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BRADYKININ
Bradykinin is a peptide (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg) that is released in circulation 
upon activation of the contact system1. Interaction of bradykinin with its receptors on 
the vascular wall increases vascular permeability and vasodilation2,3. Moreover, bradykinin acts 
as a nociceptive upon interaction with afferent neurons and supports the immune response 
via interaction with neutrophils4,5, monocytes6 and dendritic cells7. Due to its contribution 
to edema, pain and cellular immunity, bradykinin is considered a proinflammatory peptide. 
Although the combined actions of bradykinin can be beneficial for healthy vascular tone, 
preventing tissue damage and fighting of pathogens excessive bradykinin release comes 
with a price. Bradykinin is notorious for causing extreme tissue swelling8. Therefore, release 
of this inflammatory peptide is tightly controlled. Within seconds after its generation 
bradykinin is degraded by kininases, such as angiotensin converting enzyme (ACE)9, and 
the contact system is kept in check by C1-esterase inhibitor (C1-INH)8. 

C1-ESTERASE INHIBITOR AND THE CONTACT SYSTEM
C1-INH is a serine protease inhibitor and is the main inhibitor of the contact system8. 
The contact system comprises of factor XII (FXII), plasma prekallikrein (PK) and high molecular 
weight kininogen (HK). FXII is known to auto-activate upon contact with negatively charged 
surfaces, hence the name contact system10. Active FXII (FXIIa) will activate PK into plasma 
kallikrein (PKa) that will cleave bradykinin from HK (Figure 1). C1-INH controls bradykinin 
release by inhibiting FXIIa and PKa. In the extravascular space, a Lys-bradykinin variant is 
generated from low molecular weight kininogen by tissue kallikreins2. The mechanism of 
action of the various tissue kallikreins is largely unrevealed and beyond the scope of this 
thesis that will mainly focus on bradykinin in circulation.

FXIIa

PKa

HK

cHKbradykinin
Figure 1. The contact system. FXIIa: active Factor XII, PKa: plasma kallikrein, HK: high molecular weight 
kininogen, cHK: cleaved HK.
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C1-ESTERASE INHIBITOR AND HEREDITARY ANGIOEDEMA 
Insight into the pathophysiological mechanism of bradykinin was gained from the discovery 
of its involvement in hereditary angioedema (HAE)11. HAE is an autosomal dominant disease 
with an estimated prevalence of 1:50 0008. The majority of HAE patients have a mutation in 
the SERPING1 gene, coding for C1-INH. This gene contains a high density of Alu elements12,13 
which, together with some other structural features14,15 make SERPING1 susceptible to 
mutations. Up until today 486 HAE related SERPING1 mutations have been described16 
(HGMD database, accessed June 2019). In ~85% of patients their mutation  causes C1-INH 
deficiency (HAE-1) and in ~15% C1-INH dysfunction (HAE-2)8. HAE-1 and 2 are clinically 
indistinguishable and both lead to insufficient control of bradykinin production.  

HAE patients experience episodes with swelling of subcutaneous or submucosal tissue 
(Figure 2). These angioedema attacks last for hours up to days and result in temporarily 
dysfunction of swollen limbs, disfigurement of the face, painful bowel obstruction 
and dyspnea or asphyxiation due to swelling of the upper airways8,17. Knowledge on 
the pathophysiological mechanism causing HAE led to the development of several successful 
therapies. These include, C1-INH supplementation, PKa inhibition with small molecules or 
targeted antibodies and a bradykinin receptor antagonist18. 

OTHER FORMS OF ANGIOEDEMA
Over the past decades, major advances in understanding and treating HAE-1 and 2 were 
made. However, most people that experience angioedema, do not have HAE. As much as 7% 
of all people self-reported to have experienced angioedema at least once in their lifetime19. 
Some of these other forms of angioedema are also strongly associated with bradykinin 
release. These include acquired C1-INH deficiency caused by increased consumption of 
C1-INH or the presence of autoantibodies against C1-INH; ACE inhibitor induced angioedema, 
as ACE breaks down bradykinin its inhibition causes increased bradykinin levels; and lastly 

Figure 2. A patient with angioedema of the face during remission and angioedema attack. Image 
downloaded from: https://www.haea.org/page/disease.
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HAE based on mutations in the f12 gene coding for FXII. Over the past three years, novel HAE 
related mutations have been described, even though the pathophysiological mechanisms 
behind these mutations are currently being investigated, symptoms in carriers are suspected 
to be bradykinin induced20,21. 

Angioedema can also be part of an allergic response; these swellings are induced by 
mast-cell activation with histamine being one of the vasoactive peptides hold responsible 
for tissue swelling. Likewise, angioedema seen in the mast-cell driven disease chronic 
spontaneous urticaria (CSU) is believed to be caused by histamine. CSU patients suffer 
from spontaneously occurring, recurrent episodes with itchy wheals and/or angioedema22. 
Lastly, patients are diagnosed with idiopathic angioedema when no underlying cause for 
the disease can be identified. Often, idiopathic angioedema is subdivided into idiopathic 
histaminergic and idiopathic non-histaminergic angioedema based upon clinical response 
to antihistamine therapy. Table 1 gives an overview of the various angioedema types based 
on the latest HAE guideline consensus paper18 with some minor additions to give a more 
complete overview.

THESIS OUTLINE: BRADYKININ DRIVEN INFLAMMATION
Although a lot was learned from HAE, the role of bradykinin as an inflammatory mediator 
beyond HAE remains largely unexplored. With this thesis I aimed to gain more insight in 
the mechanisms of bradykinin production in order to increase our understanding of HAE and 
extend this knowledge to potential bradykinin driven diseases beyond HAE.  

Table 1. Classification of angioedema*

Bradykinin-induced AE Mast-cell mediator induced AE

Unknown 
mediator

C1-INH deficiency/
dysfunction

C1-INH  
normal

IgE  
mediated

Non-IgE 
mediated

Inhereted Acquired Inhereted Acquired AE with 
anaphylaxis 

AE with 
urticaria/CSU

Idiopathic 
angioedema**

HAE-1

HAE-2

AAE-C1-INH HAE nC1-INH 
(HAE-FXII, 
HAE-ANGPT1, 
HAE-PLG, 
HAE-KNG, 
HAE-UNK)

ACEI-AE

AE: angioedema, C1-INH: C1-esterase inhibitor, HAE: hereditary angioedema, HAE-1: HAE due to C1-INH deficiency, 
HAE-2: HAE due to C1-INH dysfunction, AAE-C1-INH: acquired angioedema due to C1-INH deficiency, HAE nC1-INH: 
HAE with normal C1-INH function either due to a mutation of factor XII, angiopoietin-1, plasminogen, kininogen or 
unknown (HAE-FXII, HAE-ANGPT1, HAE-PLG, HAE-KNG, HAE-UNK), CSU: chronic spontaneous urticaria.
* Altered version of “Table 4 classification of angioedema”. Maurer et al. 2018. The international WAO/EAACI 
guideline for the management of hereditary angioedema-The 2017 revision and update. Accessed: 17-8-2019. [ 
https://onlinelibrary-wiley-com.proxy.library.uu.nl/doi/full/10.1111/all.13384]
** Based on clinical response to antihistamines subdivided into idiopathic histaminergic-angioedema and idiopathic 
non-histaminergic angioedema
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Continuing this introduction, chapter 2 reviews the role of FXII in coagulation and 

inflammation and discusses possible routes of contact activation as it is uncertain what 
regulates FXII activation and bradykinin production ixn vivo. We give an overview of 
biomarkers associated with bradykinin production and discuss how these studies in 
mechanisms of contact activation and biomarker research may help point out bradykinin 
mediated diseases beyond HAE. 

Part I of this thesis will focus on HAE, trying to further extend our knowledge on 
bradykinin driven inflammation. Chapter 3 describes the observation that c-reactive 
protein, a broad marker of inflammation, is elevated in HAE and discusses what the clinical 
implications of this finding may be on bradykinin receptor regulation. Chapter 4 describes 
our observation that HAE patients often suffer from swellings at multiple locations during 
one episode with angioedema. In chapter 5 we review on bradykinin and its interaction with 
bradykinin receptors. We postulate the hypothesis that the onset and location of swelling in 
HAE may be regulated by upregulation of the bradykinin B1 receptor. 

As direct measurement of bradykinin is complicated by its rapid degradation, cleaved HK 
(cHK), the byproduct of bradykinin production, is considered a valid biomarker for bradykinin 
release. Chapter 6 describes the development of a nanobody-based cHK ELISA and its 
validation by demonstrating increased cHK levels in two cohorts of HAE-1 and 2 patients. 
Chapter 7 demonstrates the use of this cHK ELISA to accompany HAE drug development, as 
we show effectivity of a novel kallikrein inhibiting compound in a phase I single ascending 
dose study by ex vivo generation and detection of cHK. 

Part II of this thesis explorers the implications of bradykinin in diseases beyond HAE. 
In chapter 8 we report on the occurrence of antihistamine resistance in patients with 
idiopathic angioedema and found a high incidence of antihistamine resistance in idiopathic 
angioedema underlining the need for additional treatment. Chapter 9 describes preliminary 
data of a pilot study exploring the use of recombinant C1-INH as prophylactic therapy in 
idiopathic non-histaminergic angioedema.  

Chapter 10 describes the observation of increased cHK levels in patients with CSU. 
The pathophysiological mechanism of CSU is not fully understood but is believed to driven 
by mast-cells and histamine release. Although increased cHK levels may be an ‘innocent 
bystander’ in CSU we cautiously suggest a contribution of bradykinin to pathology. 

Very recently a novel point mutation in factor 12 gene was found resulting in FXII-
W268R23. FXII-W268R carriers experience cold-induced episodes with wheals, fatigue, 
arthralgia and headaches. In collaboration with the discovers of this novel mutation we 
demonstrated excessive contact activation in patient plasma24. In chapter 11 we investigate 
the biomolecular mechanism behind the FXII-W268R mutation and show that FXII-W268R 
enhances FXII (auto)activation. FXII is an enzyme that requires cleavage at a specific position 
in an amino acid sequence that is called the activation loop. We propose that in FXII-W268R, 
unlike normal, the activation loop is uncovered explaining accelerated activation.  Learning 
from this new bradykinin mediated disease, we further explore the mechanism behind 
regulation of FXII by shielding of the activation loop in chapter 12.
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Finally, Chapter 13 describes the main findings of this thesis in discusses what was 

learned on the mechanisms of bradykinin release and its implications in HAE and bradykinin 
mediated disease beyond HAE.
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ABSTRACT 
Episodic and recurrent local cutaneous or mucosal swelling are key features of angioedema. 
The vasoactive agents histamine and bradykinin, are highly implicated as mediators of these 
swelling attacks. It is challenging to assess the contribution of bradykinin to the clinical 
expression of angioedema, as accurate biomarkers for the generation of this vasoactive 
peptide are still lacking. In this review, we will describe the mechanisms that are responsible 
for bradykinin production in hereditary angioedema (HAE) and the central role that 
the coagulation Factor XII (FXII) plays in it. 

Evidently, several plasma parameters of coagulation change during attacks of HAE 
and may prove valuable biomarkers for disease activity. We propose that these changes 
are secondary to vascular leakage, rather than a direct consequence of FXII activation. 
Furthermore, biomarkers for fibrinolytic system activation (i.e. plasminogen activation) 
also change during attacks of HAE. These changes may reflect triggering of the bradykinin-
forming mechanisms by plasmin. 

Finally, multiple lines of evidence suggest that neutrophil activation and mast-cell 
activation are functionally linked to bradykinin production. We put forward the paradigm 
that FXII functions as a ‘sensor molecule’ to detect conditions that require bradykinin release 
via crosstalk with cell-derived enzymes. Understanding the mechanisms that drive bradykinin 
generation may help to identify angioedema patients that have bradykinin-mediated disease 
and could benefit from a targeted treatment.
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INTRODUCTION
Angioedema is characterized by local, non-itchy, cutaneous or mucosal edema that lasts for 
hours up to a few days. Angioedema is by definition a patho-physiologic process involving 
increased permeability of the vascular-endothelial lining of small blood vessels (mostly post-
capillary venules). The clinical picture of angioedema is well-defined but the underlying 
mechanisms responsible for the swellings are not fully understood. Two vasoactive agents 
are implicated in mediating swelling attacks in angioedema. The first is histamine, released 
by mast cells or basophils. Histamine is the main suspect mediator in allergic reactions, since 
angioedema can be seen in anaphylaxis 1 or as a concurrent symptom of the mast-cell driven 
diseases like chronic spontaneous urticaria 2. For angioedema with unknown aetiology 
(idiopathic angioedema), histamine receptor antagonists are clinically applied on a trial-
and-error basis, sometimes with higher than recommended doses 2,3. Approximately one in 
six patients with idiopathic angioedema remains unresponsive to antihistamines 4,5. In such 
cases the involvement of other mediators should be considered. 

The second suspect mediator of angioedema is bradykinin. This vasoactive peptide 
was first identified as a mediator for angioedema in patients with hereditary angioedema  
(HAE) 6-8. Bradykinin is the end product of the contact activation system. This enzymatic 
cascade circulates in the plasma and consists of FXII, plasma prekallikrein (PPK) and high 
molecular weight kininogen (HK). This system is linked to the intrinsic coagulation system via 
factor XI (FXI). Classically, the contact activation system is considered the most redundant 
part of the blood coagulation system. In vitro, FXII auto-activates when it binds to negatively 
charged surfaces such as glass or kaolin, hence the name ‘contact system’. Active FXII (FXIIa) 
activates PPK (Figure 1). When activated, plasma kallikrein (PK) liberates bradykinin from 
HK by cleavage. At present time, it is unknown how bradykinin is produced in the human 
body. Several studies suggested potential natural activators of FXII 9-13, but thus far none of 
these have been definitively established to induce activation of the contact system during 
angioedema in vivo.

Here, we will discuss the role of bradykinin in angioedema, the link to the coagulation 
system and how bradykinin may be produced in vivo. 

BRADYKININ-MEDIATED ANGIOEDEMA 
The available genetic evidence of HAE-related mutations clearly point towards a central role 
of the plasma contact system in this disease. Most HAE patients either have SERPING1 gene 
mutations (encoding for C1-INH production) 14,15 while a small minority have mutations in 
FXII, with normal C1-INH activity 16-20. 

Hereditary angioedema (HAE) is hallmarked by recurrent attacks of angioedema. 
Attacks can be life-threatening when swelling compromises the a   irways, and extremely 
painful when located in the intestine 21,22. Therapy targeting the contact system has been 
successful in HAE, strongly supporting the concept that angioedema is mediated via 
bradykinin production 23-25. Evidence for bradykinin involvement in angioedema is not limited 
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to HAE. First, a comparable phenotype can be observed in patients that have acquired 
C1-INH deficiency due to underlying auto-immune or lymphoproliferative disease 26,27. 
Second, anti-hypertensive drugs that inhibit bradykinin breakdown, such as angiotensin 
converting enzyme (ACE), dipeptidyl peptidase IV (DPPIV) and the novel anti-hypertensive 
drug neprilysin (NEP), can induce angioedema. During clinical trials of neprilysin inhibitors 28  
up to 2.17% of patients and 0.2-0.65% of patients prescribed ACE-inhibitors have  
developed angioedema 29,30. 

Figure 1. Overview of Coagulation, Contact Activation and Fibrinolysis. The coagulation cascade 
is initiated by either tissue factor (TF) or FXIIa. Positive feedback by thrombin (FIIa) accelerates 
coagulation. The end-product of coagulation is fibrin, cross-linked by factor XIII. Fibrin is degraded by 
plasmin. During this process D-dimer, an important clinical biomarker for thrombosis, is generated. 
Fibrinolysis is started when tPA bound to fibrin, or uPA expressed on the endothelium, converts 
plasminogen into plasmin. Contact activation starts with the activation of FXII that will eventually lead 
to bradykinin release and vascular leakage. C1-INH is the most important inhibitor of contact activation 
and a weak inhibitor of plasmin. Antithrombin (AT) inhibits coagulation and α2-antiplasmin inhibits 
plasmin, these inhibitors bound to their target enzymes can be measured in plasma as biomarkers for 
contact activation, coagulation and fibrinolysis. PAI-1 inhibits plasminogen activation via inhibition of 
tPA and uPA. TAFI modulates plasminogen to prevent activation. 
AbbreviationsTF: tissue factor. FXIIa: active factor XII. PK: plasma prekallikrein. KK: kallikrein. HMWK: 
high molecular weight kininogen. BK: bradykinin. C1-INH: C1 inhibitor. AT: anti-thrombin. α2AP: α2-anti-
plasmin. TAFI: thrombin activatable fibrinolysis inhibitor. PAI: plasminogen activator inhibitor. tPA: tissue 
plasminogen activator. uPA: urokinase plasminogen activator.
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Evidently, contact activation is closely linked to the coagulation system 31-33. Activation 
of coagulation and fibrinolysis during HAE attacks has been repeatedly reported 34-47. Yet, 
HAE patients present with swellings but not with thrombotic tendency 37. Combined genetic 
and clinical findings suggest that a subset of coagulation factors are actively involved in 
angioedema attacks. 

