-aminocaproic acid (εACA), 10 ng/mL tPA (Actilyse, 

Boehringer Ingelheim, Alkmaar, the Netherlands), combined or individually. Cell remnants 

were removed by centrifuging the supernatant for 10 minutes at 1000xg. MaxiSorp 96-wells 

plates (Nunc Thermo Scientific, Waltham, USA) were coated with rabbit anti-human VWF 

(Dako) in 40 mM Na2CO3, 35 mM NaHCO3, 3 mM NaN3, pH 9.6. Wells were washed with 

PBST (PBS, 0.05% Tween20) and blocked at 37˚C with PBS, 1% bovine serum albumin 

(BSA). Samples and standards (purified VWF in culture medium) were incubated followed 

by rabbit anti-human VWF/HRP (Dako) as a detection antibody. Finally, 100 μL/well TMB 

substrate (3,3’,5,5’-Tetramethyl-benzidine; Tebu-Bio Heerhugowaard, the Netherlands) was 

added and the reaction was stopped with 50 μL/well 1M H2SO4 and absorbance was 

measured at 450 nm.

Platelet aggregation on collagen
For platelet aggregation experiments on collagen surfaces under flow, coverslips were 

attached to polydimethylsiloxane (PDMS) perfusion chambers. The channels were 

precoated with 0.1 mg/mL type I collagen and blocked with 1% human serum albumin. 

Whole blood that was preincubated with 100 U/mL streptokinase for 5 minutes at 37˚C, 

was perfused at a shear rate of 1600 sec-1 for 5 minutes. Recordings were made by 

differential interference contrast (DIC) microscopy, using a 40x/1.25 oil or 100x/1.25 oil 

EC-plan Neofluar objective (Carl Zeiss). Images were analyzed with AxioVision software 

(Release 4.6, Carl Zeiss) and ImageJ software (Release 1.41, National Institutes of Health, 
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Bethesda, USA). For quantification, string survival times were determined by following 

5 strings per experimental condition for 5 minutes after introduction of experimental 

variables.

Plasminogen binding ELISA 
Nunc PolySorp plates (Thermo Scientific, Breda, the Netherlands) were coated with 5 μg/

mL VWF or 1 μg/mL recombinant VWF A1 domain (U-protein Express, Utrecht, the 

Netherlands) and blocked with 2% BSA in PBS for 1 hour. Plasminogen binding was 

analyzed in PBS containing 50 μM PPACK and 50 μM GGACK (Haematologic Technologies 

Inc, Vermont, USA) to prevent proteolysis and 200 mM εACA where indicated. Competition 

ELISAs were performed by determining the binding of 100 μg/mL plasminogen (suboptimal 

binding) in the presence of a concentration range of VWF A1 domain, globular VWF or 

εACA. Plates were washed with PBS 0.05% Tween and incubated with goat anti-

plasminogen (Affinity Biologicals, Ancaster, Canada), followed by RAGPO (Dako) to detect 

plasminogen binding. Plates were stained with TMB (Tebu-Bio) and H2SO4. Absorbance 

was read at 450 nm.

Platelet agglutination and aggregation
Agglutination assays with WP: 10 μg/mL purified VWF was mixed with 10 U/mL 

streptokinase, 216 μg/mL plasminogen, 200 mM εACA, 10 ng/mL tPA or combinations 

thereof. The mixed samples were immediately added to pre-warmed WP (200x103/μL) 

containing 200 μM RGDW (NKI, Amsterdam, the Netherlands), 100 μg/mL iloprost (Bayer, 

Leverkusen, Germany) and 0.6 mg/mL ristocetin (Biopool Us Inc, Jamestown, NY). Similar 

agglutinations were performed with 5 μg/mL ADAMTS13 (in the presence of 5 mM CaCl2 

and 20 μM ZnCl2), 20 nM elastase , 300 nM granzyme B or -M. Agglutination assays in PRP 

were performed by adding 10 U/mL streptokinase with or without 200 mM εACA to pre-

warmed PRP (200 x103 platelets /μL) containing 200 μM RGDW, 100 μg/mL iloprost and 

1.6 mg/mL ristocetin. Agglutination was recorded for 30 minutes at 37˚C with an 

aggregometer (Chrono-log model 700, Stago, Leiden, the Netherlands). Platelet aggregation 

experiments were performed with WP, to which 1 mg/mL purified fibrinogen and 10 μg/

mL VWF were added. Aggregation was induced by the addition of 1 IU/mL α-Thrombin or 

5 μg/mL type I collagen (Horm-collagen; Nycomed, Linz, Austria) in the presence or absence 

of 10 U/mL streptokinase and 216 μg/mL plasminogen and 200 mM εACA where indicated.

HUVEC-dependent plasminogen activation assay
HUVEC were stimulated for 60 minutes with 100 nM PMA and then incubated with a 

concentration range of uPA, and 216 μg/mL plasminogen for 15, 30 or 60 minutes at 37˚C. 

The supernatant was centrifuged for 10 min at 1000xg to spin down any cell remnants. 

0.2 mM fluorogenic plasmin substrate (I-1390; Bachem, Bubendorf, Switzerland) was added 

to the samples and the fluorescence (at an excitation wavelength of 390nm and emission 

wavelength of 460nm) was read after 1 hour at 37˚C with a microplate reader (Versamax, 

Molecular Devices, Sunnyvale, United States).
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Western blotting
10 μg/mL purified VWF was incubated with 10 U/mL streptokinase (Streptase, CSL Behring, 

Ontario, Canada) and 216 μg/mL plasminogen for 0, 15, 30, 45, 60 or 90 seconds, and 2.5, 

5 or 10 minutes at 37˚C. The samples were mixed 1:1 with sample buffer containing DTT 

and boiled for 10 minutes at 95˚C. SDS-PAGE was performed using a 6% running and 4% 

stacking polyacrylamide gel and proteins were transferred to a polyvinylidenefluoride 

membrane (Millipore, Amsterdam, the Netherlands). Odyssey blocking buffer (LI-COR 

Biosciences, Lincoln, NB, USA) was used for blocking and as diluent for primary antibody 

(anti-VWF, Dako) and secondary antibody incubations (goat anti-rabbit AF680, A21057, 

Invitrogen). Protein bands were visualized with the Odyssey Imaging system (LI-COR 

Biosciences). Quantification was performed using ImageJ software (Release 1.41).