BLOOD COAGULATION
Coagulation factors are readily available throughout the blood circulation to initiate fibrin 
formation and reinforce platelet plugs at sites of injury. These interactions are essential to 
ensure a properly functioning hemostatic system (Figure 1). This system consists of a set of 
precursor proteins (zymogens) that circulate in the blood and has to be activated to become 
biologically active. The key initiator of the coagulation system, tissue factor (TF), is normally 
not present in the circulation. Cells that surround the vessel wall express TF so that only 
when the endothelial layer is compromised locally active coagulation takes place 48,49. After 
binding to TF, activated coagulation factor VII (FVII) of the extrinsic pathway activates factor 
X (FX), and to a lesser extent factor IX (FIX) 50. Activated FX next triggers the formation of 
a small amount of active factor II (thrombin). Thrombin accelerates coagulation via positive 
feedback mechanisms. FVIII, activated by thrombin, forms a complex together with FIX that 
strongly increases additional FXa and thrombin generation. Thrombin activates FV that, in 
a similar manner, contributes to thrombin formation in complex with FXa. Furthermore, FXI 
of the intrinsic pathway is also activated by thrombin 51, and additional FIX is being amplified 
by thrombin activation. Ultimately, thrombin converts fibrinogen into fibrin. Fibrin strands 
are reinforced through crosslinking by activated FXIII (also activated by thrombin). The fibrin 
lattice, together with platelet aggregates and trapped red blood cells, form a thrombus to 
seal the damaged area and prevent further haemorrhage. The initiator of this cascade of 
events TF, is of vital importance since TF deficiency is lethal and incompatible with normal 
embryonic development or may cause early death in the perinatal period 52.

FACTOR XII AS A COAGULATION FACTOR
When blood comes into contact with negatively charged surfaces, FXII activates 
spontaneously. FXIIa subsequently activates FXI, thereby providing an alternative trigger 
for coagulation that is independent of TF- the intrinsic pathway. FXII does not take part in 
the positive feedback mechanism of thrombin. As a result of the discovery of this in vitro 
mechanism, FXII is generally regarded as a coagulation factor.

Mysteriously, FXII deficiency is a seemingly asymptomatic condition in both mice 
and human (Hageman’s disease), as it is not associated with bleeding tendency, unlike 
deficiencies of other coagulation factors 53. The same holds for the other components 
of the contact system cascade; their deficiency does not result in bleeding 54. This makes 
the physiological relevance of FXII and the contact system for physiological hemostasis 
debatable. This logic raises a pertinent question: should FXII be regarded as a coagulation 
factor, as far as angioedema is concerned? It has been demonstrated that the bradykinin-
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producing contact system machinery can be fully activated in plasma without evidence of 
coagulation 10,11,55. This might be explained by the physical properties of FXII(a): in a sequence 
of cleavage events, FXIIa is progressively fragmented. The fragment that remains after 
multiple cleavages (βFXIIa or FXIIf ) has lost its potential for coagulation while its bradykinin-
forming potential remains intact.

FACTOR XII AS A BRADYKININ-GENERATING FACTOR
Although the relevance of FXII for coagulation and hemostasis seems to be limited to in 
vitro experiments, this is certainly not the case for bradykinin production. Low levels of 
bradykinin are continuously formed and present in the bloodstream. Murine models of FXII 
deficiency indicate that the basal production of bradykinin in plasma is approximately 50% 
dependent on FXII 56. This suggests the presence of a second pathway generating bradykinin 
in vivo. Several alternative, FXII-independent, routes for initiation of bradykinin generation 
have been identified. The endothelial-cell derived factors heat shock protein 90 (HSP90) and 
prolyl-carboxy-peptidase may facilitate FXII-independent PPK activation on endothelial cell 
surface 57. Moreover, bradykinin can be directly released from HK by other enzymes than 
PPK, this was recently demonstrated for Mannose Binding Serine Protease 1 58. The relevance 
of these FXII-independent pathways of bradykinin generation needs to be established. It 
is imaginable that during endothelial cell activation or damage, small amounts of PPK are 
activated by these mechanisms, which boost up FXII activation as a result. 

The clinical importance of FXII for bradykinin generation was already demonstrated 
in HAE patients. Genome-wide screening of a subset of HAE patients with normal C1-INH 
level and function (formerly called: Type III HAE), resulted in the discovery of disease-related 
mutations in the F12 gene (named: FXII-HAE). Since then, several mutations in HAE patients 
have been described, (mostly) located in the proline rich region of FXII (according to mature 
amino acid sequence: Thr309Arg, Thr309Lys, Ala324Pro, 72-bp deletion at c971_1018þ24 
and a 18bp duplication c894_911, and c1681-1G/A in intron 13) 16-20,59. Additionally, isolated 
cases of normal C1-INH with FXII mutation has been successfully treated with the bradykinin-
receptor antagonist- icatibant.

PLASMINOGEN ACTIVATION AND FIBRINOLYSIS
After a thrombus has fulfilled its hemostatic function, it has to be cleared. This natural process 
is mediated mainly by the breakdown of fibrin: fibrinolysis (Figure 1). Plasmin, the central 
enzyme of the fibrinolytic system, cleaves the fibrin lattice into smaller fibrin degradation 
products (FDP’s) including D-dimers, which are regarded as a valuable biomarker for 
thrombosis 60. Plasmin is generated from its zymogenic precursor plasminogen by either 
tissue plasminogen activator (tPA) or urokinase plasminogen activator (uPA) 61. Fibrin provides 
a platform for its own degradation by binding and potentiating both t-PA and plasminogen. 
The fibrinolytic system is amenable to inhibition at several stages: plasmin is directly 
inhibited by α2-antiplasmin, while specific inhibitors of plasminogen activators (PAI-1 and 
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PAI-2) control tPA and uPA 61,62. Activation of plasminogen on the fibrin lattice is indirectly 
prevented by thrombin-activatable fibrinolysis inhibitor, via removal of C-terminal lysines 
that are needed for the binding of tPA and plasminogen to fibrin. These Lysin-binding sites 
are the target of drugs that are being used in HAE (i.e. Tranexamic Acid and Epsilon amino-
caproic Acid). Intriguingly, plasminogen activation on the endothelium can take place in 
the absence of fibrin when the uPA-receptor is expressed 63. This amongst others occurs 
during tissue injury and hypoxia, and makes it attractive to speculate that plasmin may have 
additional functions beyond fibrinolysis.

A FUNCTIONAL LINK BETWEEN PLASMINOGEN ACTIVATION AND 
CONTACT SYSTEM ACTIVATION
As formerly discussed, the most important function of FXII appears to be activation of 
PPK. Besides that, FXII is also capable of activation of plasminogen 33,64,65. Compared to tPA 
and uPA, FXIIa is a relatively weak plasminogen activator. However, population studies 
have proposed that FXIIa may protect against cardiovascular disease via plasminogen  
activation 66,67. This may be attributable to additional interactions between the contact 
system and the fibrinolytic system: FXIIa can enzymatically inactivate PAI-1 68, whereas PK 
stimulates uPA activation on the endothelium 65.

EVIDENCE FOR PLASMIN AS NATURAL FXII ACTIVATOR
There is also evidence that the fibrinolytic system triggers the activation of the contact system. 
It has been demonstrated that plasmin can induce FXII activation in vitro 69. In line with this 
finding, patients with myocardial infarction treated with therapeutic plasminogen-activating 
agents, such as streptokinase or recombinant tPA (r-tPA), showed increased plasma levels of 
cleaved HK (a surrogate marker for bradykinin release) 69 and elevated plasma levels of FXIIa 70. 
Other clinical observations also support the importance of plasmin as a natural FXII activator. 
Neurologists repeatedly reported angioedema, which is presumably mediated via bradykinin, 
as a side-effect of plasminogen activators given to patients with ischaemic stroke 71-82. Up to 
8% of stroke patients receiving r-tPA develop angioedema, often located in the oral cavity 
and lingual region, and contralateral to the infarction site 83. Similar observations were made 
with other thrombolytic agents 84-86. A study with 42 post-r-tPA angioedema cases reported 
that 5 patients required emergency intubation or crico-thyroidotomy due to laryngeal 
swelling, with fatal outcome in two cases. Notably, concurrent use of ACE-inhibitors is also 
reported in patients who developed angioedema during r-tPA treatment 78,79,83. Evidence for 
plasmin-dependent bradykinin generation as a cause of angioedema during treatment with 
fibrinolytic agents is accumulating. However, the majority of these adverse reactions are still 
treated as a histamine-driven hypersensitivity reaction 86. Future studies should determine 
if targeting the contact system is beneficial for treatment of angioedema as a side effect of 
fibrinolytic therapy. Putting these data together makes a strong case for plasmin-dependent 
activation of FXII in vivo. 
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THE INVOLVEMENT OF PLASMIN IN HAE ATTACKS
We recently investigated three subtypes of FXII-HAE patients with F12 gene mutations (de 
Maat et al. article accepted for publication). Unexpectedly, these patients plasma did not 
enhance FXII-dependent coagulation after contact with a negatively charged compound 
in vitro (i.e. kaolin). This is in good correspondence with the normal clotting times that 
were reported in FXII-HAE patients 18. These patients plasma also did not become unusually 
active upon cleavage by plasma kallikrein. Detailed biochemical studies showed that these 
mutations introduce new cleavage sites in the FXII molecule. The mutated sites are collectively 
sensitive to cleavage by plasmin, resulting in enhanced susceptibility for activation. Analyses 
of plasma from two FXII-HAE patients who carry the F12 mutation T309K, showed that 
the plasmin-forming potential correlated with disease activity. These findings underscore 
the clinical relevance of plasmin as a FXII activator. 
Empiric body of evidence for the importance of plasmin in the pathology of HAE has been 
presented in the last four decades. Anti-fibrinolytic therapy, mainly tranexamic acid, has 
been used as prophylactic therapy for HAE attacks since the 1970’s 4,87,88. Tranexamic acid 
is a lysine-derivate (analogue) that binds to lysine binding sites (LBS) of plasminogen and 
thereby prevent its binding to fibrin and subsequent activation by tPA or uPA 89. Moreover, 
HAE patients with normal C1-INH levels (i.e. FXII-HAE), have decreased levels of PAI-2 during 
remission compared to patients with HAE due to C1-INH deficiency 36. This suggests that their 
angioedema episodes might have originated from inadequate inhibition of plasminogen 
activation and bradykinin formation downstream activated FXII. These findings together, 
point out that plasmin formation and contact system initiation might be linked. 

BIOMARKERS OF CONTACT ACTIVATION, FIBRINOLYTIC ACTIVITY AND 
COAGULATION IN ANGIOEDEMA 
Detection of Contact system Activation
As bradykinin was already proven to be the pivotal mediator of angioedema, biomarkers for its 
production or predecessors are highly sought after, as they may help in diagnosis, monitoring 
disease activity and response to treatment. Bradykinin is only present in the circulation for 
a few seconds after it is released from HK, due to rapid degradation by kininases 90 which 
complicates its detection. Activation products of contact system activation in plasma are 
valuable biomarkers as they may reflect recent bradykinin production. However, due to pre-
analytical in vitro activation, accurate measurements have proved to be challenging and 
relatively labour-intensive (see Farkas et al, Chapter 7 in this issue). 

Circulating cleaved HK seems among the most suitable biomarkers for contact activation 
since cleaved HK levels have been shown to correlate with attack frequency 91. Currently, 
cleaved HK can be detected by immunoblotting 91. This assay often shows profound cleavage 
of HK in citrated plasma from patients with C1-INH deficiency. A diagnostic tool that could 
specifically measure cleaved HK, only after it has released bradykinin, would be compelling 
instrument for HAE diagnosis and follow-up, but is currently lacking. 
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BIOMARKERS OF COAGULATION AND PLASMINOGEN ACTIVATION 
There is a large base of evidence that contact activation during angioedema attacks are 
accompanied by changes in fibrinolytic and coagulation system that could serve as disease 
biomarkers 34-47,92-94. The understanding that the contact system and fibrinolytic system are 
functionally linked sheds a new light on the repeatedly reported occurrence of increased 
levels of complexes of plasmin and its main inhibitor α2-antiplasmin (PAP), and decreased 
levels of PAI-1 measured during HAE attacks 34-36,39,40,43,44. Fibrinolytic biomarkers may also 
be proven helpful in identifying bradykinin-mediated angioedema. The presence of these 
biomarkers in any patient that presents with angioedema in the absence of apparent 
evidence for thromboembolic event should raise the suspicion that the contact system is 
involved. Interestingly, parameters of coagulation are repeatedly reported to be increased 
in HAE. D-dimer levels are elevated during remission periods and markedly increase during 
attacks 34,37,39,40,92. Also, thrombin-antithrombin complexes and prothrombin fragments F1+F2 
increase during attacks 34,39,40,42,43,92. 

THE PARADOX OF FIBRINOLYSIS IN HAE
Strikingly, HAE is not associated with increased risk of thrombotic disease. It is therefore 
hard to imagine that the coagulation parameters measured reflect intravascular fibrin 
formation. Since HAE is associated with extreme vascular leakage, this may offer an 
alternative explanation for this phenomena. We would like to propose that when plasma 
coagulation factors move into the extra-vascular space, FVIIa may complex with TF. This can 
trigger coagulation in the absence of vascular injury or intravascular thrombi. Evidence for 
extrinsic pathway coagulation was demonstrated by a significant increase of FVIIa during 
angioedema attacks in 14 patients, by Cugno et al, 42. It would be attractive to hypothesize 
that increased coagulation parameters in HAE are secondary to massive vascular leakage 
(Figure 2). Even though biomarkers for coagulation, such as D-dimer, will not directly 
reflect bradykinin production, their strong association with HAE may make them helpful as 
biomarkers for monitoring disease activity. 

FUTURE PERSPECTIVES IN ANGIOEDEMA - NATURAL CONTACT SYSTEM 
ACTIVATION AND BRADYKININ PRODUCTION
Efforts to identify the initial spark of contact activation focused on the presence of in vivo 
negatively charged compounds (i.e. glycosaminoglycans, misfolded protein aggregates 
etc.). The discovery that plasmin can enzymatically activate FXII, in the absence of a surface, 
provides an alternative mechanism for this activation process. The importance is underscored 
by observations in HAE and patients receiving r-tPA therapy. Under physiological 
circumstances, this mechanism may take place at sites of vascular obstruction, or slow 
perfusion, where the tissues is endangered by hypoxia. Alternatively, minor tissue trauma or 
infection may provide signals to the vascular endothelium, resulting in local sequestration 
and activation of the contact system. We postulate that FXII functions as a ‘sensor molecule’ 
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that interacts with the environment to detect conditions where increased vasopermeability 
is required. Excitingly, it is possible that a variety of enzymes other than plasmin can fulfil 
a similar role and contribute to FXII activation. 

NEUTROPHIL ACTIVATION AND CONTACT SYSTEM ACTIVATION ARE 
FUNCTIONALLY LINKED
Recent work shows that HAE attacks are associated with increasing neutrophil counts 
and neutrophil elastase levels 95. Neutrophils are important cells for the innate immunity. 
They migrate out of the bloodstream within hours after a pathogen is detected. Migration 
of neutrophils to sites of inflammation is orchestrated by several mechanisms, such as 
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Figure 2. Proposed Model: Increased Plasma Coagulation Parameters Secondary to Increased 
Vascular Permeability and Extravascular Coagulation. Bradykinin binds to its receptors on endothelial 
cells. Increased vascular permeability allows extravasation of coagulation factors. Tissue factor 
expressed in the extravascular space can initiate coagulation. In the absence of any injury, the forming 
fibrin lattice is continuously degraded by plasmin. Subsequently, D-dimer formed in the extra vascular 
space dissipate into the blood stream. 
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chemotaxis by interleukins and complement factors, and interaction of neutrophils with 
endothelial cell receptors 96. It can be envisioned that neutrophils interact with the contact 
system to boost neutrophil extravasation by bradykinin-mediated vasodilatation. First of 
all, neutrophil elastase, released by active neutrophils, inactivates C1-INH thereby allowing 
contact activation to take place 97. Second, in vitro studies show that the bradykinin B1 
receptor (BKB1R) regulates neutrophil trafficking 98,99. Third, both kallikrein and FXIIa can 
induce neutrophil degranulation 100. Finally, neutrophil extracellular traps (NETs) have been 
shown to activate FXII. NETs exist on DNA, and the negative charge of DNA is believed to 
induce auto-activation of FXII 101. At the very least, NETs can sequester FXII and present it 
for activated cleavage. NETs are a binding site for antimicrobial proteins such as histones, 
neutrophil elastase and cathepsins 98. To what extent the proteins loaded on NETs contribute 
to neutrophil-induced FXII activation is not yet elucidated. The negative charge of NETs, in 
combination with potential FXII-activating enzymes would make neutrophils a plausible 
platform for contact activation. Further research to neutrophil and FXII activation may help 
understand its possible relevance for HAE patients.

MAST CELL ACTIVATION IS LINKED TO BRADYKININ GENERATION
Angioedema as a symptom of anaphylaxis and chronic spontaneous urticaria are likely 
be mediated by mast cell/basophil activation. Histamine is the central chemical mediator 
released by mast cells, inducing hyperpermeability and vasodilatation, and is therefore held 
responsible for the angioedema seen in allergic responses. Indeed, anti-histamine therapy 
reduces the occurrence of angioedema in urticaria patients 2. It should be noted that plasma 
bradykinin levels were not found elevated in four patients with an acute attack of anti-
histamine sensitive angioedema 102. Yet, evidence accumulates that angioedema in allergic 
reactions is also accompanied by bradykinin release. FXIIa-C1-INH complexes and kallikrein-
C1-INH complexes were increased up to tenfold, within minutes after experimental insect 
stings in six allergic patients who developed shock or angioedema 1. In contrast patients 
who only developed urticarial rash in reaction to the venom showed a non-significant 
increase in C1-INH complexes. In line with these results, it was shown that in the patients 
with angioedema or shock a third up to half of the total pool of plasma HK was cleaved 
within minutes 1. These results were confirmed in another study where HK was analysed in 
patients with an anaphylactic reaction (mainly induced by food allergens) 103. In this study, 
even patients with a mild reaction (i.e gastro-intestinal complaints) showed 60% cleavage 
of their HK pool. Evidence of the clinical relevance of bradykinin during anaphylaxis with 
hypotension, was further demonstrated in animal models. Hypotension after IgE-mediated, 
antigen-induced anaphylaxis, was reduced in FXII-deficient mice compared to wild-type mice 

103. The same protection toward IgE-mediated hypotension was reported in BKB2R knock-out 
mice, and HK and PPK-deficient mice 104. Although direct release of bradykinin from HK by 
tryptase could also contribute to these findings, it would be reasonable to propose that 
bradykinin production during anaphylaxis is for a major part FXII-driven. 
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Moreover, Mast cell degranulation may trigger FXII activation via the release of heparin, 
which activates FXII in vitro and induces FXII-dependent hypotension in mice models 10. 
Heparin-induced vascular leakage in mice was diminished by BKB2R antagonist (icatibant) 
and exaggerated in C1-INH deficient mice 10. Heparin is a negatively charged compound, 
capable of inducing FXII auto-activation. However, like the NETs of neutrophils, heparin 
binds a large variety of proteins 105. Contrary to this, a study of 14 HAE patients showed that 
tryptase levels do not increase during HAE attacks 106. It might be helpful to keep in mind 
that in HAE patients that also suffer from allergies, attacks may be aggravated by an allergic 
trigger. What do these studies mean for HAE? Angioedema attacks in HAE are currently 
not believed to be mast cell driven (“allergic”) and anti-histamine therapy has no effect on 
symptoms. So far there is no solid evidence for an association between allergic responses 
and angioedema attacks. Additionally, Heparin-protein interactions are usually studied in an 
isolated in-vitro manner. However, the possibility of protein-protein interactions on heparin 
extracellular matrix may be of importance. In the case of FXII both the net charge of heparin 
and nearby proteins might synergistically activate FXII. Further research into mast cell and 
FXII interactions may help to understand the pathological mechanisms behind in-vivo FXII 
activation and angioedema.

The contribution of bradykinin to angioedema with normal levels of C1-INH (i.e chronic 
spontaneous urticaria with angioedema, IH-AAE, InH-AAE, U-HAE etc.) is still uncertain. 
It might be speculated that since FXII activation can result from mast cell degranulation, 
bradykinin may also play a supportive role in forms of angioedema that are currently 
classified as ‘histaminergic’, based on the presence of wheals, pruritus or (partial) response to 
anti-histamine therapy. Current studies were unable so far to demonstrate bradykinin or an 
increased HK cleaving in such patients 102,103,107. Considering the strong evidence of interaction 
between mast cells and bradykinin production, patients with idiopathic angioedema and 
recurrent swellings who fail to respond to high-dose anti-histamine treatment might benefit 
from therapy targeting the contact activation. 
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CONCLUSIONS
•	 FXII is an important player in bradykinin production during HAE attacks. However, It is 

currently unknown how FXII activation occurs in vivo.

•	 Coagulation parameters change during attacks. This is possibly secondary to vascular 
leakage, rather than a consequence of FXII activation. However biomarkers of coagulation 
may reflect disease activity.

•	 Fibrinolytic parameters change during attacks. These may reflect a role for plasminogen 
activation in bradykinin production of (via plasmin). 

•	 Multiple lines of evidence demonstrate that the cellular system, i.e. neutrophil 
and mast cell activation are functionally linked to contact system activation and  
bradykinin production. 

•	 It is possible that bradykinin plays a role in other forms of angioedema with normal 
C1-INH activity, including those that are currently classified as ‘histaminergic’.
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ABSTRACT 
Background 
Hereditary Angioedema (HAE) patients experience recurrent episodes of angioedema 
attacks that can be painful, disfiguring and even life-threatening. The disorder results from 
a mutation in the gene that controls the synthesis of C1-inhibitor (C1INH). C1INH is a major 
regulator of activation of the contact system. It is often assumed that attacks result from 
uncontrolled, local activation of the contact system with subsequent formation of bradykinin. 

Objective 
To evaluate involvement of inflammatory reactions in HAE, we analyzed C-reactive protein 
(CRP) levels before, during, and after HAE attacks.

Methods 
HAE patients included in a clinical database of recombinant human C1- inhibitor (rhC1INH) 
studies were evaluated. For the current study we analyzed CRP levels when patients were 
asymptomatic, during a clinical attack and in a follow up period and correlated these with 
the clinical manifestations of the attack.

Results 
Data from 68 HAE patients were analyzed and included CRP levels at 273 occasions. While 
asymptomatic, 20% of the patients analyzed had increased CRP. At the onset of the attack 
(p=0.049) and over the next 24 hours CRP rose significantly (p=.002) in patients with an 
abdominal location, and post-attack levels were significantly higher in these patients than 
in patients with attacks at other locations (p=.034). 

Conclusion 
CRP levels are elevated in a substantial proportion of asymptomatic HAE patients. Levels 
of CRP significantly increase during an abdominal attack. These data suggest low-grade 
systemic inflammatory reactions in HAE patients as well as a triggering event for attacks that 
starts prior to symptom onset.
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INTRODUCTION 
Hereditary angioedema (HAE) results from a mutation in the gene coding for the plasma 
protein C1-inhibitor (C1INH). 1,2 HAE patients experience recurrent episodes of pain and edema 
that can be located at various sites in the body such as in the extremities and the uro-genital 
tract. Submucosal swelling in the upper airways can lead to life-threatening asphyxia, whereas 
abdominal attacks present as a functional bowel obstruction causing extreme pain. 3,4 

C1INH controls three intertwined cascade systems: the contact system, the classical and 
lectin complement pathways and the factor XII-dependent fibrinolytic cascade. Of these, 
the contact system is generally considered the most important for the pathogenesis of 
the angioedema attacks. 5,6

Activation of the contact system generates bradykinin (BK), which can bind to receptors 
on endothelial cells and mediate vasodilatation and increased permeability. BK is cleaved 
off from high-molecular-weight kininogen (HK) by kallikrein, which is generated from 
prekallikrein by activated factor XII (factor XIIa). C1INH regulates the activity of kallikrein 
as well as that of factor XIIa. 7-9 Hence a lack of C1INH, as occurs in HAE, results in enhanced 
BK formation, which presumably explains why C1INH deficiency leads to angioedema. 1-3,5,6

The effects of BK and its metabolites such as vasodilatation, increased vascular 
permeability, sensorial and sympathetic nerve stimulation and smooth muscle contraction 
are mediated by two types of G-protein coupled receptors, B1R and B2R. These receptors occur 
on vascular endothelium, primary sensory afferent neurons and vascular and nonvascular 
smooth muscle cells. 7-9 B2R is constitutively expressed while B1R is absent in most tissues 
under physiological conditions. 7,8 B1R is upregulated by cells upon exposure to bacterial 
endotoxins, tissue trauma and inflammation suggesting a role for B1R in pathophysiological 
processes. 10-12 Differential expression of these receptors explains the pharmacological effects 
of B1R and B2R antagonists in inflammatory conditions. Early in inflammation plasma-
extravasation reacts to a B2R antagonist whereas later when inflammation becomes chronic, 
B1R antagonists are more efficacious. 13,14 

In HAE B2R is considered to be the main BK receptor involved in vasopermeability 
changes with a minor, if any, role for B1R 7,15, implying BK, the main agonist for B2R, is the main 
mediator of angioedema. However, ex vivo studies by Bossi and co-workers showed that 
prevention of vascular leakage across cultured endothelial cells induced by HAE (C1INH-
deficient) plasma required blocking of both B2R as well as B1R, suggesting involvement of 
both receptors in an acute angioedema attack in HAE. 16 Expression of B1R by endothelial 
cells, however, requires stimulation by cytokines such as tumour necrosis factor (TNF)α or 
interleukin-1 (IL1)β 7,11-13, which are not known to be involved in HAE.

TNF and IL1 via induction of IL6 stimulate the synthesis of C-reactive protein (CRP) by 
the liver. 17-22 Hence, CRP levels reflect the release of these cytokines in vivo. In the present 
study we analyzed CRP levels in a cohort of HAE patients enrolled in randomized controlled 
trials with recombinant human C1INH. 23-26 As part of the clinical protocol CRP levels were 
collected from the patients at baseline and at various time points during and after an  



CRP IN HEREDITARY ANGIOEDEMA

42

3

attack. 26 We evaluated CRP levels before, during, and after HAE attacks and analyzed how 
levels were related to clinical manifestations of the attack. 

MATERIALS AND METHODS
Patients
All patients included in this study were enrolled in two randomized, double-blind, placebo-
controlled studies to evaluate recombinant human C1INH (rhC1INH) as a treatment for 
hereditary angioedema attacks. 24-26 Patients could participate when they were older than 
12 years, had signed informed consent, and had a plasma level of functional C1INH <50% of 
normal to confirm the diagnosis. 24 They were instructed to come to a clinical center when 
they had onset of moderate to severe angioedema symptoms at any anatomical location. 
Severity of symptoms was determined using a set of Visual Analog Scale (VAS) scores. An 
angioedema attack was eligible when the overall severity of at least one location of the attack 
had been rated by the patients as ≥50 mm on a 100-mm VAS at presentation. 

As part of the clinical protocol high sensitivity CRP tests and erythrocyte sedimentation 
rate (ESR) tests were performed with samples from the patients at screening when they were 
asymptomatic (this time-point is further referred to as baseline), 45 minutes before, and 24 
hours (referred to as Day 1), 7 days and 22 days after study drug infusion (rhC1INH or saline). 26 
Overall, 70 HAE patients with an eligible attack treated with saline or rhC1INH were included 
in the two RCTs (Figure 1). Two of these 70 patients (one with systemic lupus erythematosus, 
another with prostatitis and tendinitis) were excluded from the present study because they 
had an underlying disease that could impact on CRP levels. 

CRP levels were measured by the local clinical chemistry laboratory using high-sensitivity 
assay with normal ranges varying from 0-0.3 to 0-1.0 mg/dL. For the analysis the absolute 
value was used without correction for differences between laboratories since CRP is a well 
defined biochemical parameter. To assess whether the actual level was elevated compared 
to normal controls, the normal range of the local laboratory was used. Blood counts and 
differentials of the patients were determined in the local laboratory. 

Data Analysis
Data normally distributed are expressed as the mean and SD. Data not normally distributed 
are given as the median and the 25th and 75th percentile. Differences in CRP and ESR levels 
at the various time points in individual patients were calculated with the Wilcoxon paired 
sample test (2 sided). Differences in age, BMI and attack rate  as well ass differences in CRP 
levels of attacks at different locations were analyzed with the Mann Whitney test (2 sided). 
Further, distribution of gender and use of prophylactic therapy of patients with attacks at 
different locations were analyzed with Fisher’s exact test. Differences in CRP levels at all time 
points between patients with various forms of prophylactic therapy were analyzed with 
the Kruskal-Wallis test. Correlation between parameters was calculated with Spearman’s 
correlation coefficient. A p-value ≤0.05 was considered to represent a significant difference. 
The analysis was done with Graph Pad Prism 5 and 6.
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Figure 1. Overview of HAE patients included in the analysis of CRP levels. RCT is randomized 
controlled trial.

RESULTS
Patients included in the study
Of the 68 patients included 30 patients had an abdominal location of the attack when 
presenting at the clinical center, whereas the others had attacks at other locations, together 
referred to as non-abdominal locations (Figure 1). Thirteen patients had an attack at multiple 
locations. There were no differences in age, gender, BMI, use of prophylactic medication 
and self reported attack rate between patients with or without an abdominal location of 
the attack. The mean age, gender, BMI, average attacks per year and use of prophylactic 
medication are listed in Table 1.  Other medication used as prophylactic therapy were C1INH 
(n= 19), plasma kalikrein inhibitor (n=5), fresh frozen plasma (n=5) and selective bradykinin 
B2 receptor antagonists (n=2). 

CRP levels at 276 occasions during the clinical trial from 68 patients were available. 
Table 2 gives an overview of the CRP values available for analysis. Levels on 3 occasions (in 
3 different patients) were excluded from analysis because of an intercurrent event that may 
have influenced CRP levels; one patients had tonsillitis on day 22; in one patient swelling 
around the iv site occurred and one patient developed erythema on the left wrist on  
Day 1 (Table 2). 

CRP levels at baseline and during attacks 
The majority of the patients (37 patients, 54%) had elevated CRP on one (16 patients, 24%) 
or multiple (21 patients, 31%) occasions. At baseline, 12 patients (20%) had elevated CRP 
levels. In the presence of an attack 23 (38%) patients had elevated CRP levels, whereas 
on Day 22 after the attack in the absence of symptoms 15 (28%) patients had elevated 
CRP. On Day 1 after onset of the attack mean CRP levels were significantly higher than in 
the absence of an attack at screening (p=0.002), Day 7 (p=0.004) and Day 22 after the attack 
(p=0.0003). CRP levels early during the attack at presentation in the clinical center, tended 
to be higher than at screening or at Days 7 and 22 after the attack, but this difference was 
not significant. Finally, CRP levels on Day 1 as well as on Days 7 and 22 did not significantly 
differ in patients that received saline compared to patients that received rhC1INH  (p=0.516 
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Table 1. Overview of the HAE patients included in the analysis for CRP

Male (n; %)

Female (n; %)

23 (34%)

45 (66%)
Mean age (range) years 40 (17-71)
Mean BMI (range) 27 (18-45) 
Mean number (range) of attacks/year 30 (0-101)
Mean number (range) of abdominal attacks/year 12 (0-50)

Number of patients (%) on prophylactic therapy 

Number of patients (%) using androgens

Number of patients (%) using C1 inhibitor

Number of patients (%) using antifibrinolytics

Number of patients (%) with other therapy

52 (76%)

36 (53%)

19 (28%)

9 (13%)

15 (22%)

Table 2. CRP levels before, during and after an attack in 68 HAE patients 

Baseline

na Missingb Elevated CRP (%)

Total 59 9 12 (20%)
Abdominal 26 4 4 (15%)
Non-abdominal 33 5 8 (24%)

<5 Hours

Total 63 5 18 (29%)
Abdominal 29 1 8 (28%)
Non-abdominal 34 4 10 (29%)

Day 1

Total 60c 6 23 (38%)
Abdominal 27 2 14 (52%)
Non-abdominal 33 4 9 (27%)

Day 7

Total 38 30 10 (26%)
Abdominal 19 11 6 (32%)
Non-abdominal 19 19 4 (21%)

Day 22

Total 53d 14 15 (28%)
Abdominal 22 8 5 (23%)
Non-abdominal 31 6 10 (32%)

a) number of patients with available CRP level at the indicated time-point; b) number of patients with no CRP value 
at the indicated time-point; c) 2 CRP values excluded because of drug reactions; d) 1 CRP value excluded because 
of tonsillitis in the patient. 
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for Day 1; p=0.267 for Day 7; and p=0.993 for Day 22, respectively). CRP levels in patients that 
used prophylactic therapy did not differ from those that did not at any given moment (any 
prophylaxis p=0.551, androgens p=0.502, C1INH=0.108). Thus, these data demonstrate that 
CRP levels in asymptomatic HAE patients can be elevated above the normal range, and that 
24 hours after attack onset average CRP levels are higher than before the attack.

Comparison of CRP levels in abdominal and non abdominal attacks
Of the 68 patients, 30 had abdominal symptoms (Figure 1 and Table 2). In the patients with 
an abdominal location of the attack CRP levels within the first five hours after onset of 
symptoms were significantly higher than baseline levels (p=0.049; Figure 2). Levels further 
increased on Day 1 (Figure 2). In contrast, CRP levels in the patients with non-abdominal 
attacks did not change significantly over time (Figure 3). On Day 1 52% (14 of 27 patients) of 
the patients with an abdominal attack had elevated CRP versus only 27% (9 of 33 patients) 
of the other patients (Table 2). Moreover, levels on Day 1 were significantly higher (p=0.034) 
in the abdominal group compared to patients with a non-abdominal location.

A similar effect was observed for the ESR which was found to be increased in particular 
following abdominal attacks. Moreover, this increase was most marked on Day 7 and not on 
Day 1 (Figure 4) in agreement with the notion that the ESR increases more slowly then CRP. 27  
The median ESR more then doubled compared to baseline (6.0 mm/h at baseline, 15 mm/h 
on Day 7) and 20 % (5 of 25) of tests were outside the reference range on Day 7.  