Statistics
Statistical comparisons between two groups of samples were performed by Mann-Whitney 

U testing and indicated by horizontal lines with T-ends (displayed in the graphs as |---| ). 

Comparisons between multiple groups were performed by Kruskal-Wallis testing, indicated 

by a horizontal line with open ends (displayed in the graphs as --- ). A p-value of less than 

0.05 was considered significant. All data analyses were performed with computer software 

(IBM SPSS Statistics 20.0, SPSS Inc., Chicago, IL, USA).
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SUPPLEMENTAL DATA

Supplemental Table 1. Baseline characteristics of TTP patients and healthy control donors

Acute TTP Remission TTP Normal healthy donors

n = 26 32 19

Gender (% female) 77 88 84

Age (median (IQR)) 42 (37.5-52) 57 (39.5-64.5) 47 (35-53)

Other autoimmune disease 0 0 0

Supplemental Figure 1. Time-lapse morphology of stable platelet-covered VWF strings after addition of (A) 
Plg only or (B) uPA only. Scale bars represent 25 μm. Images are representative for experiments that were 
repeated at least three times.
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Supplemental Figure 2 Activated endothelial cells express uPAR and support plasminogen activation 
by uPA. (A) Immunofluorescent staining of uPAR (red) on HUVEC (nuclei in blue) without or with PMA. Scale 
bars represent 20 μm. Images are representative for experiments that were repeated at least three times. 
(B) PMA-activated HUVEC were incubated for 15, 30 or 60 minutes in the absence or presence of 216 μg/
mL plasminogen and a concentration series of uPA (n=3; median (range)). Fluorescence of converted plasmin 
substrate was determined in supernatants at 390 (excitation) -460 (emission) nm after 1 hour at 37˚C.
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Supplemental Figure 3 Soluble globular VWF does not compete for plasminogen binding. (A) Binding 
of plasminogen (Plg) to immobilized VWF in the presence of increasing concentrations of soluble globular 
VWF (n=6; median (IQR)). (B) Binding of Plg to immobilized VWF in the presence of increasing concentrations 
of εACA (n=6; median (IQR)). (C) Streptokinase-activated plasminogen degrades purified VWF in solution. 
10 μg/mL VWF was incubated with streptokinase-activated plasminogen in a time series until 10 minutes 
incubation at 37˚C and analyzed by western blot under reducing conditions (representative for three individual 
experiments).
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Supplemental Figure 4 The direct effects of ADAMTS13, neutrophil elastase, granzyme M and 
granzyme B on platelet-VWF complexes. (A-D) Time-lapse morphology of stable platelet-covered VWF 
strings after addition of (A) ADAMTS13, (B) elastase, (C) granzyme M and (D) granzyme B. Scale bars 
represent 25 μm. Images are representative for experiments that were repeated at least three times. (E) 
String survival times (n=5 per condition; median (IQR)) (F) Ristocetin-induced platelet agglutination in the 
presence of ADAMTS13, elastase, granzyme M and -B. Shown figures are representative for experiments 
that were performed at least three times.
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Supplemental Figure 5 Plasminogen activation and ADAMTS13 activity in thrombotic 
thrombocytopenic purpura. PAP-complexes in (A) all TTP patients, (B) acute TTP and (C) TTP patients in 
remission. (D) Changes in platelet counts, ADAMTS13 activity (open symbols; left y-axis) and PAP-complex 
levels (closed symbols; right y-axis) in an individual acute TTP patient (patient C) determined on several days 
during plasmapheresis treatment. The numbering over the symbols indicates the number of days after 
hospital admission.
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The contact system is an enzyme system in blood plasma that mediates coagulation and 

vascular leakage. Remarkably, patients or animals that are deficient in contact system 

factors do not have bleeding problems. However, contact-factor deficient mice are protected 

from thrombosis. Furthermore, hyperactivity of the contact system has been linked to 

pathological levels of bradykinin which induces swelling attacks in hereditary angioedema 

(HAE). While the contact system has been investigated extensively by its activation upon 

negatively charged surfaces, its natural pathway of activation and function have remained 

enigmatic. The work presented in this thesis reveals several novel pathways by which the 

contact system can become activated by direct interplay of factor XII (FXII) with cellular 

enzymes. These findings will contribute to a better understanding and new insights into 

the role of the contact system in human physiology and pathology. 

The contact system in coagulation and thrombosis
When blood is exposed to negatively charged surfaces, the plasma contact system 

activates. A wide variety of activators has been described. It is noteworthy that not all can 

trigger coagulation. In Chapter 2 we show that depending on the type of activator used, 

various forms of active FXII (FXIIa) can be formed. Exposure to a particulate activator, such 

as kaolin, induces coagulation. This is corresponded by the formation of a single form of 

FXIIa. In contrast, a polymer-like surface, like dextran sulfate, does not trigger coagulation. 

Surprisingly, two successive forms of FXIIa are formed. We propose that different FXIIa 

isoforms explain the functional properties of various FXII activators. Moreover, the absence 

of factor XI (FXI) activation during polymer-like surfaces activation, supports our notion that 

contact system activity is directly modulated by the activating surface108. 

It is a longstanding challenge to understand the role of the contact system in human 

physiology. Since deficiency in contact system factors does not result in bleeding 

tendencies, the contact system is thought to be expendable for hemostasis. Remarkably, 

in various thrombosis models, contact system factor deficient mice are protected from 

both venous and arterial vascular occlusion20, 68, 274. Although thrombus formation is initially 

observed, stability of the thrombus becomes severely impaired and the thrombus 

deteriorates20. Since both FXII and FXI deficient mice were protected, impaired coagulation 

was considered to be causal. Remarkably, the infusion of bradykinin in an ischemic stroke 

model restores vascular occlusion in contact system deficient mice275. Furthermore, in a 

model of deep venous thrombosis, FXII deficient mice displayed a large impairment of 

thrombus amplification whereas FXI deficiency only showed minor effects48. Even though 

these observations confirm the role of the contact system to thrombosis, alternative 

contributing pathways besides its ability to drive coagulation should be considered. This 

provokes the question: is coagulation the primary function of the contact system? 

The contact system in hereditary angioedema 
The contact system in hereditary angioedema with factor XII mutations
Hereditary angioedema patients experience periodical local attacks of swelling as a result 

of increased vascular leakage. While a kinin derived from complement factor C2 was 
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considered to be the foremost candidate276, in vitro and in vivo experiments confirmed that 

bradykinin was the main perpetrator 81, 147, 277. Although the contact system is now 

considered to be main source of bradykinin during attacks of HAE, the manner by which 

the contact system is activated in physiology, as well as HAE, remains unknown.

Over the last few years, several mutations in FXII have been reported in HAE patients 

(FXII-HAE) with normal C1-esterase inhibitor (C1inh) activity86, 117, 118. We reasoned that the 

natural activation mechanism behind the FXII-HAE mutants is an exaggerated representation 

of the physiological pathway for contact system activation. In Chapter 3, we identified that 

FXII-HAE mutants (T309K/R) are differently glycosylated as a result of these mutations. 

This increases their capacity for activation by dextran sulfate polymers, both in vitro and in 

vivo, despite the presence of C1inh. It is noteworthy that in vitro clotting times are normal 

in patients with these mutations97, leading to the question whether FXII activation in vivo 

is driven by an anionic surface.

In Chapter 4, we review a body of evidence for interaction of the factors of the contact 

system with endothelial cells. In addition, we present collective evidence for the interactions 

of plasmin with FXII. Based upon these collective lines of evidence we propose a 

complementary model for contact system activation on the endothelial cell surface that is 

initiated by plasmin activity. 

In Chapter 5, we showed that FXII-HAE mutations introduce novel cleavage sites within 

FXII. These sites enhance FXII activation by plasmin to such an extent, that FXII (temporarily) 

overcomes the inhibition by C1inh. As a result, contact system ensues and pathological 

levels of bradykinin are formed. Additionally, we show that the plasmin-forming potential 

of FXII-HAE patient plasma associates with disease activity. We believe that this finding 

points towards the active contribution of plasmin in bradykinin production and implicates 

it as modulator of disease. Since this activation pathway can occur independently of 

negatively charged surfaces, we question whether surface contact is still mandatory for 

bradykinin production in the human body. Moreover, is the purpose of the contact system 

really to make contact and is the name ‘contact system’ still suitable?

A detailed look at mutations that cause factor XII-HAE
In Chapter 5, we studied three different FXII-HAE mutations which are all located upstream 

from the FXII catalytic domain in the proline-rich region. Remarkably, all three mutations 

were characterized by the introduction of novel cleavage sites after an arginine (R) or lysine 

(K). Over the course of our investigations, novel FXII-HAE mutations in the proline-rich 

region were reported119, 227. Resultantly, we questioned whether that these mutations would 

also follow a similar pathological mechanism. 

In the paper of Gelincik et al., a FXII-HAE mutation is described in which alanine 324 is 

substituted with a proline (A324P; mature protein numbering)227. Since trypsin-like enzymes 

require either an R or K amino acid for cleavage we assumed that no new cleavage site 

for trypsin-like enzymes would be formed. In silico analysis supports this hypothesis (Data 

not shown). Remarkably, in wild type (WT) FXII the in silico analysis predicts five possible 

cleavage sites for trypsin-like enzymes within the proline-rich region, which are not 
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accessible for cleavage in solution (Chapter 5, Supplementary Figure 1). After closer 

inspection, we found that the A324P mutation alters the P2 site of the predicted cleavage 

site at K325. We propose that the A324P mutations changes the “sleeping” cleavage site 

K325 into an active variant. Since both T309 mutants also have a P at position P2, plasmin 

might also be an activating enzyme for this mutation. 

In the paper of Kiss et al., a 6 amino acid duplication (281QAAPPT286; mature protein 

numbering) is described at the beginning of the proline-rich region of FXII119. In silico analysis 

confirms that the duplication does not insert any novel, or modify any known cleavage 

sites for trypsin-like enzymes (data not shown). Could the duplication sequence still contain 

an unknown cleavage site that is not based upon cleavage after either an R or K? Since 

HAE patients shows signs of immune system involvement278, we hypothesize that cell-

derived enzymes from leukocytes can contribute to FXII activation. Chapter 6 provides 

evidence that supports this concept.

The intermittent disease phenotype of hereditary angioedema and the role of estrogen 
Despite the constant presence of the mutations, attacks of HAE occur periodically. 

Furthermore, HAE predominantly affects women279, while male subjects often remain 

asymptomatic despite the presence of the same HAE mutations. Clinical observations 

suggest that transient changes in systemic factors modulates the risk on attacks. But what 

are these changes and why is this effect more profound in women? The sex hormone 

estrogen is thought to be important contributor to the onset of HAE attacks, since inhibition 

of its secretion is an effective therapy for most forms of HAE280. However, its effects of 

on HAE are poorly understood. Estrogen administration increases FXII and FXI antigen 

levels281, 282. Similarly, increases in contact system antigen levels have been reported for 

HAE patients during attack212. In our study, the two FXII-T309K patients in Chapter 5 

showed no such increase (evaluated by western blotting). Moreover, while diminished FXII 

antigen levels can be protective in angioedema patients283, the question remains if elevated 

FXII concentrations increase attack severity or incidence.

Plasminogen, like FXII, has an estrogen response element in its promoter region. As a 

result estrogen increases plasminogen plasma concentrations as well as plasmin activity 

in healthy volunteers284, 285. When we examined plasminogen levels in our FXII-T309K 

patients, we found increases in plasminogen antigen levels around the time of their attacks 

(Chapter 5). Interestingly, plasminogen activator inhibitor -1 -2 levels are decreased during 

HAE attacks212, 213. This could be estrogen-related286. Based on these observations, it 

is attractive to hypothesize that estrogen levels modulate the potential for plasminogen 

activation in patient plasma. As a result, these alterations might contribute to the onset of 

HAE attacks when exposed to a trigger.

The contact system in other diseases
The discovery of the prominent role of the contact system and bradykinin in HAE has greatly 

accelerated our insights into the plasma contact system. Nonetheless, it is important to 

note that that contact system activity has been implicated to mediate other diseases69, 224, 
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287, 288. Remarkably, most of these disease symptoms are related to bradykinin formation 

rather than coagulation. 

Anaphylaxis
During anaphylaxis, degranulation of mast cells and basophils occurs289-291. Patients can 

experience gastrointestinal and skin manifestations, but also arrhythmias, bronchial 

constriction and vascular leakage which causes hypotension. Strikingly, while most allergic 

reactions are attributed to histamine release, anaphylaxis patients also show signs of 

contact system activation during attacks98. While it is thought that contact system activation 

in anaphylaxis is driven by heparin release from the mast cells and basophils, plasma 

prekallikrein (PPK) deficient mice show complete FXII consumption during the challenge. 