CRP levels in patients with multiple locations
Thirteen patients had attacks at multiple locations during the same episode. CRP levels of 
these patients did not significantly differ from those in patients with a single location, except 
for levels on Day 22 after the attack, which were significantly higher in the patients with 
multiple locations (p=0.023). Also the mean CRP level during asymptomatic periods, which 
was defined as the mean of levels at baseline and on Days 7 and 22, was significantly higher 
in the population that reported attacks at multiple locations (p=0.034; Figure 5), suggesting 
a somewhat higher CRP level during asymptomatic periods in patients with attacks at 
multiple locations. Finally, we did not find a correlation between the attack frequency and 
the average CRP level during asymptomatic periods at baseline, and on Days 7 and 22 after 
the attack (p=0.516).

DISCUSSION
The synthesis of CRP in the liver is regulated by cytokines. 17-22 As the half-life of clearance 
from the circulation of CRP is about 19 hours 28 versus that of most cytokines of less than 
1 hour, circulating levels of this acute phase protein provide a convenient, indirect but 
sensitive biomarker for the production of cytokines in vivo. In the present study we 
analyzed circulating CRP levels in HAE patients as an indirect parameter for in vivo cytokine 
production. Our study yielded some remarkable findings: 1) CRP is elevated in HAE patients 
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Figure 3. CRP levels before, during and after a non abdominal attack. Solid lines indicate the median 
in each group. The dotted line shows the mean upper level of normal as used by the laboratories which 
performed the determinations. 

Figure 2. CRP levels before, during and after an attack in HAE patients with an abdominal location of 
the attack. Solid lines indicate the median in each group. The dotted line shows the mean upper level 
of normal as used by the laboratories which performed the determinations. The differences between 
levels at various time points were analyzed with Wilcoxon paired sample test (2-sided p-value)
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Figure 4. ESR levels before, during and after an HAE attack. Solid lines indicate the median in each 
group. The dotted line shows the mean upper level of normal as used by the laboratories which 
performed the determinations. The differences between levels at various time points were analyzed 
with Wilcoxon paired sample test (2-sided p-value)

Figure 5. Mean CRP levels in patients with multiple symptomatic locations. Mean CRP levels at 
baseline, Day 7 and Day 22 are given for patients with single and multiple symptomatic locations. Solid 
lines indicate the median in each group. The dotted line shows the mean upper level of normal as 
used by the laboratories which performed the determinations. The difference between the groups was 
analyzed with the Mann Whitney test (2-sided p-value).
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in the absence of an attack; 2) increases of CRP levels during an angioedema attack mainly 
occur in patients with abdominal locations; 3) the rise in CRP in patients with abdominal 
attacks occurs early in the course; and 4) CRP levels are somewhat higher in asymptomatic 
patients who develop attacks at multiple locations.

CRP levels reported in this study were determined in several laboratories, which due 
to inter-laboratory variation, may have influenced the results. However, last decade efforts 
have been made to improve the standardization of CRP assays, since levels in the normal 
range of individual patients are interpreted regarding cardiovascular risk using population-
based cut-off points. Therefore, CRP levels determined in different laboratories in general 
are comparable. Nevertheless, results of the study may have been influenced by some inter-
laboratory variation. To overcome this study limitation, we performed a sensitivity analysis 
of a subgroup of patients using the same CRP cut-off value. Similar results were found. 
Therefore, we do not think that the conclusions of this study have been influenced by inter-
laboratory variations of CRP measurements. Furthermore, we did not use absolute levels 
of CRP for the analyses but rather focused on the CRP variations in individual patients over 
time and on levels relative to those of regional normal healthy controls. Moreover, our data 
of a low-grade inflammation in asymptomatic HAE patients are confirmed by a recent study 
on leukocytosis in HAE patients. 29 In that study 7 out of 13 HAE patients had CRP levels just 
above the normal level at inclusion when they were without symptoms. Finally, a low-grade 
inflammatory response in the HAE patients reported here was confirmed by the increase of 
ESR after an attack.

We can only speculate about the cause of increased CRP levels in asymptomatic HAE 
patients. A recent study with 17 HAE patients showed that various cytokine levels increase 
during an HAE attack. Interestingly, IL-17 was also elevated in the absence of symptoms. 30 
This cytokine stimulates CRP expression in hepatocytes and smooth muscle cells. 31 Therefore, 
the presence of IL-17 during asymptomatic periods could be a possible explanation for CRP 
increase. Interestingly, IL-17 production can be induced by bradykinin. 32, 33 Therefore, we 
speculate that the slightly increased CRP concentrations in HAE actually reflect increased 
exposure of the liver to bradykinin in asymptomatic as well as during acute attacks due to 
poor control of contact activation in C1INH deficiency. 

CRP levels did not change in patients suffering from a non-abdominal attack. Hence, 
these attacks are apparently not triggered by processes that elicit cytokine responses. 
One may therefore question the role of suggested triggers of attacks like minor trauma or 
inflammation 3, since these may induce cytokines. 

Strikingly, patients suffering from abdominal attacks showed significant increases of 
CRP when presenting for treatment and in particular on Day 1 after the treatment (Figure 
2). Since it takes CRP plasma levels 6-12 hours to increase after cytokine stimulation, and 
the symptoms had only been present for less than 5 hours when the patients came for 
treatment, these data suggest that the CRP increase preceded the patient’s symptoms.  28, 
Moreover, it can be speculated that vasodilatation and edema in the intestinal mucosa 
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affect the epithelial barrier of the gastro-intestinal tract. Impaired barrier function may in 
its turn result in translocation of bacteria, fungi or endotoxins from the intestinal lumen 
into the bloodstream. 34,35 These agents trigger cytokine production and subsequently 
increase CRP production. This could be a possible explanation for the observed CRP increase 
following abdominal attacks. Further, it seems reasonable to speculate that this endotoxemia 
contributes to the severity of the clinical symptoms of an abdominal attack.

The finding that CRP is often elevated in asymptomatic HAE patients has intriguing 
mechanistic implications. Currently it is generally accepted that the main receptor involved 
in angioedema attacks is the bradykinin receptor B2R with a minor if any role for B1R. 7,16 
A main reason for this notion is that, in contrast to B2R, B1R is not constitutively expressed 
but rather is exposed by endothelial cells upon stimulation with cytokines. 10-12 Yet, B2R 
stimulation by BK is notorious for induction of hypotension 36 and it remains unclear 
why in spite of detectable bradykinin levels in the circulation, hypotensive reactions are 
uncommon in symptomatic HAE patients. 37,38 We suggest that lack of hypotension in HAE 
attacks reflects rapid desensitization of B2R 39,40, raising doubts about a dominant role of this 
receptor in angioedema attacks. Our findings reported here leave room for a role of B1R as 
CRP increases in HAE patients point to increased exposure to inflammatory cytokines which 
can up-regulate B1R on the vessel endothelium. This hypothesis of B1R involvement during 
HAE attacks is strengthened by the study mentioned above showing that cytokine levels 
increase during an HAE attack.29 
Interestingly, patients with multiple locations of attacks had higher CRP levels (Figure 5). 
One may speculate that this reflects higher cytokine production in these patients and 
therefore a higher chance of exposure of B1R at multiple sites. Strikingly, increases of CRP 
in the absence of leukocytosis have also been reported in patients with angioedema due 
to the use of angiotensin-converting-enzyme (ACE)-inhibitors, whereas patients on ACE-
inhibitors without angioedema had normal CRP values. 41 This suggests that also in ACE-
inhibitor associated angioedema B1R may be involved, either or not in addition to B2R. 
Ohsawa and colleagues measured CRP levels in 17 HAE patients with abdominal attacks. 
White blood cell counts were significantly higher compared to attacks located elsewhere, 
and consistent with our observation there was no further rise in CRP within the first hours 
after onset of symptoms. 29 

CONCLUSION
This study shows for the first time that increases in CRP often occur in HAE patients. Elevated CRP 
levels were frequently observed during angioedema attacks as well as during asymptomatic 
periods. We suggest that increased CRP levels point to increased production of cytokines in 
HAE patients. These data suggest a possible role for B1R in the pathophysiology HAE. 
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ABSTRACT
Hereditary angioedema (HAE) patients experience recurrent local swelling in various parts of 
the body including painful swelling of the intestine and life-threatening laryngeal oedema. 
Most HAE literature is about attacks located in one anatomical site, though it is mentioned 
that HAE attacks may also involve multiple anatomical sites simultaneously. A detailed 
description of such multi-location attacks is currently lacking. This study investigated 
the occurrence, severity and clinical course of HAE attacks with multiple anatomical 
locations. HAE patients included in a clinical database of recombinant human C1-inhibitor 
(rhC1INH) studies were evaluated. Visual Analog Scale scores filled out by the patients for 
various symptoms at various locations and Investigator Symptoms Scores during the attack 
were analysed. Data of 219 eligible attacks in 119 patients was analysed. Thirty-three 
patients (28%) had symptoms at multiple locations in anatomically unrelated regions at 
the same time during their first attack. Up to five simultaneously affected locations were 
reported. The observation that severe HAE attacks often affect multiple sites in the body 
suggests that HAE symptoms result from a systemic rather than from a local process as is  
currently believed.
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INTRODUCTION 
Hereditary angioedema (HAE) was first described by William Osler in 1888 as a clinical 
triad of recurrent attacks of local swellings in various parts of the body, often associated 
with colicky abdominal pain and a dominant hereditary pattern.1 In 1963 Donaldson and 
Evans discovered deficiency of the plasma protein C1-inhibitor (C1INH), a major regulator 
of the bradykinin-forming cascade, as the main pathological defect in patients with HAE2.

Since its first description, the disease HAE is well described. Though attacks usually evolve 
at a single anatomical site, the simultaneous occurrence of symptoms at multiple sites have 
been mentioned1,3-10. In a recent study 186 HAE patients were interviewed about their last 
attack. One hundred sixty-four patients had an attack in the previous six months, 24% of 
them experienced an attack at multiple locations6.  In another study 55% of patients with 
severe peripheral attacks reported at least 2 separate anatomical locations of the attack8. 
Likewise a large study evaluating 512 abdominal attacks reported that 51% of abdominal 
attacks were associated with symptoms elsewhere9  Further, another study observed 
that symptoms at various anatomical sites can develop in a similar fashion and that over 
the course of an attack some symptoms can evolve while others emerge10. 

Thus, HAE attacks simultaneously occurring at multiple anatomical sites are frequently 
mentioned in the literature. However, a detailed description of the clinical manifestations 
and course of HAE attacks that occur at multiple anatomical locations, further referred to as 
multi-location attacks, is lacking. The aim of the present study is to evaluate the occurrence, 
severity, anatomical locations and course of multi-location attacks in a large group of  
HAE patients. 

PATIENTS AND METHODS
Study design
This descriptive study is based on a secondary analysis of data from clinical trials with 
recombinant human C1-inhibitor (rhC1INH) by Pharming Technologies BV, Leiden, 
the Netherlands. During these trials an extensive clinical database of more than 100 HAE 
patients suffering from an acute attack, has been made. 

Patients
All patients included in this analysis were enrolled in two randomized, double-blind, placebo-
controlled trials (RCT) and their open label extensions to evaluate rhC1INH as a treatment 
for HAE attacks11,12. Patients were asked to fill out a set of Visual Analog Scale (VAS) scores 
to determine the severity of symptoms during the course of the attack. The VAS forms were 
designed like a ruler from 0 to 100 mm, 0 indicated no symptoms and 100 mm the most severe 
complaints possible for the given symptom. The content validity of the VAS instruments used 
to assess the anatomical locations involved in the angioedema attack and their suitability for 
patients’ assessments of the severity of acute angioedema symptoms, have been described 
elsewhere13. For each location, the data collected included the overall severity VAS score 
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and VAS scores designed for specific locations. In addition to the VAS scores an Investigator 
Symptom Score (ISS) was collected for each location. Affected locations could be abdominal, 
oro-facial-pharyngeal-laryngeal (OFPL), genito-urinary or peripheral. The exact peripheral 
location f.e. left hand or lower back, was described by the physician. Physicians scored 
the attack on a 0 to 5 scale from no symptoms to life-threatening symptoms. An angioedema 
attack was eligible for inclusion in the trial when the overall severity VAS score of at least 
one location of the attack had been rated by the patients as ≥50 mm on a 100-mm scale at 
presentation. A second or third attack location was considered significant when the ISS was 
≥ 2 (mild symptoms) or the overall severity VAS score was rated by the patient ≥ 20 mm at 
any time point for any additional location. Further, a second location was only eligible when 
swelling occurred in a clearly distinct anatomical site f.e. left hand and right hand but not left 
foot and left knee. As a part of the clinical protocols C-reactive protein levels were measured. 

Data Analysis
Data not normally distributed are given as the median and range or the interquartile range. 
Difference in gender and in use of prophylactic medication was evaluated with Fisher’s 
exact test, difference in age and self reported attacks per year with the Man Whitney test. 
Differences in VAS scores, CRP levels and time interval after a multi-location attack were 
evaluated with the Man Whitney test. The analyses were done with Graph Pad Prism 5 and 
Microsoft Excel 2003. 

RESULTS 
Patients included in the study
Data from 119 HAE patients suffering from an acute HAE attack were analysed. The average 
age of the population included was 37 years (SD 14); 43 patients were male and 76 female. 
Seventy (59%) patients used prophylactic therapy for HAE. Androgens were used by 55 (46%) 
patients whereas 11 (9%) patients used prophylactic C1INH therapy. The median number of 
historical attacks per year as reported by the patient was 20 (0-150). Functional C1INH levels 
were below 50% of normal in all patients and were below the detection limit of the assay in 
the majority of the patients (Table 1). The median C4 level was 57 ug/L (range 7.25-320 ug/m 
normal range 100-400 ug/mL, see Table 1).

Symptoms and frequency of multi-location angioedema attacks
All 119 patients had at least one eligible angioedema attack; 49 patients had more than one 
attack during the study period. In total there were 219 eligible attacks. 

Thirty-three of the 119 patients (28%) had a multi-location attack as their first attack 
included in the study, i.e. they had symptoms at more than one anatomical location (Table 2).  
Notably, 2 patients had an attack involving 5 anatomical sites. Twenty-nine (88%) of the 33 
multi-location attacks involved at least one peripheral location, most frequently the hands 
and arms. In 11 (33%) patients the multi-location attack only involved peripheral locations. 
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Table 1.  Baseline characteristics of the HAE patients included

Swelling at  
1 location

Swelling at  
>1 location All patients p-value

Patients (n)

Male (n)

Female (n)

Age (yrs)

71

16

32

37 (13-71) 
a

48

27

44

35 (16-67)   a

119

43 (36%)

76 (64%)

36 (13-71)a 

.698

.308
Prophylactic treatment (n)

Androgens (n)

C1INH (n)

41 (58%)

34 (48%)

5 (7%)

30 (63%)

21 (44%)

6 (13%)

71 (60%)

55 (46%) 
11 (9%)

.704

.710

.347
Attacks/year (n) 20 (0-150) a 24(3-106)a 20 (0-150)a .435
fC1INH at screening (U/ml)

C4 at screening (μg/mL)

<28

56 (7.25-320)

<28

69 (7.25-214)

<28 (<28-60)b

57 (7.25-320)a

.645

.352

a. median (range) b. both median and minimum under detection limit of the assay

Table 2. Anatomical locations of swelling in 33 HAE patients that had a multi-location attack as their first 
attack during the study period

Total attacks (n) 119
Attack at single location (n) 86 (72%)
Attack at multiple locations (n)

Two locations

Three locations

Four locations

Five locations

33 (28% of all attacks)

20 (60% of multi-location attacks)

8 (24%)

3 (9%)

2 (6%)
Peripheral

Hand/hands

Foot/feet

Knee(s)

Back

Elbow(s)

Buttock

Chest

Breast 

30 (90% of multi-location attacks)

19 (58%)/ 6 (18%)

12 (40%)/ 7 (23%)

3 (9%)

1 (3%)

1 (3%)

1 (3%)

1 (3%)

1 (3%)
Abdominal 16 (48%)
Oro-facial-pharyngeal-laryngeal 10 (30%)
Genito-urinary 6 (18%)

Furthermore, 16 (48%) patients had abdominal symptoms as part of their multi-location 
attack; 10 (30%) patients had OFPL symptoms and 6 (18%) patients had genito-urinary 
symptoms (Table 2). 
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Forty-nine patients had in total 100 subsequent hospital admissions because of a repeated 
attack during the study period. The interval between the first and second hospital admission 
varied from 3 to 562 days with a median interval of 51 days (iq range = 22-138). There was 
no significant difference in the time interval until the second attack after a multi-location or 
a single location attack (p=0.382). 

Thirty-four of these 100 (34%) repeated attacks were multi-location attacks (Table 3). 
Altogether, 48 (40%) of 119 patients had a total of 67 multi-location attacks. Combinations 
of abdominal with peripheral symptoms were with 22 (34%) cases most reported. There was 
no difference in age (p=0.308) gender (p=0.698), use of prophylactic medication (p=0.56), 
and number of reported attacks on a yearly basis (median:20 range 0-150, p:0.435) between 
patients with at least one multi-location attack during the study and patients that had 
a single affected location (Table 1). Laryngeal involvement was suspected when patients 
had difficulty with breathing (VAS score >20mm), a changing voice (VAS score >50mm) 
and/ or difficulty with swallowing (VAS >50mm). Patients that had a multi-location attack 
with one location in the OFPL region were not more likely to have laryngeal involvement as 
part of their OFLP location compared to patients that had OFPL swelling as their only attack 
location (p=.768). 