While this could be partially explained by auto activation of FXII, it is attractive to hypothesize 

that mast cell- or basophil-derived elastase primes FXII for activation (Chapter 6).

Sepsis
Patients with sepsis undergo a systemic inflammatory response and can experience fever, 

hypotension, tachycardia and even organ failure. Sepsis can be caused by various 

pathogens, though bacterial infection is most common. When primates are challenged in 

an Escherichia coli-induced sepsis model, contact system activity is observed36, 37, 241. When 

contact system activity is prevented, complement activation and neutrophil degranulation 

diminishes, resulting in an increased survival. While these studies strongly suggest the 

importance of bradykinin in sepsis, it is important to note that not all sepsis models show 

similar results. In a porcine sepsis model with Pseudomonas aeruginosa, the onset of 

symptoms were not influenced by a bradykinin antagonist, but animals did recover faster 

when treated with the antagonist292. In a similar model with Neisseria meningitides, the 

bradykinin antagonist had no effect293. This raises the question whether all sepsis forms 

induce contact system activation and if sepsis patients in general benefit from bradykinin 

antagonists. In a study of systemic inflammatory response syndrome, continuous infusion 

of a bradykinin antagonist had no overall effect on the 28-day survival287. Interestingly, a 

subset of patients with a gram-negative bacterial infection did show improvements in 

recovery. Another sepsis study reports that levels FXIIa-C1inh and plasma kallikrein (PK)-

C1inh complexes were transiently increased in 40% of patients during the course of their 

sepsis224. These observations in human patients parallel animal studies and suggest that 

not all pathogens act on the contact system in the same manner. This concept is 

corroborated in vitro: some bacteria can directly activate the contact system294, while other 

studies show that bacterial enzymes can mediate kinin formation295. Most intriguingly, 

recent studies have shown that bacterial strains that carry direct plasminogen activators 

(i.e. streptokinase and staphylokinase) can trigger plasmin-triggered bradykinin production 

via the contact system296, 297. This may explain the part of the hypotension that takes place 

during septicemia, but also possibly points towards a bradykinin-dependent mechanism 

of pathogen host invasion.
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Alzheimer’s Disease
Patients with Alzheimer’s disease (AD) suffer from progressive neurodegeneration. While 

the ethology behind this disease is poorly defined, evidence has been accumulating that 

neuroinflammation and peripheral inflammation are key processes298-300. The presence of 

the contact system in the Alzheimer diseased brain has been suggested on numerous 

occasions288, 301-303. This sparks the question whether the contact system activation is 

involved in AD and a possible contributor to the observed inflammation. One of the 

prominent features of AD is the formation of β-amyloid (Aβ) plaques. Remarkably Aβ fibrils, 

the major plaque component, are not able to initiate contact activation2. However, Aβ-

monomers can also assume an intermediate conformational form, by aggregating into 

non-plaque Aβ-oligomers. These Aβ-oligomers are now thought to be the primary pathogenic 

form of Aβ that is toxic to cells304. Like other aggregated proteins, these Aβ-oligomers are 

potent activators of the contact system2, 305. Although initial observations suggested that 

Aβ-oligomers (Dutch type) only lead to bradykinin formation, it is now suggested that other 

forms of Aβ-oligomers can support contact system mediated coagulation305. Future studies 

will have to elucidate whether the contact system actively (and causally) contributes to a 

prothrombotic and inflammatory state in Alzheimer’s disease.

A revised model for physiological contact system activation
In this thesis, we have studied the influence of FXII-HAE mutations on FXII activation 

(Chapter 5). These studies identified that plasmin has a critical effect on FXII activation in 

solution, but the effects of plasmin were much more modest in the absence of these 

mutations. We propose that the endothelial cell surface plays an important role in 

physiological activation of FXII by plasmin.

Endothelial-cell mediated plasminogen activation
Urokinase plasminogen activator receptor (uPAR) is best known for its ability to promote 

plasminogen activation via the recruitment of urokinase (uPA). uPAR is found in a wide 

variety of cells, including endothelial and haemopoietic cells, and is expressed on the cell 

surface during endothelial cell activation306-310. Activation/stress factors can range from 

hypoxia or cytokines to bacterial infection259, 309, 310. Knockout animals do not support a major 

role for uPAR in fibrinolysis and thrombus resolution311, provoking the question if uPAR 

might have other roles to fulfill?

In Chapter 7, we studied the role of plasmin in a form of thrombotic pathology that is not 

related to the production of fibrin. In thrombotic thrombocytopenic purpura (TTP), 

microvascular thrombosis takes place in dangerous attacks, followed by periods of 

(apparent) clinical remission. Von Willebrand factor (VWF), a platelet-binding protein, plays 

a central role in this disease. VWF is normally controlled through cleavage by ADAMTS13, 

but this protein is missing or impaired in patients with TTP. We discovered that plasmin 

can act as a functional replacement of ADAMTS13 and cleave VWF to reduce 

thrombogenicity. In patients, plasmin was only formed during attacks of microthrombosis, 

indicating that tissue hypoxia is a driving factor behind plasmin formation. Finally, we found 
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that pharmacologic stimulation of plasmin activity was therapeutic in a mouse model for 

TTP. These findings suggested that the roles of plasmin are not limited to fibrin degradation. 

Instead, these findings motivated us to start thinking of plasmin as a hemostatic multi tool.

Contact system activation on endothelial cells
Besides recruiting urokinase from blood plasma, uPAR can also bind cleaved high molecular 

weight kininogen (cHK) and FXII. This allows for the recruitment of the complete contact 

system to the endothelial surface180, 181. At the same location, plasmin activity is 

simultaneously promoted. At the same time, active cell-associated enzymes are protected 

from inhibition by C1inh and α2-antiplasmin via electrostatic repulsion by the glycocalix195, 

197. This creates a niche for effective contact system activation by plasmin. This would lead 

to bradykinin production in a localized- and controlled manner, promoting fluid and cell 

extravasation into the nearby areas (Figure 1). 

Contact system activation on immune cells
The HAE mutations, studied in Chapter 5, all enhanced FXII activation by plasmin-mediated 

removal of a large part of the FXII molecule. Since all these gain-of-function mutations are 

Figure 1. Schematic representation of contact system activation under physiological (health) or pathological 
(disease; FXII-HAE) conditions. 
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located in the proline rich region, we investigated whether this region contains naturally 

occurring cleavage sites for other enzymes that promote FXII activation in a similar fashion. 

In silico predictions identified a number of these cleavage sites and suggested that several 

of them are predicted to interact with leukocyte enzymes (Chapter 6). Both neutrophil 

elastase and monocyte-derived cathepsin K are able to efficiently cleave FXII at the 

designated positions. Cleavage at these positions removes a large shielding sequence and 

primes FXII for activating cleavage by PK. There is evidence for leukocyte activation and 

elastase release in HAE278, as well as in other inflammatory conditions where bradykinin 

is implicated36. Based on these findings, we propose a unified two-step model for FXII 

activation by cell-derived enzymes. In a first step, a cell-derived enzyme cleaves and primes 

FXII. In a second step, PK activates FXII. This mechanism provides a natural alternative to 

‘classical contact system activation’ which is driven by a surface. It also helps to explain 

how bradykinin production occurs in a variety of inflammatory conditions.

Conclusion
With the work in this thesis, we hope to have provided new insights into the mechanisms 

that drive bradykinin production under natural conditions. We propose that this is achieved 

by a linked series of enzymatic reactions, rather than triggered by a ‘surface’ material. In 

this mechanism, FXII has a central, rather than an initiating role, as it can receive input from 

a variety of cellular sources. Our findings warrant further study on the biochemical 

mechanisms that are responsible for HAE, forms of angioedema where bradykinin is a 

suspect, as well as other inflammatory pathologies where vascular leakage is a pronounced 

feature. 
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SUMMARY IN DUTCH

Introductie
Wanneer bloedplasma in aanraking komt met negatief geladen oppervlaktes, zoals glas of 

plastic, bindt en activeert het contact systeem. Dit systeem bestaat uit de enzymen factor 

XII (FXII), plasma prekallikrein (PPK) tezamen met de cofactor hoog moleculair gewicht 

kininogeen (HK). Activatie van het contact systeem kan leiden tot zowel stolling van het 

bloed (intrinsieke route van coagulatie) als het starten van een ontstekingsreactie.  

De natuurlijke rol van het contact systeem is tot op de dag van vandaag een punt van 

discussie en onderzoek. Ondanks dat activatie van de bloedstolling via het contact systeem 

wereldwijd wordt gebruikt voor de diagnose van bloedstollingziekten, ondervinden mensen 

die een van de factoren van het contact systeem missen geen bloedingen. Dit suggereert 

dat het contact systeem niet essentieel is voor de hemostase in gezonde mensen. 

Daarentegen is verhoogde activatie van het contact systeem wel gelinkt aan de ziekte 

angio-oedeem. Bij deze ziekte krijgen patiënten aanvallen waarin weefsels abrupt opzwellen 

als gevolge van lokale lekkage van het vaatbed, waardoor vocht vanuit het bloedvat de 

weefsels in trekt. Ondanks dat studies suggereren dat het contact systeem een rol speelt 

in meerdere ziektes is zowel de natuurlijke route voor contact systeem activatie, als de 

fysiologische rol in het menselijk lichaam, onbekend. In deze thesis hebben wij geprobeerd 

de natuurlijke route van het contact systeem op te helderen, door gebruik te maken van 

nieuw ontwikkelde analyse methoden. 

Het contact systeem op negatief geladen oppervlaktes
Ondanks dat het precieze mechanisme van de activatie van het contact systeem niet 

bekend is, vermoedt men dat FXII van vorm verandert wanneer het aan een oppervlakte 

(activator) bindt. Als gevolg daarvan kan FXII zichzelf activeren. Hierna kan actief FXII (FXIIa) 

PPK activeren, wat aan de oppervlakte gebonden is via HK. Actief plasma kallikrein (PK) 

kan vervolgens meer FXII activeren. Dit activatiemechanisme is zo efficiënt dat het contact 

systeem binnen enkele minuten is geactiveerd nadat het in aanraking is gekomen met een 

oppervlakte. Deze activatie kan twee effecten hebben: activatie van factor XI door FXIIa 

die de bloedstollingscascade initieert, daarnaast kan PK zijn cofactor HK knippen waarmee 

het kleine peptide bradykinine vrijkomt. Bradykinine is een potente activator van vaatlekkage. 

Alle activatoren van het contactsysteem die bekend zijn zorgen voor zowel de activatie van 

FXII als PK, en daarmee voor bradykinine formatie. Daarentegen kan maar een klein groepje 

contact systeem activatoren de bloedstolling activeren via FXII. Deze observaties 

suggereren dat de activatoren van het contact systeem een directe invloed hebben op de 

functie van FXII. In Hoofdstuk 2 hebben wij een nieuwe detectiemethode ontwikkeld om 

actief FXII te meten in het plasma van patiënten. Voor deze methode hebben wij twee 

nieuwe antilichamen ontwikkeld, gebaseerd op de heavy-chain-only antilichamen van 

lama’s. Deze nanobodies zijn in staat om specifiek FXIIa te detecteren in plasma. Wanneer 

plasma wordt geactiveerd met verschillende type oppervlakte activatoren ontstaan 

meerdere vormen van FXIIa die kunnen worden gedetecteerd met onze nieuwe detectie 
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methode. Activatoren die bloedstolling kunnen ondersteunen produceren één specifieke 

vorm van FXIIa. Detectie van FXIIa wordt verstoord wanneer FXIIa wordt geïnactiveerd 

door de remmer C1 esterase inhibitor (C1inh). Wanneer wij plasma behandelen met een 

kleine kunstmatige remmer wordt dit voorkomen en blijft de FXIIa detectie optimaal. 

Wanneer wij het contact systeem activeren met activatoren die geen bloedstolling 

ondersteunen worden twee verschillende vormen van FXIIa gevormd, die elkaar lijken op 

te volgen. Gebaseerd op deze observaties concluderen wij dat activatoren van het contact 

systeem direct de vorm en daarmee functie van FXII kunnen beïnvloeden. Wij laten 

daarnaast zien dat FXIIa moet worden beschermd van inhibitie voor het verkrijgen van 

betrouwbare meetresultaten. Daarnaast benadrukken onze data dat het gevaarlijk is om 

FXII activiteit in patiënten direct te koppelen aan mogelijke bloedstolling problemen. 