The frequency of a multi-location attack in the subgroup of 49 patients that had repeated 
was with 34% comparable with that of the total study population. In total, the database 
contained data of 25 subsequent attacks occurring after a multi-location attack. Fourteen 
(56%) multi-location attacks were followed by another multi-location attack, suggesting 
that multi-location attacks are often followed by another multi-location attack.

VAS scores of multi-location symptoms
VAS scores for overall severity of symptoms were collected for each location separately except 
for the cases in which a patient had two or more peripheral attack locations. In the latter case 
only one overall severity VAS was filled in for the symptoms at various peripheral locations 
combined. Therefore, overall severity VAS data from two or more different locations were 
available for 46 attacks. 

The course of the overall severity VAS scores for the different locations of multi-location 
attacks could be discriminated in 5 different patterns (Table 4; Figure 1). As a first pattern 
symptoms at different sites had a comparable course: they either increased or decreased 
together. This pattern was subdivided in cases in which VAS scores of the different locations at 
no point in time differed by more than 20 mm (n=10) and in the cases in which the difference 
in VAS scores at some time point was more than 20 mm (n=16 ). A third pattern showed an 
increase of VAS score in one location whereas the VAS score of the other location decreased 
on at least one time point (n=13), leading to a difference in VAS scores of >20 mm in 
the course of the attack. In a fourth category the attack initially was a single location attack 
with a second location becoming manifest later (n=5). Finally, in a fifth category symptoms 
at one location had resolved while symptoms at another location were still at least moderate, 
i.e. >20 mm by VAS, two time points later (n=2). 
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Table 3. Frequency of multiple location attacks in 119 HAE patients

attack included Attacks (n)
Multi-location attacks
n (%)

attack #1 119 33 (27%)
attack #2 49 17 (35%)
attack #3 23 12 (52%)
attack #4 10 3 (30%)
attack #5 6 0 (0%)
attack #6 4 2 (50%)
attack #7 3 0
attack #8 – 12 5a 0
Total 219 67 (30%)

a.1 patient had 12 attacks that were included in the study

Table 4. Overview of the frequency of various courses of VAS scores in multi-location attacks

n (%)
Example  
in Figure 1:

Simultaneous increase or decrease of VAS scores at different locations with < 
20 mm difference in VAS score at any time point

10 (22%) A

Simultaneous increase or decrease of VAS scores at different locations with > 
20 mm difference in VAS score at >1 time point

16 (34%) B

Increase of VAS score of one location decrease of VAS score of the other with 
> 20 mm difference in VAS score

13 (28%)a C

Start of location 2 >30min after location 1 5 (11%) D
End of location 2 > 2 hour after location 1 2 (4%) E

a. 2 patients had 3 affected areas of which 1 location in each patient showed a different clinical course

Six patients that received saline treatment experienced a multi-location attack. In 

4 of the saline treated patients VAS scores showed a similar course. In one saline-treated 

case OFPL symptoms were slowly resolving while symptoms in the right hand were still 

developing (see Figure 1, Example C). In another patient abdominal symptoms started to 

resolve 15 minutes after start of saline infusion while symptoms in the right and left foot still 

worsened and did not decrease until 4 hours after start of saline treatment.

Altogether, in 26 (56%) patients the VAS scores in all locations trended together. In 18 

episodes (44%) this was not the case. 

Course of single versus multi-location attacks
In general, overall severity VAS scores did not differ between the most severe location of 

a multi-location attack and the overall severity VAS score of a single location attack.  However, 

VAS scores of the most severe location of multi-location attacks were significantly higher 
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Figure 1. Examples of the course of overall severity VAS scores at two locations. Data of 5 patients 
are depicted, the actual anatomical locations involved are given. Example A: VAS scores in abdomen 
and left thigh and knee differ less than 20mm and decrease simultaneously. Example B: VAS scores in 
abdomen and right hand differ by more than 20mm until 16 hours after onset but the course is similar. 
Example C: OFPL VAS scores start at 100 mm and rapidly drop after 2 hours while VAS scores of the right 
hand start at 20 mm and increase with almost 50 mm until 8 hours after saline infusion.  Example D: 
Initially there are only genito-urinary symptoms, one hour after drug infusion VAS scores show a spike 
in OFPL symptoms. Example E: VAS scores of abdominal symptoms fully resolve between 2 and 4 hours 
after drug infusion while symptoms in the right arm last for two days.  

one hour before rhC1INH respectively saline infusion (p=0.019) and significantly lower 48 
hour after infusion (p=.0036), compared to those of single location attacks. 

The time until all symptoms had become minimal, i.e. were scored below 20 mm on 
VAS, was significantly longer in multi-location attacks (median:480 minutes, interquartile 
range:183-1107 for multi-location attacks) as compared to single location attacks (median: 
241 minutes, interquartile range: 77-505 minutes; p= 0.0149). 
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CRP in single versus multi-location attacks
CRP levels of patients with a multi-location attack during the study period did not significantly 
differ from patients that did have single location attacks, except at 22 days after the attack 
when CRP levels in the multi-location group were higher (p=0.013). The lowest CRP levels 
were found in patients that only had one severe attack and only in a single location (n=48); 
at any time point CRP levels in this group were lower than in patients that had more than 
one angioedema attack during the study period (n=49) (screening: p=.002; at 45 minutes 
before treatment: p=.0004; at 24 hours after start of treatment: p=.013; and at 22 days after 
the attack p=.0002).

DISCUSSION
The aim of this study was to evaluate the frequency and clinical symptoms of multi-location 
attacks in patients with HAE attacks. Four main findings regarding such attacks were 
obtained. First, more than a third (40%) of the HAE patients included had at least one multi-
location attack during the study. Secondly, symptoms could occur in up to five anatomical 
locations in individual patients. Thirdly, symptoms in different locations seemed to wax and 
wean together in most attacks. And lastly, patients with multi-location attacks have a higher 
chance that their subsequent attack also is a multi-location attack as compared to patients 
with a single location attack. 

Though multi-location attacks in HAE have been mentioned in the literature1,3-10, 
a detailed description of such attacks in a large cohort of patients has not been reported. 
Using clinical trial data does not have the recall bias of retrospective studies using patient 
questionnaires. Therefore, considering the number of attacks, the number of patients, 
as well as the methodology used, the results reported here give a reliable estimate of 
the occurrence of multi-location attacks in HAE. Since most attacks in this analysis were 
treated with rhC1INH, the course described for these attacks may not represent their  
natural history.    

Our data support that attacks located at multiple anatomical sites are common in HAE, 
occurring in about 30% of severe attacks. Previous studies reported that 25% up to 55% 
of attacks at hospital admission were multi-location attacks7-9. Likewise, data from patient 
questionnaires showed that 24% of HAE patients had a multi-location attack as their last 
attack6 and 50% of patients reported to have had a multi-location attack in the past7.  
The multi-location attacks reported in our study involved various combinations of distinct 
and sometimes remote anatomical sites. This observation was also made in a study with 
patients experiencing an abdominal attack; 51% of patients also had swellings at other sites 
then the intestine9. Furthermore, in general symptoms at different anatomical sites tended 
to develop and resolve more or less simultaneously rather than having an independent 
course such as resolving in one place while emerging in the other. In the few patients in 
whom a second symptomatic location developed later in the course of the attack the course 
of the symptoms at this new location mostly resembled that of the symptoms at the initial 
location. Though we observed in some attacks that one location resolved more rapidly 
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than the other (see example E, figure 1), this pattern was the exception. Therefore, our data 
support that the course of most symptoms of different anatomical locations in one patient is 
comparable during an HAE attack. Differences in the course of some symptoms may reflect 
local differences of fluid resorption rate by the involved tissues rather than basic differences 
in the biochemical processes leading to angioedema. The finding that symptoms can trend 
together in a number of symptomatic sites was noted before in a secondary analysis of RCT 
data by Vernon and colleagues10. This observation was based on patient symptom reports. 
However, in this secondary analysis the symptom report data about multi-location attacks 
was not further analysed or shown.

The finding that multi-location attacks tend to reoccur in some HAE patients has not 
been previously described to our knowledge. Additional investigations are necessary to 
confirm this since the subgroup with multi-location attacks and subsequent attacks in this 
study was relatively small. At the moment we can only speculate about the reasons for  
this observation. 

Angioedema attacks in HAE can apparently be triggered by local activation of factor 
XII due to insufficient control by C1INH by minor trauma1. An intriguing question is how 
symptoms can occur at multiple sites in the body during an attack which is triggered by 
a local activation process. One may postulate in particular cases that such local activation 
processes occur at two different places in the body. However, here we report that the course 
in time of symptoms at various sites of multi-location attacks is quite comparable, which is 
unexpected in case angioedema at the involved sites would be triggered by independent 
local activation processes. Moreover, it is difficult to envision that multiple local activation 
processes would occur so frequently, i.e. in about 30% of the severe attacks, and would 
occur at more than 2 places – i.e. at up to 5 places - in the body at the same time. Therefore, 
we postulate that the data reported here support the hypothesis that local angioedema 
formation in HAE patients result from a systemic rather than a local activation process. We 
suggest that this systemic activation process involves fluid-phase activation of factor XII 
and the contact system leading to increased levels of bradykinin and breakdown products 
in the circulation14-18. The bradykinin B2 receptor (B2R) is considered to be a key receptor 
increasing vasopermeability in HAE attacks19,20. However, in case of a systemic activation 
of the contact system, the distribution of this receptor throughout the whole vasculature 
cannot explain localization of attacks. Therefore, we suggest reconsidering the role of 
the bradykinin B1 receptor (B1R). B1R can increase vascular leakage but in contrast to B2R, is 
not constitutively expressed throughout the circulation. Involvement of B1R in angioedema 
formation in HAE has been suggested in a study in which increased vasopermeability in 
mesenteric microvessels in rats by active phase HAE plasma was shown to be dependent 
on both B1R and B2R21. We suggest that local upregulation of B1R by cytokines such as 
interleukine-1β and tumour necrosis factor-α (TNF-α)22,23 explains localization of angioedema 
triggered by a systemic activation of the contact system. Therefore, we suggest that local 
upregulation of B1R at various anatomical sites possibly triggered by low systemic levels 
of such cytokines could explain the occurrence of multi-location attacks in HAE. Notably, 
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two recent analyses of CRP levels and cytokines in HAE patients support low grade systemic 
release of cytokines in many HAE patients24,25.

In conclusion, severe angioedema attacks often affect multiple sites in the body in HAE 
patients. These clinical observations support that HAE attacks are triggered by a systemic 
rather than a local activation process. 
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SUMMARY  
Hereditary angioedema (HAE) due to a deficiency of functional C1-inhibitor (C1INH) 
becomes clinically manifest as attacks of angioedema. C1INH is the main inhibitor of 
the contact system. Poor control of a local activation process of this system at the site of 
the attack is believed to lead to the formation of bradykinin (BK), which upon interaction 
with BK2-receptors (B2R) on the endothelium increases local vasopermeability and mediates 
angioedema. However, several observations in HAE patients are difficult to explain from 
a pathogenic model claiming a local activation process at the site of the angioedema 
attack. Therefore, we postulate an alternative model for angioedema attacks in HAE, which 
assumes a systemic, fluid-phase activation of the contact system to generate BK and its 
breakdown products. Interaction of these peptides with endothelial receptors that are 
locally expressed in the affected tissues rather than with receptors constitutively expressed 
by the endothelium throughout the whole body, explains that such a systemic activation 
process results in local manifestations of an attack. Particularly the BK-receptor 1 (B1R), 
which is induced on the endothelium by inflammatory stimuli such as kinins, and cytokines, 
meets the specifications of the involved receptor. The pathogenic model discussed here also 
provides an explanation why angioedema may occur at multiple sites during an attack and 
why HAE attacks respond well to modest increases of circulating C1INH activity levels, since 
inhibition of fluid-phase factor XIIa and kallikrein requires lower C1INH levels than inhibition 
of activator-bound factors.
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INTRODUCTION 
Hereditary angioedema (HAE) resulting from a deficiency of the function of the plasma 
protein C1-inhibitor (C1INH) becomes clinically manifest as repeated attacks of angioedema 
in subcutaneous or submucosal tissues at various anatomical sites1-3. These attacks 
typically worsen over 24 hours and last for 2-5 days. Attacks can be lethal when located in 
the submucosal tissue of the larynx4, cause severe morbidity when located in the mucosa of 
the gastrointestinal tract5, or result in disability when subcutaneous edema impairs function 
of the extremities6. The frequency and locations of attacks vary widely among HAE patients, 
and often occur without any obvious trigger.

C1INH is a serine-protease inhibitor (serpin) that controls factor XIIa, kallikrein and factor 
XIa of the contact system and activated C1s, C1r and mannan binding lectin associated 
proteases (MASPs) of the complement system. Therefore, deficiency of C1INH leads to 
uncontrolled activation of complement and contact systems and the generation of vasoactive 
peptides. Indeed, patients with HAE have ample evidence for increased activation of both 
systems7-11. Activation of complement does not correlate with clinical symptoms of HAE and 
also occurs in asymptomatic patients7-9. Therefore, the main vasoactive peptide mediating 
angioedema in HAE supposedly is derived from the contact system, i.e. bradykinin (BK)11-13. 
Indeed, a bradykinin-receptor antagonist restores abnormal vasopermeability in C1INH-
deficient mice14, and attenuates HAE attacks15.

Angioedema during attacks of HAE results from a local increase in vasopermeability 
in the affected tissue. Activation of the contact system leading to the generation of BK 
which mediates this increase, is believed to be a local process as well3,16,17. However, several 
observations in HAE patients are difficult to understand from a local activation process as 
the trigger for angioedema attacks i.e. swellings often occur at multiple sites during one 
attack18 and can be preceded by muscle aches, rash and fatigue19,20. These observations rather 
suggest systemic activation of the contact system as the precipitating event. Here we discuss 
how a systemic activation process of the contact system can result in localized angioedema 
attacks in HAE. According to this model localization of angioedema is determined by a local 
expression of the involved receptors for vasoactive peptides on the endothelium. This new 
pathogenic model may better explain some clinical and biochemical observations in HAE.

THE CONTACT SYSTEM
The contact system consists of the proteins factor XII (FXII), prekallikrein (PK), high molecular 
weight kininogen (HK) and factor XI (FXI)21,22. FXI connects the contact system to coagulation, 
and will not be further discussed here. The name contact system refers to that the system 
becomes activated upon contact of blood with negatively charged surfaces such as glass23. 
Other in vitro activators of the contact system include kaolin, celite and dextran sulphate24. 
In vivo activators include inorganic polyphosphate released from platelets25,26, mast cell- 
derived heparin27, nucleosomes exposed on neutrophil extracellular traps28, fibrin clots29, 
collagen30 and misfolded proteins31.
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Activation of the contact system starts with activation of FXII, which subsequently 
converts PK into kallikrein. Kallikrein has two substrates (see Figure 1): it reciprocally activates 
additional FXII and it cleaves HK to yield BK and cleaved HK. Notably, reciprocal activation 
of FXII and PK endows the contact system with an all or nothing-like behavior during 
activation32,33. Alternatively, when bound to HK, PK can auto-activate. Auto-activation can 
be accelerated by heat shock protein-90 that can be secreted by endothelial cells34. Another 
possible PK activator is prolylcarboxypeptidase expressed by endothelial cells35. Once PK is 
activated the reciprocal FXII activation will amplify contact system activation. In addition, 
activated FXII (FXIIa) and kallikrein can also activate some complement and fibrinolytic 
factors and mediate cross-talk between contact, complement and fibrinolytic systems34,36-38.

A main biologically active peptide generated during contact activation is BK. BK is 
a nonapeptide cleaved from HK by kallikrein. The sequence of BK starts and ends with 
arginine38. In biological fluids BK is rapidly processed by several peptidases. The N-terminal 
Arg1 -Pro2 is cleaved by aminopeptidase P39, whereas at the C-terminal BK is processed by 
enzymes that cleave either the Pro7 –Phe8 bond or the C-terminal Phe8 –Arg9 bond. These 
enzymes are subdivided in two groups; kininase II and kininase I.  The kininase II enzymes, 
to which angiotensin-converting enzyme (ACE) and neprilysin belong, cleave the Pro7  –
Phe8 bond. The kininase I enzymes cleave the Phe8 – Arg9 

  bond. Carboxypeptidase N (CPN) 
and carboxypeptidase M (CPM) are, amongst others, kininase I enzymes 40,41. Removal of 
the C-terminal arginine by kininase I enzymes yields desArg9-BK. BK, its degradation products 
and its receptors are reviewed elsewhere42. 

In addition to BK, another kinin can be generated from HK but also from low molecular 
weight kininogen (LMWK), which is Lys-BK, also known as kallidin. This is a decapeptide 
with an additional lysine at the N-terminus as compared to BK. Also Lys-BK is processed by 
carboxypeptidases to yield Lys-desArg9-BK42. BK, Lys-BK and their metabolites desArg9 BK and 
Lys-desArg9 BK interact with the G-coupled protein receptors B1R and B2R on endothelial 
cells to regulate vasopermeability42,43.

Notably, several other proteases that are inhibited by C1INH, can cleave BK or related 
peptides from HK such as factor seven activating protease and MASP44,45. The role of these 
proteases in the generation of BK in vivo is currently unknown, and will not be discussed 
further here.