Het contact systeem in erfelijk angio-oedeem
Patiënten met erfelijk angio-oedeem hebben last van te hoge bradykinine niveaus die lokaal 

worden gevormd. De reden voor deze hoge concentratie bradykinine is onbekend maar 

men vermoedt dat verhoogde activiteit van het contact systeem hiervan de oorzaak is. In 

de afgelopen paar jaren zijn meerdere mutaties in contact systeem factoren gevonden die 

tot angio-oedeem leiden. Enkele van deze mutaties bevinden zich in FXII. In Hoofdstuk 3 

laten wij zien hoe twee van deze mutaties (T309K/R) de glycsoylering van FXII beïnvloeden. 

Als gevolg van deze verandering kan het contact systeem makkelijker activeren op 

verschillende oppervlakte activatoren, wat leidt tot verhoogde bradykinine productie, zonder 

de bloedstolling te beïnvloeden. Als gevolg hiervan ondervinden muizen met de FXII-T309K 

mutatie verhoogde vaatlekkage in vergelijking  met hun gezonde tegenhangers. Dit proces 

kan worden voorkomen door de muizen te behandelen met een FXII remmende antistof 

(3F7). Op basis van deze observaties concluderen wij dat veranderingen in de FXII 

glycolysering kunnen leiden tot verhoogde activatie. Als gevolg hiervan ontstaan 

angioedema-achtige verschijnselen zonder dat de muizen trombotische complicaties 

ondergaan. Ondanks dat deze data ondersteunt dat FXII een belangrijke rol speelt in 

aanvallen van erfelijk angio-oedeem blijft de natuurlijke route voor het contact systeem 

onbekend. 

Plasmine als activator van het contact systeem
In Hoofdstuk 4 bekijken wij de huidige stand van zaken betreffende mogelijke natuurlijke 

routes van activatie van het contact systeem. In zowel erfelijk angio-oedeem als trombose 

lijkt de activatie van het contactsysteem te worden gemedieerd vanuit de binnenkant van 

het bloedvat. Endotheelcellen, die aan de binnenkant van het bloedvat zitten, zijn in staat 

om de verschillende factoren van het contact systeem te rekruteren. De literatuur laat zien 

dat dit mogelijkerwijze via meerdere routes kan verlopen, maar alle routes leiden tot 

activatie van het contact systeem. Een van deze paden wordt ook gebruikt voor de activatie 

van het enzym plasmine. Plasmine is een onderdeel van het fibrinolyse systeem dat fibrine 

in bloedstolsels afbreekt. Wij suggereren dat plasmine een mogelijke activator van het 

contact systeem kan zijn gebaseerd op meerdere observaties: 
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1) Medicatie die plasmine-activiteit bevordert kan ook angio-oedeem-achtige 

bijverschijnselen hebben.

2) Patiënten met erfelijk angio-oedeem vertonen plasmine activiteit tijdens hun aanvallen. 

3) Medicatie die plasmine activatie voorkomt kan profylactisch worden gebruikt bij 

sommige patiënten met angio-oedeem. 

Op basis van deze observaties komen wij tot de hypothese dat plasmine een mogelijke 

natuurlijke activator van het contact systeem is op de endotheelcel. 

In Hoofdstuk 5 bekijken wij opnieuw de effecten van FXII mutaties in erfelijk angio-

oedeem. Naast de twee mutaties (T309K/R) die wij vorige keer hebben bekeken, analyseren 

wij hier nu ook een derde en recent ontdekte mutatie (c.971_1018+24del72; Del&Ins). Op 

basis van computeranalyse stellen wij dat naast veranderingen in de structuur van FXII de 

mutaties ook één of meerde knipplekken in FXII introduceren. Onze studies laten zien dat 

deze nieuwe knipplekken gemakkelijk door plasmine kunnen worden geknipt, wat resulteert 

in versnelde FXII activatie. Als gevolg hiervan worden grote hoeveelheden PPK geactiveerd 

en wordt veel bradykinin gevormd. Deze reactie kan worden geremd door een antistof 

tegen FXII, maar ook met lysine analogen die plasmine formatie en -activiteit remmen. 

Deze observatie verklaart mogelijk waarom lysine analogen succesvol zijn gebruikt als 

profylactische behandeling van angio-oedeem patiënten. In tegenstelling tot onze 

verwachtingen reageren niet alle patiënten samples even sterk op plasmine activiteit. 

Wanneer dit verschil in reactie verder wordt onderzocht vinden wij dat dat patiënten ten 

tijde van aanvallen verhoogde plasminogeen levels hebben, wat eventueel tot verhoogde 

plasmine activiteit kan leiden. Dit zou kunnen verklaren waarom patiënten maar sporadisch 

aanvallen hebben, terwijl de mutaties in FXII continu aanwezig zijn. 

Leukocyt enzymen versnellen factor XII activatie
De mutaties in FXII die leiden tot erfelijk angio-oedeem zijn allemaal terug te vinden in één 

specifieke regio (proline-rijke regio) van FXII. Aangezien FXII pas actief wordt wanneer het 

ergens anders nog een keer wordt geknipt (na arginine (R) 353) ontstaat de vraag hoe 

knipplekken in de proline-rijke regio er voor zorgen dat de knip na R353 wordt versneld. In 

Hoofdstuk 6 laten wij zien dat activatie van FXII door de knip na R353 langzaam verloopt 

wanneer FXII in oplossing is. Als een deel van FXII wordt verwijderd via de extra knipplek 

in de proline-rijke regio, kan de knip na R353 makkelijker worden gezet en wordt de FXII 

activatie versneld. Op basis van deze bevindingen stellen wij voor dat FXII een intern 

geremd enzym is en dat FXII moet worden bewerkt voordat het goed kan worden 

geactiveerd. Aangezien alle erfelijk angio-oedeem mutaties in één gebied te vinden zijn, 

vragen wij ons af of dit gebied geen natuurlijke knipplekken bevat voor andere enzymen. 