INVOLVEMENT OF THE CONTACT SYSTEM IN HAE
C1INH is the major inhibitor of FXIIa and kallikrein in the circulation46-49. Hence, decreased 
levels of C1INH result in a poor control of contact activation in the circulation. Or in other 
words, reciprocal activation of FXII and PK at low levels of C1INH will require less FXIIa than 
at normal C1INH levels. Thus, C1INH deficiency will allow profound activation of the contact 
system upon generation of minute amounts of FXIIa. At physiological concentration C1INH 
will prevent such reciprocal activation by small amounts of FXIIa as it rapidly inactivates 
FXIIa and kallikrein (see Figure 1). 
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There is ample evidence for involvement of the contact system in HAE attacks. First, 
during attacks circulating levels of cleaved HK as well as bradykinin are increased, while 
levels of contact system proteins such as factor XII (FXII), prekallikrein (PK) and HK are 
decreased10,12,13,17,50-54 Moreover, HAE patients have increased kallikrein-dependent enzymatic 
activity in plasma during attacks55,56. Second, mutations of the FXII gene are associated with 
angioedema in the absence of C1INH deficiency supporting a key role of FXII in mediating 
angioedema attacks57,58 Finally, drugs that inhibit kallikrein59 or block the interaction of BK 
with B2R14,15, diminish the increased vasopermeability in C1INH-deficient mice and reduce 
the intensity and duration of a attacks in HAE patients. 

CONTACT ACTIVATION IN HAE: A LOCAL PROCESS? 
The local increase of vasopermeability in HAE attacks is supposed to result from contact 
activation in the extravascular space locally in the affected tissues3. Indeed, blister fluid 
from the affected site contains free kallikrein activity16. Moreover, BK levels in the venous 
compartment of the affected limb are higher than in that of the unaffected limb as 

Figure 1. The contact system of coagulation. Activation of the system is triggered when FXII becomes 
activated upon binding to an activator. Solid arrows indicate activation, dotted line indicate inhibition. 
Note the reciprocal activation of FXII and prekallikrein, and the inhibition of all contact system proteases 
by C1INH.
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demonstrated in two HAE patients with a peripheral attack17 arguing for involvement of 
a local activation process mediating angioedema. Yet, several observations suggest systemic 
contact activation during angioedema attacks. First, locally bound plasma prekallikrein in 
principle will generate fluid-phase FXIIa either via activation of additional fluid-phase native 
FXII or via further processing of locally bound FXIIa into a small, fluid-phase fragment of 
FXIIa, termed β-FXIIa60,61. β-FXIIa contains the active site of FXIIa and can activate fluid-phase 
PK, which in its turn activates fluid-phase FXII. At low levels of functional C1INH fluid-phase 
FXIIa and kallikrein are inefficiently controlled and diffuse away from the site of activation 
while still being active60,61. Indeed, kallikrein activity in plasma of HAE patients is increased 
during attacks54. It is difficult to see how fluid phase dissemination of contact activation, 
even when triggered by a local activator, can be prevented at low C1-inhibitor levels. 

Second, FXII bound to activators 63,64 and kallikrein bound to endothelial cells65 are 
protected from inactivation by C1INH and require supra-physiological levels of C1INH for 
efficient inhibition. Therefore C1INH is more likely to play a role regulating systemic, fluid-
phase contact activation. In other words, C1INH prevents dissemination of the contact 
activation process by inhibiting fluid-phase active proteases whereas it only has a modest 
effect on activator- or cell-bound contact system proteases. HAE patients have less than 
half of normal C1INH function and are therefore at risk of uncontrolled systemic fluid-phase 
contact activation.

The clinical importance of fluid phase contact system activation in HAE is demonstrated 
in placebo-controlled trials with therapeutic C1INH products66-69.  Relatively modest increases 
of circulating C1INH are efficacious as a treatment for angioedema attacks70. An increase of 
C1INH activity in the circulation shuts down FXIIa and kallikrein activity in the circulation 
as C1INH forms complexes with these proteases that are rapidly cleared by the liver. Rapid 
clearance of fluid-phase active contact proteases from the circulation as a main therapeutic 
principle of C1INH products may explain why half-life in the circulation of C1INH products is 
less important for therapeutic efficacy70. 

C1INH forms complexes with FXIIa and kallikrein. Upon in vitro activation with ellagic 
acid less of such C1INH complexes are formed in plasma from HAE patients compared to 
plasma from healthy controls, and even less in plasma from symptomatic HAE patients71. This 
supports that the capacity of C1INH deficient plasma to inhibit fluid-phase contact system 
proteases is limited. Levels of FXIIa-C1INH or kallikrein-C1INH complexes in biological fluids 
are assessed to measure contact activation. Impaired formation of FXIIa-C1INH and kallikrein-
C1INH complexes at low functional activity of C1INH explains why these complexes are not 
suitable to monitor contact activation in HAE72-74. Therefore, other parameters reflecting 
contact activation have been measured in HAE patients, such as free FXIIa and kallikrein 
activity in plasma, and circulating levels of cleaved HK10,50-54 Levels of circulating cleaved HK 
during remission correlate with attack frequency55, and in particular during attacks most of 
the circulating pool of HK is cleaved. It is difficult to envision how such a profound cleavage 
of HK could result from a local activation process. Rather, cleavage of most of the circulating 
pool of HK points to uncontrolled kallikrein activity widespread in the circulation. These 
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findings are more consistent with a systemic activation process though activation may have 

started locally.

Several studies report BK levels during HAE attacks. The interpretation of this data is 

less straightforward as it might appear, amongst others because assays to measure BK are 

notoriously difficult to reproduce. BK levels in HAE patients are normal to slightly elevated 

during remission and increase significantly during attacks12,13,17. These increased circulating 

levels of BK have been claimed to originate from the site of angioedema17. However, 

intravenous infusion of BK in healthy volunteers at such high levels that it causes a mild 

drop in blood pressure did not result in measurable levels of BK in venous blood due to 

the rapid breakdown of BK by peptidases into the more stable product BK1-5 (Arg-Pro-

Pro-Gly-Phe)75. Indeed animal studies have shown that more than 99% of BK injected in 

the venous compartment is cleared during a single passage of blood through the lungs76. 

Therefore, detectable BK levels in the venous compartment of the unaffected site in HAE 

patients may point to a profound systemic contact activation supervening an initial local 

activation process and saturating clearance mechanisms of BK in the lungs.

A systemic activation process, possibly with enhanced BK formation at symptomatic 

sites, would explain that swellings may develop in more than one location. Over one-third 

of symptomatic HAE patients admitted to the hospital for medical treatment indeed report 

multiple affected areas, and up to 5 separate anatomical locations may be involved18. In 

most cases the onset and duration of the various affected sites developed in a comparable 

manner18. Comparable symptom onset and symptom termination at multiple sites might 

be explained by assuming onset of a systemic activation and depletion of systemic contact 

activation factors as their respective cause. Another clinical observation is that HAE patients 

frequently (up to 85-90%) experience prodromal symptoms such as unusual fatigue, rash, 

and muscle aches19,20. All these systemic manifestations are difficult to explain from a local 

activation process triggering the attack, but are easily understood when a systemic process 

is assumed to occur during angioedema attacks.

BK-RECEPTORS INVOLVED IN HAE ATTACKS
Contact activation ultimately leads to the formation of the biologically active peptides, BK 

and Lys-BK, which upon cleavage by kininase I may yield desArg9-BK and Lys-desArg9-BK. 

Binding of BK and Lys-BK to the bradykinin receptor B2R, and of desArg9-BK and Lys-desArg9-

BK to B1R on endothelial cells results in increased vascular permeability42,43. 

B2R is considered to be an important receptor involved in HAE. This receptor is 

constitutively expressed on endothelial cells and has high affinity for BK and Lys-BK. Cleavage 

by any of the kininases decreases the affinity of either peptide for B2R42. Accordingly, 

calcium-signaling experiments show a marked B2R response to BK and Lys-BK but in much 

lesser extent to desArg9 BK and Lys-desArg9 BK78. Icatibant, a B2R antagonist, is an effective 

treatment for HAE attacks17,77. In the presence of kinins B2R is rapidly desensitized and B1R is 

induced and stabilized on the membrane79-81.
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B1R is exposed on endothelial cells upon stimulation with kinins82,83, cytokines84-86 and 
endotoxins87. These inflammatory factors induce B1R expression in a synergistic fashion: 
Lys-desArg9-BK stimulates IL-1β production and both Lys-desArg9-BK and IL-1β increase 
B1R expression88,89. Endothelial cells can also secrete factors that influence BK-receptor 
expression. For example, a soluble form of the receptor for the globular head of C1q (gC1qR) 
secreted by endothelial cells, can bind to these cells to enhance B2R expression and to 
induce B1R up-regulation90.

B1R has high affinity for Lys-desArg9-BK and to a lesser extent for Lys-BK and desArg9-BK 
but not for BK42. However, agonist efficacy and potency do not correspond with the reported 
affinities78. Calcium-signaling experiments show that both desArg peptides are the most 
potent agonists and not Lys-BK or BK (Table 1)78. Likewise, nitric oxide release after B1R 
binding is comparable for both desArg peptides while the affinity of Lys-desArg9-BK exceeds 
that of desArg9 by three orders of magnitude91. This differential effect of BK, Lys-BK, desArg9-
BK and Lys-desArg9-BK on B2R and B1R, respectively, predicts that once generated, BK will 
first interact with B2R, and then, after conversion by CPN or CPM, with B1R.

Little is known about levels of BK degrading enzyme in HAE. Plasma levels of APP, 
the main enzyme for desArg9-BK degradation, inversely correlate with disease severity in 
C1INH deficient HAE patients, suggesting a role for desArg9-BK in HAE attacks92. Interestingly, 
in patients with HAE due to a FXII mutation disease severity inversely correlates with ACE 
and CPN activity rather than with APP levels93.

The role of B1R in HAE is open to debate. C1INH deficient mice showed no decrease in 
vascular leakage after injection with a B1R antagonist14. On the other hand blocking both 
B1R and B2R receptor prevents increased permeability induced by plasma of HAE patients 
in in vitro and in vivo models90, demonstrating that a BK peptide can be generated in HAE 
plasma that interacts with B1R at physiological levels. Human desArg9-BK has been refuted 
as a physiologic agonist of B1R because of its low affinity for this receptor. Yet this peptide is 
active at relevant physiological levels in a functional assay of B1R (see Table 1). Therefore, we 
suggest that the BK peptide with agonistic activity towards B1R generated in HAE plasma 

Table 1. Kinin affinities as determined with radioligand binding assays for human B1Ra and the kinin-
induced increase in [Ca2+ ] for human B1Rb.

K i (nM) EC 50 (M) Max effect (A.U.)

BK >10,000
2.54
1930
0.12

2.2x 10-8

2.8x 10-8 

1.6x 10-9

8.7x 10 -10

2.8
2.8
4.2
4.2

Lys-BK
desArg9  -  BK
Lys-desArg9  -  BK

a) Leeb-Lundberg LMF, Marceau F, Muller-Esterl W, Pettibone DJ, Zuraw BL. International Union of Pharmacology. 
XLV. Classification of the Kinin Receptor Family: from Molecular Mechanisms to Pathophysiological Consequences. 
Pharmacol Rev. 2005:57:27–77.b) Zubakova R, Gille A, Faussner A, Hilgenfeldt U. Ca2+ signalling of kinins in cells 
expressing rat, mouse and human B1/B2-receptor. Int Immunopharmacol. 2008;8:276-81.
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is desArg9-BK. Several other observations also point towards possible B1R involvement 
in the pathogenesis of HAE attacks. First, various cytokines are elevated during these 
attacks94. Also, plasma levels of CRP, which reflect cytokines production in vivo, increase 
after abdominal attacks and are often slightly elevated during asymptomatic periods in HAE 
patients95. These data provide evidence for the presence of agonists of B1R upregulation in 
HAE. Interestingly, HAE patients with high titers of Epstein Barr nuclear antigen have more 
frequent upper airway attacks than patients with low titers96. It can be speculated that local 
reactivation of the virus, presumably resulting in local induction of cytokines predispose to 
laryngeal attacks by local induction of B1R. 

Second, B2R is rapidly desensitized upon interaction with BK. In contrast, B1R takes 
several hours to become up-regulated but once present, B1R persists longer on the cell 
membrane80,81. One may speculate therefore, that vasopermeability is initiated BK interacting 
with B2R, and sustained by desArg9-BK interacting with B1R. Indeed, HAE attacks have a slow 
onset of several hours and symptoms can last for days if untreated. Moreover, desArg-
peptides exhibit a 3 to 5-times longer half-life in plasma than Arg-peptides97.

Another puzzling clinical observation is that symptomatic HAE patients have no 
hypotension in spite of elevated and detectable levels of BK in their circulation. This is in 
marked contrast to healthy humans who develop hypotension upon injection with small 
amounts of BK74. Further, infusion with the FXII activator dextran sulfate or BK in pigs induces 
a rapid but transient hypotension98,99. The hypotensive effect of BK is reversed with the B2R 
antagonist Icatibant, showing it is mediated via B2R. Therefore, the lack of hypotension in 
HAE patients with elevated BK levels probably reflects that B2R on the endothelial cells are 
inactive due to rapid internalization upon initial stimulation by BK. Even if B2R would only be 
desensitized for hypotensive effects and not for its effects on vasopermeability, an increase 
of systemic BK levels, as occurs in symptomatic HAE patients, would trigger the formation 
of generalized angioedema, which is not found in HAE. Hence, one must conclude that, 
presumably as a result of initial contact activation and possibly even before the start 
of an angioedema attack, systemic increases of BK leads to rapid desensitization of B2R. 
B1R can also mediate hypotension but only upon upregulation throughout the whole 
circulation, for example as occurs in endotoxic shock98-101. However, B1R expression in HAE 
likely is local and not generalized. Local B1R expression, with desensitization of B2R in 
the vessel bed, could yield local edema without hypotension in the presence of systemic 
contact activation. This also explains that swellings can develop at multiple locations 
simultaneously during HAE attacks in the absence of generalized edema and hypotension 
since local expression of B1R may occur at more than one anatomical site. 

MECHANISMS OF LOCALIZATION OF ANGIOEDEMA
Localization of angioedema attacks in particular sites of the vascular bed either results from 
local generation of BK, or, in case of systemic generation of BK, from local expression of BK 
receptors. In case of local BK production, B2R and/or B1R may be involved, whereas in case 
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of systemic BK production, localization of angioedema implies involvement of B1R since B2R 
is expressed throughout the circulation.

According to the local activation model3, a local trigger such as minor tissue trauma 
initiates contact activation, which subsequently is kept localized by assembly of FXII and 
HK on the endothelium102,103. As discussed above, there is abundant evidence for systemic 
activation of the contact system in HAE attacks. Yet, it cannot be excluded that local assembly 
of contact factors on the endothelium even in case of a systemic activation may generate 
higher local levels of BK peptides, and contributes to localization of angioedema.

In case of systemic contact activation and BK generation, localization of angioedema 
is determined by local receptor expression, in particular of B1R. In humans desArg9-BK, 
the major plasma agonist for this receptor in many animals, has a relatively low affinity for B1R 
arguing against involvement of this peptide as an agonist for B1R in angioedema. Yet, in HAE 
plasma BK-derived peptides can be generated at sufficient concentration – and with longer 
half-life97 - to stimulate B1R90. As discussed above, the potency of desArg9-BK to stimulate 
B1R is not reflected by its affinity. Recent work shows that the agonistic activity of desArg9-BK 
for B1R is enhanced by carboxypeptidase-M (CPM)104-107. This glycosylphosphatidylinositol 
(GPI)-anchored enzyme is expressed on human endothelial cells41, has a high affinity for 
BK and cleaves off its C-terminal Arg. Although some CPM is constitutively expressed by 
the endothelium, expression is induced by cytokines and endotoxines108, which also induce 
B1R expression. CPM augments B1R signaling in three ways. First, it generates the B1R agonists 
desArg9-BK (and Lys-desArg9-BK which however is not involved in angioedema attacks as 
it is not generated in plasma during contact activation). Second, CPM can serve as a ‘co-
receptor’ for B1R on the cell membrane and generate B1R agonists at a high concentration 
in close proximity of B1R, which overcomes the relatively low affinity of these agonists for 
the receptor. Third, CPM can directly activate B1R by conformational cross-talk upon binding 
of BK105. Due to these effects CPM lowers the effective concentration of desArg9 BK necessary 
to stimulate B1R from 100μM to 10nM. Therefore, in spite of its relatively low affinity for B1R 
in humans, desArg9-BK can interact with B1R at relatively low levels104-106.

The B2R antagonist Icatibant has a high affinity for B2R, and a low affinity for B1R. Clinical 
efficacy of Icatibant points to involvement of B2R in HAE rather than B1R. However, the affinity 
of Icatibant for B1R (K i 437 nM) is still higher than that of desArg9-BK for B1R (Ki 1930 nM)109. 
Moreover, Icatibant may intervene with the interaction of desArg9-BK with CPM and B1R. 
Finally, a scenario in which initial edema formation is mediated by B2R to be mediated by 
B1R in the later stages is possible. Indeed, blockade of both B1R and B2R is needed to fully 
prevent vascular leakage induced by HAE patient plasma in a mouse model90.  

Thus it can be concluded that mechanisms of BK-mediated vasopermability in angioedema 
are complex and leave room for both the local activation as well as for the systemic contact 
activation “model” in HAE.
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SYSTEMIC CONTACT ACTIVATION LEADING TO LOCAL ANGIOEDEMA 
FORMATION: AN ALTERNATIVE PATHOGENIC MODEL
Local activation of the contact system and stimulation of local B2R by BK generated has 
been put forward to explain the formation of angioedema3. However, as discussed above 
the changes of contact system parameters during HAE attacks are more consistent with 
a systemic activation process. Moreover, there are compelling considerations that B1R 
contributes to local vasopermeability increase in HAE attacks. Putting these pieces together 
provides a pathogenic model for the formation of local angioedema in HAE (Figure 2). 
According to this model, contact activation starts at some time somewhere in the body for 
example due to a minor trauma. Because of the low C1INH levels the activities of FXIIa and 
kallikrein are insufficiently controlled leading to extensive fluid-phase activation of the contact 
system, which disseminates throughout the circulation. As a consequence pronounced 
degradation of circulating HK occurs leading to systemic increases of BK. Systemic BK 
generated in the beginning of this activation process desensitizes B2R on the endothelium 
throughout the circulation80,81. Angioedema develops at sites where expression of B1R and 
CPM by endothelial cells is increased due to local production of cytokines and other agonists. 
In case of little or no expression of B1R systemic contact activation may stay unnoticed and 
does not lead to clinical symptoms. Indeed asymptomatic HAE patients have evidence for 
systemic activation of the contact system53. An attack may resolve spontaneously because 
systemic activation of the contact system stops when native contact factors, in particular HK, 
are depleted10. Alternatively, active disease may stop because expression of B1R is transient.

CONCLUSIONS
We describe a new model of the pathogenesis of angioedema attacks in HAE due to 
C1INH deficiency. We postulate that episodes of systemic contact activation lead to local 

Figure 2. Systemic contact activation leads to local angioedema. Contact activation is initiated upon 
minor trauma or for unknown reasons. C1INH deficiency allows uncontrolled systemic activation of 
the contact system which leads to profound HK cleavage and continuous increased generation of BK in 
the circulation. Upon initial triggering by BK, B2R becomes functionally inactive due to desensitization. 
BK levels are preferentially degraded by carboxypeptidase N or M into desArg9-BK, which induces 
angioedema at sites where B1R is expressed.
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angioedema through expression of B1R by local endothelial cells. A factor favoring local 
increase of vasopermeability besides local B1R expression is increased CPM expression in 
the affected site, which just as B1R can be induced by cytokines. Biochemical changes of 
the contact system during attacks of HAE patients support this model, which also provides 
an explanation for clinical symptoms such as multiple locations of attacks and prodromal 
symptoms. Finally, systemic contact activation also explains efficacy of C1INH products 
during attacks since C1INH halts ongoing contact activation in the circulation. The new 
model may help to guide further studies on the pathogenesis of angioedema attacks in HAE. 
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CAPSULE SUMMARY
Cleaved high-molecular weight kininogen (cHK) in plasma is a biomarker for bradykinin 
formation. We developed an immuno-assay to detect cHK in plasma. cHK plasma 
levels are increased in asymptomatic C1-INH-HAE patients and increase further during  
angioedema attacks.
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TO THE EDITOR
Bradykinin is a vasoactive inflammatory mediator that plays a key role in hereditary 
angioedema (HAE). It is released from its precursor high-molecular weight kininogen 
(HK) by plasma kallikrein, with cleaved HK (cHK) as a by-product. Direct determination of 
bradykinin has proven valuable, but is technically complicated due to instability and small 
peptide size1,2. Western blotting studies have shown elevated cHK production in HAE3,4, 
underpinning its potential value as a clinical biomarker for bradykinin-mediated pathology. 
However, western blotting is a laborious and semi-quantitative method, which motivates 
the development of new bioassays5. Here we describe the development of an immuno-assay 
for clinical evaluation of cHK levels.

Experimental procedures are described in this article’s Online Repository at www.
jacionline.org. 

Fig 1A shows a western blot of the purified HK and cHK preparations that were used 
for assay development (reduced; antibody reacts with HK light chain). As reported earlier, 
cHK contains two light chain fragments6. We selected a monoclonal variable domain of 
a heavy-chain-only antibody (VHH-D1) against cHK, as well as a monoclonal VHH (H4) against 
total (c)HK and used these as capture-, and detection antibody, respectively. In a microtiter 
plate assay setup, purified cHK is detected ~5 times better than purified HK (Fig 1B). When 
normal pooled plasma (NPP) is incubated with βFXIIa (1 µg/mL, synonymous to FXIIf ), all 
HK is converted into cHK (Fig E1A). Initially, the assay setup detected cHK with low, but 
significant signals (Fig E1B). We next established that the anionic polymer DXS increases 
assay sensitivity in the presence of inhibitors that prevent contact activation (Fig 1C; enzyme 
inhibition controls in Fig E1D/E). Furthermore, DXS enhances assay sensitivity in the absence 
of plasma enzymes (Fig E1C).

Next we prepared an assay standard by mixing NPP with activated NPP (in the presence 
of inhibitors) at varying ratios. At a plasma sample dilution of 1:32, changes of 2.5% in 
cHK levels within a range of ~0-20% from baseline levels in NPP can be detected (Fig 1D; 
western blot Fig 1E). At sample dilutions 1:64 and 1:128, detection ranges are ~10-70% (data 
not shown) and ~20-100%, respectively (Fig E2A; western blot E2B). Further investigation 
showed that this immuno-assay setup captures complexes composed of (c)HK and DXS as 
a function of plasma cHK levels (Fig E3).

Next we investigated cHK levels in C1-INH-HAE patients. The index cohort consisted of 71 
patients (from Hungary), diagnosed with C1-INH-HAE due to C1-INH deficiency (n=60, type 
I) or dysfunction (n=11, type II) and 44 healthy controls. We analyzed 78 remission samples 
(71 patients) and 28 samples (19 patients) collected during angioedema attacks. Median 
cHK levels in healthy controls were 6.4% (range 2.7-15.0%; Fig 2A), 15.2% (range 1.8-74.7%) 
during remission (p<0.0001, vs controls) and 29.6% (range 6.3-58.6%) during angioedema 
attacks (p<0.0001 and p=0.0027, vs controls and remission, respectively). We then measured 
cHK levels in a validation cohort of 62 C1INH-HAE patients (from Italy) diagnosed with type 
I (n=58) or type II (n=4) C1INH-HAE and 26 healthy controls. We analyzed 64 remission 
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Figure 1. Assay development. A) Western blot (reduced), or B) immuno-assay of purified HK and cHK. 
C) Immuno-assay of (activated) NPP (1:32 dilution) with or without DXS. D, E) Immuno-assay behavior 
with a range of cHK in plasma (1:32 dilution) and accompanying western blot (reduced). F) Immuno-
assay principle.  Data represents βmean ± SD of 3 separate experiments, replicates were analyzed with 
Mann-Whitney t-test.
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samples (62 patients) and 14 samples collected during angioedema attacks (12 patients). 
Median cHK levels in healthy controls were 6.4% (range 3.4-17.4%; Fig 2B), 17.7% (range 
3.8-64.3%) during remission (p<0.0001, vs controls) and 37.2% (range 10.9-74.7%) during 
angioedema attacks (p<0.0001 and p=0.0039, vs controls and remission, respectively). 
Based on a selected cut-off of the 97.5 percentile of healthy controls (dotted lines in  

Figure 2. cHK levels in C1-INH-HAE patients. A) Hungarian cohort. B) Italian cohort. C) Paired analysis 
of remission and attack. Blue lines: increases (28/33), red lines: decreases (5/33). D) Samples in inhibitor 
tubes. E) Paired analysis of samples in sodium-citrate or inhibitor tubes. Open circles: remission, red: 
attack, green: controls. Sample dilutions described in Methods. Kruskal-Wallis test (A, B, D) and Wilcoxon 
matched-pairs signed rank test (C,E).
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Fig 2A,B,D), sensitivity, specificity and positive predictive value were determined for each 
cohort (Table E1). Repeated determinations of cHK levels (9 samples with cHK levels ranging 
from 2.4 to 30%; three experiments on separate days) showed a standard deviation of 
1.8% (range 0.8-3.7%). For 33 patients, plasma was collected both during remission and 
angioedema attacks. Paired analysis showed that cHK levels increase by 10% (average) 
during angioedema attacks (p<0.0001; Fig 2C). 

We next investigated the role of pre-analytical contact activation7. Blood of 48 patients 
was simultaneously collected in sodium citrate tubes, and in collection tubes with enzyme 
inhibitors (p100). cHK levels in inhibitor tubes were slightly, but not significantly lower 
than those in citrated plasma (p=0.0785; median difference 3.0%; Fig 2E). A subset (5/48) 
of samples had high cHK levels in citrated plasma (>25%), but >10% lower in plasma with 
enzyme inhibitors. This suggests a contribution of ex vivo cHK formation. Median cHK levels 
in samples collected in tubes with enzyme inhibitors were 7.3% for healthy controls (n=6)  
(Fig 2D; range 4.1-9.7%). In samples of HAE patients, these were 13.5% during remission 
(n=43; range 3.3-47.4%; p=0.0610 vs controls) and 19.8% during angioedema attacks 
(n=3; range 12.9-40.4%; p=0.0214 and p=0.4063, vs controls and remission, respectively). 
Similar results were obtained with samples that were collected in a previously published 
combination of inhibitors (Fig E4)3,4.

Data on yearly angioedema attack frequency was available for patients in the Hungarian 
cohort. We found that remission cHK levels did not correlate with angioedema attack 
frequency (p=0.3618, Fig E5E). In 96 samples from the Italian cohort, C1-INH antigen 
levels and function, C4 and C1q levels were determined. All parameters had a weak to 
intermediate negative correlation with cHK levels (Fig E5A-D). HK cleavage was previously 
analyzed by western blot for 19 samples from the Italian cohort3. We compared these data 
to our immuno-assay. There was a strong positive correlation between cHK levels detected 
by the two methods (p=0.0013, r= 0.6836, Fig E5F). However,  baseline cHK levels are much 
lower when estimated by immuno-assay (5.2% ± 1.1) in comparison to estimation by western 
blot under these specific conditions (~ 35%)3.

In line with previous studies in HAE (and idiopathic non-histaminergic acquired 
angioedema)3,4,8,9 we found elevated cHK levels in plasma of HAE patients during remission. 
This is not directly attributable to ex vivo contact activation and indicates that the baseline 
rate of HK cleavage in HAE patients is increased, but also suggests the presence of additional 
disease modifiers.In conclusion, we developed a sensitive immuno-assay for cHK detection. 
This method might be implemented in C1INH-HAE patient care. Determination of cHK may 
be useful for investigation of bradykinin in HAE and beyond8,9.



CHK AS BIOMARKER FOR BRADYKININ RELEASE IN HAE

95

6

REFERENCES
1. Cugno M, Tedeschi A, Nussberger J. Bradykinin in idiopathic nonhistaminergic angioedema. Clin 

Exp Allergy 2017;47:139-140.

2. Nussberger J, Cugno M, Amstutz C, Cicardi M, Pellacani A, Agostoni A. Plasma bradykinin in angio-
oedema. Lancet 1998;351:1693–7. 

3. Suffritti C, Zanichelli A, Maggioni L, Bonanni E, Cugno M, Cicardi M. High-molecular-weight 
kininogen cleavage correlates with disease states in the bradykinin-mediated angioedema due to 
hereditary C1-inhibitor deficiency. Clin Exp Allergy 2014;44:1503–14. 

4. Banerji A, Busse P, Shennak M, Lumry W, Davis-Lorton M, Wedner HJ, et al. Inhibiting Plasma 
Kallikrein for Hereditary Angioedema Prophylaxis. N Engl J Med. 2017;376:717–28.

5. Faucette R, Conley G, Cosic I, Kopacz K, Chikwamba K, Sexton DJ. An ELISA for the detection of 
cleaved high molecular weight kininogen in human plasma. Allergy Eur J Allergy Clin Immunol 
2016;71 Supplem:528–91. 

6. Reddigari S and Kaplan AP. Cleavage of human high-molecular weight kininogen by purified 
kallikreins and upon contact activation of plasma. Blood 1988;71:1334–40. 

7. Kaplan AP, Joseph K. Complement , Kinins , and Hereditary Angioedema : Mechanisms of Plasma 
Instability when C1 Inhibitor is Absent. Clin Rev Allergy Immunol. 2016;51:207–15

8. Giard C, Nicolie B, Drouet M, Lefebvre-Lacoeuille C, Le Sellin J, Bonneau J, et al. Angio-Oedema 
Induced by Oestrogen Contraceptives Is Mediated by Bradykinin and Is Frequently Associated 
with Urticaria. Dermatology 2012;225:62–9. 

9. Baroso R, Sellier P, Defendi F, Charignon D, Ghannam A, Habib M, et al. Kininogen cleavage assay: 
Diagnostic assistance for kinin-mediated angioedema conditions. PLoS One 2016;11. 



CHK AS BIOMARKER FOR BRADYKININ RELEASE IN HAE

96

6

SUPPLEMENTAL FIGURES

Figure E1. DXS enhances detection of purified cHK, while enzyme inhibitors in sample dilution 
buffer prevent contact activation. Detection of cHK in normal pooled plasma (NPP) and activated NPP 
by  A) western blot (reduced) or B) immuno-assay (1:32). C) Immuno-assay of purified (c)HK +/- DXS. 
Enzyme inhibitors block DXS-triggered contact activation, determined by D) chromogenic assay or E) 
(c)HK western blot (reduced).Data represent mean ± SD, replicates were analyzed with Mann-Whitney 
t-test. Images represent 3 separate experiments
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Figure E2. Cleaved high molecular weight kininogen (cHK) detection in plasma between the range 
of 20-100%. Plasma samples with increasing levels of cHK were prepared by mixing normal pooled 
plasma (NPP) with fully activated NPP in the presence of enzyme inhibitors. A)  immuno-assay (1:128 
dilution). B) Corresponding western blot in the same sample range (reduced). Data represent mean ± 
SD of 3 separate experiments.

Figure E3. Assembly of (cleaved) high molecular weight kininogen on dextran sulfate improves 
assay sensitivity. A) Western blot (reduced) of “input” NPP and products that are captured by VhH-D1. 
B) Densitometric quantification of HK and light-chain fragments (normalized for “input” signals). C) 
Detection of cHK by immuno-assay (1:64 dilution) in NPP, or kininogen-depleted plasma (ΔHK). When 
cHK levels are low, HK acts as a signal amplifier. Data represent mean ± SD of 3 separate experiments.
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Figure E4. cHK detection in C1-INH-HAE patient plasma samples with hexadimethrine bromide. 
Data points represent patient or control plasma sample, lines indicate medians. Samples were analyzed 
at 1:32 dilution, in the presence of 8 μg/mL DXS to overcome hexadimetrine bromide. Kruskal-Wallis 
test was used for multiple comparison.
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Figure E5. Correlation of cHK levels with C1-INH activity, complement parameters and yearly 
angioedema attack frequency. Comparison of cHK detection by immuno-assay or western blot (non-
reduced). Plasma cHK levels of C1-INH-HAE patients or healthy controls are plotted against A) C1-INH 
function, B) C1-INH antigen level, C) C4 or D) C1q (levels expressed as a percentage of normal values), E) 
yearly angioedema attack frequency, and  F) previously determined cHK levels previously analyzed by 
western blot in the Italian cohortE1. Correlation was calculated with Spearman’s r.Supplemental table

Table E1. Sensitivity, specificity and positive predictive value of the cHK immuno-assay per cohort.

Hungarian cohort Italian cohort

Remission Attack Remission Attack

Sensitivity 54% 83% 53% 93%
Specificity 98% 98% 100% 100%
Positive predictive value 98% 96% 100% 100%

Cut-off values used: 97th percentile of healthy control samples were used which were 14.7% cHK for the Hungarian 
cohort and 17.7 % for the Italian cohort.
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SUPPLEMENTAL METHODS
Plasma samples from C1-INH-HAE patients and healthy volunteers
Blood was collected from healthy volunteers after written informed consent. According to 
standard procedures 9 volumes of blood were collected in 1 volume of sodium citrate (3.2% 
wt/vol). Samples were centrifuged twice at 2000 xg for 10 minutes shortly after collection. 
Plasma samples of ±50 healthy volunteers was pooled (referred to as normal pooled plasma, 
NPP) and stored in aliquots at -80 °C until use. This protocol was approved by University 
Medical Center Utrecht ethical committee.

Blood from C1-INH-HAE patients was collected as part of routine procedure during 
the annual control visits at the 3rd Department of Internal Medicine, Semmelweis University, 
Budapest, Hungary. The diagnosis HAE was confirmed by clinical and laboratory criteria 
(positive family history, clinical symptoms of angioedema, low functional C1-INH level, 
low C4, normal C1q concentrations as advised by international guidelinesE2). Samples were 
collected from patients during remission; in each case, at least two weeks elapsed since 
the date of the last attack. Samples obtained during angioedema attacks were collected 
prior to acute treatment and within 6 hours after the onset of the symptoms. According to 
standard procedures, 9 volumes of blood to 1 volume of sodium citrate (3.2% wt/vol) was 
centrifuged at 3500 xg for 10 minutes. Thereafter, plasma was stored at -80°C until use. In 
addition, citrated plasma from healthy family members (8 samples), and from healthy donors 
(who had been referred for routine medical evaluation, and volunteered for the study) 
was collected with the same procedure and after written consent. The study protocol was 
approved by the institutional review board of Semmelweis University, Budapest.