Op basis van aanwijzingen uit computeranalyse laten wij zien de enzymen uit cellen 

(leukocyten) van het immuunsysteem (elastase en Cathepsin K) een dergelijke rol zouden 

kunnen vervullen. Beide enzymen zijn in staat om FXII te knippen waardoor FXII gevoelig 

wordt voor activatie door PK. Dit zou kunnen leiden tot een piek in FXIIa activiteit, met als 

gevolg bradykinine formatie. Deze natuurlijk activatie route werkt zonder de aanwezigheid 

van FXII mutaties. 
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De rol van plasmine in trombotische microangiopathie
Patiënten met trombotische microangiopathie hebben last van aanvallen waarin 

bloedplaatjes gaan samenklonteren, waardoor bloedvaten verstopt raken. Daarnaast 

verdwijnen zoveel bloedplaatjes uit de circulatie dat bloedingsverschijnselen kunnen 

ontstaan. Er zijn verscheidene redenen waarom bloedplaatjes kunnen gaan samenklonteren, 

maar in trombotische trombocytopenie (TTP) wordt dit veroorzaakt door het eiwit Von 

Willebrand factor (VWF). Dit eiwit is essentieel om bloedplaatjes te laten aanhechten aan 

het wondgebied, en werkt als een soort klittenband waar de bloedplaatjes aan vast kunnen 

blijven hangen. VWF bestaat uit een aaneenschakeling van meerdere kopieën van zichzelf 

en de lengtes van deze multimeren wordt onder controle gehouden door het enzym 

ADAMTS-13. In TTP patiënten is dit enzym meestal kapot, waardoor extra grote multimeren 

van VWF ontstaan, die spontaan bloedplaatjes kunnen binden. Ondanks dat deze patiënten 

bijna altijd problemen hebben met hun ADAMTS13, hebben ze maar sporadisch aanvallen. 

Dit suggereert dat er mogelijk een backup-systeem voor ADAMTS13 bestaat. In Hoofdstuk 
7 laten wij zien dat het enzym plasmine VWF kan knippen en hiermee de functie van 

ADAMTS13 kan overnemen. TTP patiënten laten ook een verhoging in plasmine-activiteit 

zien tijdens een aanval, maar deze is blijkbaar niet voldoende om alle verstoppingen op te 

lossen. In een muizenmodel laten wij zien dat als de plasmine-activiteit verder wordt 

verhoogd door medicatie, deze genoeg is om alle verstoppingen weer op te lossen.

Conclusie
Contact systeem activatie is tot op heden geassocieerd met het in aanraking komen van 

negatief geladen oppervlaktes met bloed. In deze thesis tonen wij aan dat contact systeem 

activatie mogelijk is via de activatie van FXII door verscheidende enzymen in oplossing. 

Als gevolg daarvan activeert het contact systeem en wordt bradykinine gevormd zonder 

dat de bloedstolling wordt geïnitieerd. Deze activatiepaden zijn mogelijk zowel in het bijzijn 

van normaal FXII als met FXII varianten die zijn geassocieerd met erfelijk angioedeem. 

Onze bevindingen zullen bijdragen aan een beter begrip van zowel de activatie als rol van 

het contact systeem in de menselijke fysiologie. 
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am still extremely grateful to you to make time available and read my thesis. I hope to see 
you all during my PhD defense and I am looking forward to your questions. Hopefully we 
can end it afterwards with a beer or glass of wine in our hands and a few good laughs. 

To all my former students: Joyce, Sanne, Micha, Chantal, Erik, Willem and Naomi.  
Most of the work in this thesis wouldn’t be possible if you guys wouldn’t have been here. 
I know I might have been hard on you guys from time to time, but it was great to see you 
excel. Thank you so very much for all your help in past few years.
If a research group functions as a type of family, than Mark, Rolf and Suzanne would have 
been the older brothers and sister of the LKCH-research family. Usually found together, 
talking science or sharing pictures and stories about their children. Harry, you were the 
designated electron microscopy guru, but also tips about everything French were to be 
found with you. Eszter, despite the fact that science gave us a kick in the rear during your 
project, you also made sure we had tons of fun during these two years.  Thank you all so 
much for all the laughs over the last few years.
Halfway during my PhD a new part of the LKCH family joined. Quickly they were labeled 
“the vesicles group”. If anybody says that scientists are creatures that fear social 
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interaction, they have never met Raymond Schiffelers. Ray, I hardly have met scientists 
that were so well liked by almost everybody they have met. While your research didn’t 
connect directly to any of the running research lines that existed in the T&H group, you 
always made an effort to understand what a person was working on and if a collaboration 
could be possible. While I would have liked to award you the price of most “social person” 
in the LKCH, I am afraid that Roy stole your title. Roy, like me you are a llama nanobody 
enthusiast. Thank you so much for all the laughs we had and of course the beers. Pieter 
as quickly as you joined the vesicle group, you left it again to move to the UK. After two 
years of flat beer you saw the light and you came back again. In my memory you will be 
best known for your pronunciation of the word “vesicles’. I can’t still really believe it is 
pronounced like that. It might turn out to become the longest running gag of our department. 
Marcel (Kale!) Fens, you are as relaxed as the state of California itself. Like the rest of the 
vesicle group you are one of those exceptional social scientists and regular nice guys. 
Seriously, what is up with you guys, did you grow up on a farm or something? Richard, 
you are the red blood cell expert inside and outside of our department. From all our 
encounters, I think 90% of them took place while waiting in front of the printer. I don’t 
know why, but it must be a magical place. 
When I started my PhD, I was immediately sent off to the PhD course of the NVTH. These 
two and a half days formed a crash course in hematology and during these days I felt like 
a fish out of the water. Luckily Eelo, Thijs, Valentina, Vivian, Esther, Agon, Marije, Bert, 
Claudia and Peter Paul gave me the best introduction into hematology anybody could have 
wished for. Esther, you were the first one to tell me what is what and who is who in our 
department. Very important information for any starting PhD student! As a result, many 
gossips were generated. What a great way to introduce myself to the rest of the 
department! The platelet boys Eelo and Thijs, thank you so very much for the early morning 
presentations after each NVTH party! Really appreciated it. Valentina and Vivian the 
platelet ladies, small, yet full of energy. I found out the latter could sometimes result in a 
kick against the shins, but mostly a lot of laughs and especially a lot of good food. If I were 
a fish out of water when it came to hematology, than Marije must have felt if she was on 
a different planet when it came down to lab work. Yet you kept pipetting until the very end. 
Marije, do you remember our bet? If it came to multi-pipets, a bigger fan than Peter-Paul 
couldn’t be found. I wish you the best of luck in your future career putting people back on 
their feet. No multi-pipets required for that, unfortunately. Claudia, you always seemed to 
be a few steps ahead of me. The same bachelor, the same bachelor internship in the US 
and now the same PhD department. Not to worry though, I am not planning on a Post-doc 
in Belgium. Bert Rutten is a name that is connected to so many fun memories. Luckily 
there are enough pictures of you in action to convince any non-believer. You and Agon were 
the first few people I met from the lab. I owe you guys one for introducing me! Agon, a 
fellow nanobody enthusiast. How is Denmark treating you? Cold huh? Susan, we almost 
started our PhD at the same time and as a result we are now both working hard on finishing 
our thesis. Hang in there, we are almost there!! I wish you the best in luck in your teaching 
career. I wish I had more teachers that were are as enthusiastic as you are. Sander 
(cageman) Kooijmans, you only started a few months after Susan and me. Your presen-
tations were always a joy to watch and a good example of science not being boring. Good 
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luck with the last few steps in your PhD and of course your Post-Doc in Italy. Marco, while 

you are a ‘Leidenaar’, you also belonged to the Utrecht family. Thanks for making sure that 

at the end of each NVTH I was completely sleep deprived. Jessica (Miss Utrecht) Molhoek 

you were the only other PhD student that was working on the coagulation cascade. Good 

luck on the remainder of your PhD. If you utter the name Jessica, the name Mirjam (Miss 

Rotterdam) Mebius follows quickly. Always happy, always buzzing with energy. You swear 

you don’t drink (much) coffee, but I can hardly believe that a person can have this much 

energy and happiness in the early morning without any form of help. Rick you are a happy-

go-lucky type of guy and also highly entertaining. While you are only about half way on 

your PhD, we already have enough material on you to film three promotion movies. Way 

to go! Anil and Aida you two moved to a country with horrible food, bad weather and 

strange people. Yet, you always seem very happy. Good luck on your PhDs and maybe we 

should do a Bollywood themed evening with the lab once. Where I attempted to prevent 

aggregation in my experiments, other people seem to be obsessed with it. Ivar, you are 

the newest addition of our PhD-student family. Good luck with your platelet aggregation 

experiments! Zonne, I met you while you were one of Coen students and somehow you 

thought it would be a good idea to come back as a PhD student. I wish you all the best 

with your patients studies and your quest to solve the problem of angioedema once and 

for all! 

A lab is a type of scientists day care. Therefore you need grown-up people that keep 

everything under control and in check. Head of team damage-prevention is Arnold (koekie) 

Koekman. Always happy, always calm and from time to time can still be found pipetting. 

To this day I am still amazed how you can keep your calm while everybody constantly 

comes screaming in for your help. Now that you are becoming a dad, I am curious to see 

if you can keep that cool. Good luck!  Queens of the lab: Silvie, Brigitte, Tesy, Sandra, 

Simone, Annet, Liesbeth and Jerney. Thank you very much for all your help, fun times 

and the latest gossip. Things like a cake-competition keep the lab social and therefore alive. 

Keep it up! If I ever needed to have something visualized or get advice on some good rock 

music, then Arjan Barendrecht was the go to guy. Thanks for all the help and all the good 

moments!

Maaike, we have been friends since the early days and to me you are like family. I can’t 

imagine all these years without you being there. Thank you for all the memorable moments, 

wise words, laughs and for picking me up when I was down. It’s an honor to have you as 

my paranimf. Tesse thank you so much for all the good times in and outside the lab and 

for joining me during my PhD defense! I am looking forward to the afterparty.

When you meet kindred spirits that are also into science and equally nuts, a strong bond 

is formed. Tessa you were the first to obtain your PhD from our little group. Thank you for 

all the dinners and drinks and trying to keep the conversation away from science. Marcelo, 

while we weren’t in the same Master you were a kindred spirit who was always happy 

and in for a drink. You now have left the beautiful Leiden and moved to Enschede. Go and 

kick some ass! Marti, thank you for all the dinners and conversations. It is good to see 

that despite the fact that you traveled the world in the years I have known you, you 
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eventually returned to Utrecht.  Caspar, we started our PhDs almost at the same time and 

as such you are now also in the final stage. Good luck! Timo I have never really seen anybody 

talk with so much passion about microscopes and cell division. Good luck on the rest of your 

PhDs. It is good to know that Ana and Manja will be there to keep you guys in check. João 

we met during the first few days of our Master and you have been like a brother since. 

Despite the fact you chickened out and moved to California, let’s meet up soon! 

Dear fellow llama’s Anke, Ruud, Guus, Laurence, Sofia, Spiros, Dorien and Rianne. 

Thank you for so many awesome times in and outside the lab. To this day I am still amazed 

how such a diverse group of people remained friends during all these years. I wouldn’t 

want to have it any other way. I know I have been absent in the last few month, but I will 

try to make up for it as soon as possible. 

Despite everything that has happened in the past ~30 years it is good to know that there 

is always a place to call home. Dear mom and dad, thank you so much for everything that 

you have done for me. Despite the strange curveballs life threw at us, I never felt that I 

missed out on anything. You always supported me, but also challenged my decisions to 

make sure I didn’t do anything stupid and when I fell down you picked me up. There are 

no real words to describe my gratitude, but thank you. Vincent (ukkie), you will always be 

my little brother despite the fact that you are much taller than me these days. Good luck 

with your PhD. It is good to know that when I am not there to give you a swift kick in the 

rear, that Nienke will be there to keep you in check.  Kijk Oma! Eindelijk klaar met school! 

Kom je ook naar de verdediging? Moet je wel proberen 45 minuten stil te zijn. Gaat vast 

lukken! Zita & Richard, while we didn’t see each other every week, you were always 

there if I or my family needed help. It is this type of family support that makes life so much 

better. Michiel you were the first of our generation of the de Maat/van Ettinger family to 

go abroad. Thanks for paving the road! It’s a shame you moved away from society, but 

people tell me Friesland can be nice. Good luck with your triathlons and of course with 

Femkje and Bauke. Paul and Linde, you always seem to be working on something. If it 

is not giving your home a total makeover, than it has to do with planning the next trip across 

the world or sailing the seven seas. 

Judith you have been the one that made me break my own rules and I am so happy that 

I did. While I am writing this acknowledgement you are still in California. Although I miss 

you a lot, it is great to see you following your dreams. I have no clue what our lives are 

going to bring after my PhD, but I know it will be okay as long as you are with me. Despite 

the many horror stories that exist about family in laws, I can honestly say I never 

experienced these horrors. Dear Gerrie, Ferrie, Heleen, Dorien and Gijs, thank you for 

always making me feel welcome and being so understanding. I promise to never keep 

your daughter/sister away for too long.

To everybody that I haven’t mentioned but was still a part of my life: Thank you. While I 

might not have mentioned you by name, you haven’t been forgotten. To everybody who 

ever thought I wouldn’t succeed; Thank you for giving me that bit of extra motivation.   
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