To corroborate the data obtained in this cohort, we analyzed plasma samples of a second 
cohort of C1-INH-HAE patients. Blood was collected in the course of routine diagnostic 
procedures and all patients gave oral informed consent that remaining plasma could be 
used for research purposes. The Ethical Committee of the University of Milan approved that 
written informed consent is not necessary if the plasma had been obtained during routine 
diagnostics and that this plasma could be used for research investigating the pathophysiology 
of hereditary angioedema. The diagnosis of HAE was based on the presence of at least one 
recommended clinical and one recommended laboratory criteria. Blood samples were taken 
from all of the patients at least eight days from an angioedema attack (remission samples), 
and from selected patients within the first six hours of the beginning of an angioedema 
attack (attack samples). According to standard procedures, blood was collected using 
sodium citrate as anticoagulant (3.2% wt/vol). After centrifugation at 2000 xg for 20 min at 
room temperature, the plasma was divided into aliquots and stored at -80°C until tested. 
Citrated plasma from healthy donors was collected with the same procedure.

To evaluate the effect of blood collection on cHK levels, plasma samples were collected 
in collected in sodium citrate containers as well as BD bioscience EDTA-P100 tubes 
containing inhibitors to prevent pre-analytic contact activationE3 for direct comparison. 
A subset of samples was collected in tubes containing 100 mM benzamidine, 400 μg/mL 
hexadimethrine bromide, 2 mg/mL soybean trypsin inhibitor, 263 μM leupeptin, and 20 mM, 
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aminoethylbenzene-sulphonyl fluoride dissolved in acid/citrate/dextrose (100 mM sodium 
citrate, 67 mM citric acid, and 2% dextrose, pH 4.5)E1.

Reagents
Aprotinin, bromophenol blue, dextran sulfate mol. (average) wt. 500.000,  DL-dithiothreitol 
(DTT), glycine, glycerol, Isopropyl[1]-D-1-thiogalactopyranoside (IPTG), KCl, mouse 
monoclonal anti-c-Myc antibody, skimmed milk powder, NaCl, Na2HPO4, NaH2PO4, 
triethylamine (TEA) and Tween-20 were from Sigma-Aldrich (St. Louis, MO, USA). Talon 
Superflowbeads for His-tag purification were from GE Healthcare (Little Chalfont, UK). 
Imidazole was from Merck (Darmstadt, Germany). PolySorp and MaxiSorpmicrotitre 
plates, NeutrAvidin Protein and PageBlue, were from Thermo Scientific (Waltham, Mass). 
Chromogenic assays were performed in Costar “V” Vinyl microtitre plates (Corning, NY, USA). 
Spectra/Por dialysis membranes (MWCO 3.5 kD) were purchased from Spectrumlabs (CA, 
USA). Bolt 4-12% Bis-Tris Plus Gels, MOPS buffer, Alexa Fluor 680 Donkey anti-sheep IgG, 
EZ-Link Sulfo-NHS-LC-Biotin and One-shot TOP10 Chemically Competent E.coli were from 
Life Technologies (Carlsbad, CA, USA). Immobilon-FL and ethanol were from Merck-Millipore 
(Amsterdam, The Netherlands). Polyclonal affinity-purified HK antibody was from Affinity 
Biologicals (Ancaster, Ontario, Canada). Peroxidase-conjugated polyclonal rabbit anti-sheep 
and anti-mouse antibodies were from Dako (Heverlee, Belgium). HK, cHK and β-FXIIa, were 
from Enzyme Research laboratories (South Bend, Ind). HK immunodepleted plasma was from 
StagoBNL (Leiden, the Netherland). Odyssey Blocking Reagent was from LI-COR (Hamburg, 
Germany) was from CSL-Behring (Breda, The Netherlands). 3,3’,5,5’-Tetramethyl-benzidine 
(TMB) was from Tebu Bio (Heerhugowaard, The Netherlands). Streptavidin-poly-HRP was 
from Sanquin Blood Supply (Division Reagents, Amsterdam, the Netherlands). Phe-Pro-
Arg-chloromethylketone (PPACK) was purchased from Haematologic Technologies (Essex 
Junction, Vt) Ampicillin (Amp) was obtained from Carl Roth GmbH (Karlsruhe, Germany), 2x 
Yeast Tryptone capsules  were from MP Biomedicals (Santa Ana, CA, USA). H-D-Pro-Phe-Arg-
pNA (L-2120) was from Bachem (Bubendorf, Switserland).Tris-HCl was from Roche (Woerden, 
the Netherlands).

Phage display and VHH production
A phage-display library of Llama glama variable fragments of heavy-chain-only antibody 
fragments against cHK was obtained by immunization of two Llamas, with human cHK 
and generation of a phage-display library as previously described by de Maat  et alE4 . 
Animal experiments were approved by the ethical committee of the University of Utrecht, 
in compliance with European guidelines for animal research. Phagemid vector pUR8100 
containing a myc-tag, his-tag, ampicillin resistance and a lacI repressor gene was used. TG1 
E.coli were used for production of phages and Top10 E.coli for the production of VHHs.

cHK and HK were biotinylated using EZ-Link Sulfo-NHS-LC-Biotin according to 
the manufacturer’s instructions. A polysorp microtiter plate was coated with 5 µg/mL 
NeutrAvidin protein in PBS pH 7.4 overnight at 4°C and blocked with filtered 1% skimmed 
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milk powder and 0.1%Tween-20 (w/v) in PBS (mPBSt) pH 7.4. Next, 500 ng/mL biotinylated 
cHK in mPBSt pH 7.4 was incubated on the NeutrAvidin coated plate for 1 hour at room 
temperature (RT). Isolated phages were blocked with mPBSt pH 7.4 for 1 hour and incubated 
on the plate. After washing thoroughly with PBSt pH 7.4, cHK bound phages were eluted 
with 0.1 M trimethylamine and added to 1 M Tris-HCl. TG1 E.coli were infected using the cHK-
selected phage-pool, and single colonies were obtained to produce monoclonal- VHHs. 
Culture supernatants containing monoclonal cHK VHHs were incubated on a NeutrAvidin 
coated plate containing 500 ng/mL biotin-immobilized cHK or HK for 1 hour. After washing, 
bound VHHs were detected via myc-tag using anti-myc-antibodies. VHHs with the highest 
specificity towards cHK compared to HK were selected for production and purification. VHHs 
were produced and purified as described previously4. In brief, selected VHHs were produced 
in 2xYT medium, production was induced with 0.1 M isopropyl β-D-1-thiogalactopyranoside 
(IPTG). Cell pellets of the production cultures were lysed by freeze-thawing. Talon beads, 
binding the VHH his-tag, were added to the PBS suspension of the cell lysate. Talon bead 
bound VHH was eluted by 150 mM imidazole in PBS, pH 7.4 and dialyzed overnight in PBS.

In selection studies, 9 selected VHHs were coated at a concentration of 5 µg/mL in PBS 
(pH 7.4) on maxisorp plates overnight (o/n) at 4°C. Plates were blocked with 200 µL PBS 
supplemented with 1% (w/v) skimmed milk powder and 0.1% (w/v) Tween-20 pH 7.4 for 1 
hour at RT, and incubated with 250 ng/mL cHK or HK for 1 hour at RT. After washing, bound 
cHK was detected with polyclonal sheep anti-human HK IgG, and polyclonal rabbit anti-
sheep HRP-conjugated IgG.

IMMUNO-ASSAY FOR cHK
Buffers
Phosphate buffered saline (PBS) consisted of 137 mM NaCl, 2.7 mM KCL, 9.2 mM Na2HPO4, 
1.76 mM KH2PO4, pH 7.4. A second type of PBS with lower pH consisted of 127.9 mM NaCl, 
6.2 mM Na2HPO4, 3.7mM NaH2PO4, pH 7.0. PBS-tween (PBSt) was supplemented with 0.1% 
(w/v) Tween-20. Skimmed milk-PBSt (mPBST) was PBSt with 1%, w/v, skimmed milk powder 
filtered with a 0.45 µm filter prior to use. Inhibitor mix was mPBSt containing 200 µM PPACK 
and 100 KIU/mL aprotinin. Diluted inhibitor mix was inhibitor mix containing 20 µM PPACK 
and 10 KIU/mL aprotinin.

Immuno-assay procedure
VHH-D1 was coated on 96-wells maxisorp plates at 5 µg/mL in 50 µL PBS (pH 7.4) per well 
o/n at 4°C. During all following steps the plates were incubated on a plate shaker (600 rpm) 
at RT. First, plates were blocked with 200 µL mPBSt pH 7.0 for 1 hour. Samples were prepared 
by dilution in inhibitor mix pH 7.0, where after DXS (0.5 µg/mL final concentration; 5 µL DXS 
solution was added to 200 µL sample) was added to inhibitor mix to enhance (c)HK binding 
to the plates. After 10 minutes incubation and mixing, 50 µL sample per well was added. 
Plates were incubated for 1 hour at RT, and washed three times with 200 µL PBSt pH 7.0. Next, 
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50 µL 2 µg/mL VHH-H4 was added in diluted inhibitor mix pH 7.0 for 1 hour, and plates were 
washed three times with 200 µL PBSt pH 7.0. Next 50 µL 0.5 µg/mL streptavidin poly-HRP was 
added in diluted inhibitor mix pH 7.0 for 1 hour, and plates were washed three times with 
200 µL PBSt pH 7.0. TMB substrate conversion (100 μL) was allowed up to 10 minutes and 
stopped by adding 0.3M H2SO4 and analyzed with a micro-plate reader at 450nm (Versamax,  
Molecular  Devices,  Sunnyvale,  United States).

Samples tested in the assay included 250 ng/mL purified cHK or HK in diluted inhibitor 
mix pH 7.0, as well as plasma samples in inhibitor mix. For some experiments, normal pooled 
plasma (NPP) was activated with 1 µg/mL βFXIIa. Prior to activation both NPP and activators 
were pre-warmed to 37°C. To stop activation, NPP was diluted 1:32, 1:64 or 1:128 in inhibitor 
mix pH 7.0.

Calibration standards were made by activating NPP with 1 µg/mL βFXIIa for 6 minutes, 
western blotting of HK confirmed HK was fully cleaved under these conditions. Activated 
NPP was mixed with NPP at various ratios to obtain a calibration standard.

Western blotting
NPP was activated with βFXIIa as described above and sampled 1:40 in reducing sample 
buffer (15.5% glycerol, 96.8 mM Tris-HCL, 3.1% SDS, 0.003% bromophenol blue and 25 mM 
DTT). Samples were incubated for 10 min at 100°C, and 4 µL sample per lane was run on 
a 4-12% Bis-Tris gradient gel in 1X MOPS buffer. For purified HK and cHK, 7 ng per lane was 
loaded (reduced). Proteins were transferred onto Immobilon-FL membranes. After blocking 
with Odyssey Blocking Reagent membranes were incubated with polyclonal sheep anti-
human HK IgG (1:4000,  reacts with light chain HK) in Odyssey Blocking Reagent and, after 
washing with tris buffered saline (50 mM Tris, 150 mM NaCl, pH=7.4, TBS) 1% Tween-20 (w/v; 
TBSt), with  Alexa 680 donkey anti-sheep IgG (1:5000). Membranes were scanned using 
Infrared fluorescence detection system (Odyssey). LI-COR Odyssey V3.0 software was used 
to quantify signal density. 

To quantify HK cleavage, the density of the 120 kD band of non-cleaved HK was 
compared with that of the 50 and 40 kD fragment bands of cHK. Density of the fragments 
in fully contact activated plasma was generally lower than density of the 120 kD zymogen 
band. In order to analyze the relative amount of fragment present compared to zymogen, 
fragment density was multiplied by (density zymogen in plasma/ density fragments in fully 
contact activated plasma).

The kininogen content captured by VHH-D1 on maxisorp plates was analyzed by first 
incubating sample on VHH-D1 coated plates as described above, only in this case 500 µL 
instead of 200 µL per condition was prepared. Eight wells per condition were incubated for 
1 hour, after washing thoroughly, 40 µL sample buffer containing 25 mM DTT was added 
and transferred from well to well to concentrate the kininogen content in the sample buffer 
added, 15 µL per condition, per lane, was loaded on gel.
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To analyze kininogen cleavage in NPP in PBSt pH 7.0 buffer in the presence or absence 
of 200 μM PPACK and 100 KIU/mL aprotinin, NPP was diluted 1:32 and incubated at 37°C for 
60 minutes. Next, the samples were diluted 1/3 in sample buffer containing DTT,  15 µL per 
lane was loaded on gel.

Western blotting of healthy control and C1INH-HAE patients was performed under non-
reducing conditions as described by Suffritti et alE1.

Plasma assay of kallikrein-like activity
NPP was diluted 1:32 in mPBSt pH 7.0 or inhibitor mix pH 7.0 and DXS with a final concentration 
of 0.5 µg/mL was added. After 30 minutes, chromogenic substrate H-D-Pro-Phe-Arg-pNA (0.5 
mM final concentration) was added and substrate conversion was measured with a micro-
plate reader at 405nm (Versamax,  Molecular  Devices,  Sunnyvale,  United States).

Complement system activity
C1-INH antigen levels and functionalit, C4 and C1q levels were determined in plasma from 
C1INH-HAE patient remission samples and healthy controls of the validation cohort as 
described beforeE1.

Statistical analysis
Graphpad Prism 7 software was used for data analysis. D’Agostino’sK2 test was used to 
determine sample distribution. Mann-Whitney t-test was used to compare groups of 
technical replicates. Kruskal-Wallis test was used for difference in cHK levels per disease state 
and inter cohort differences corrected for multiple testing with Dunn’s multiple comparison’s 
test. Wilcoxon-paired rank test was used for comparison of disease state within one patient 
and sample collection in citrated tubes and inhibitor tubes obtained at the same time. 
Correlations were analyzed using Spearmans r test.

Standards were included on each plate and plotted in GraphPad Prism 7.0 software 
(GraphPad Software, La Jolla, Calif ) using a sigmoidal 4PL fit model to which sample values 
were related.

Baseline levels of cHK in NPP were extrapolated from the OD of NPP and OD of NPP 
mixed with set amounts of activated NPP (0 to 15%) of three individual experiments. Prior 
to extrapolation, graphs of the experiments were controlled for linearity using Graphpad 
software (R squares: 0.95, 0.99, 0.97, respectively). Next the following calculation was used: 

Baseline cHK = OD NPP / (OD NPP – OD x% activated NPP/ x%)

The determined baseline cHK level of 5.2% ± 1.1 represents the mean and SD of 21 samples.
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ABSTRACT
Background 
Uncontrolled bradykinin release in Hereditary Angioedema (HAE) results in attacks of tissue 
swelling. Plasma kallikrein (PKa) releases bradykinin by cleaving high molecular weight 
kininogen (HK) into cleaved HK (cHK). The oral PKa inhibitor ATN-249 is under development 
as treatment for HAE. Its pharmacokinetics and safety were investigated in a single ascending 
dose study in healthy study subjects. 

Aim 
To develop an assay that functionally monitors the presence of ATN-249 in human plasma. 

Methods 
Plasma samples were collected predose, 2, 4, 9, 12 and 24 hours after intake of ATN-249. 
cHK generation was analyzed by ELISA after ex vivo triggering of study sample plasmas with 
ellagic acid. Alternatively, PKa activity in ellagic acid-triggered plasma was measured with 
a fluorogenic substrate. 

Results 
ATN-249 dose-dependently inhibits cHK generation in plasma samples from study subjects of 
the single ascending dose study after ex vivo triggering of plasma with ellagic acid. Triggered 
cHK generation in predose samples from healthy study subjects was 68.1%, ±17.5% (i.e. 
~70% of the total plasma HK pool was cleaved). This process was significantly inhibited 2 
hours after drug intake for 100 mg (after a high caloric meal); 2 and 4 hours with 150mg, 
200mg and 400mg and 2, 4, 6, 9 and 12 hours after intake of 800 mg ATN-249 compared 
to placebo. Maximum inhibition occurred 2 hours after intake of 800mg ATN-249; at this 
point cHK generation was decreased with 40,5%. Inhibition was more pronounced on PKa 
activity analyzed in a fluorogenic substrate conversion assays. Dose dependent inhibition of 
triggered PKa generation was detectable up to 24 hours after intake of 150 mg or 800 mg 
ATN-249 and the maximum mean inhibition (99% inhibition) was observed 2 hours after 
intake of 800 mg ATN-249. 

Conclusion 
We developed a functional assay for monitoring drug activity of ATN-249 by triggering PKa 
activity in plasma using cHK as a read-out. With this assay we demonstrate the biological 
activity of the oral kallikrein inhibitor ATN-249 ex vivo in healthy subjects. 
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INTRODUCTION
When plasma kallikrein (PKa) cleaves high molecular weight kininogen (HK), the vasoactive 
peptide bradykinin is released1. Bradykinin promotes vasodilation and increased vascular 
permeability and is notorious for causing tissue swelling in hereditary angioedema (HAE)2. 
Most HAE patients either have a deficiency in- or a dysfunction of C1-esterase inhibitor 
(C1-INH), which is respectively classified as HAE-1 or HAE-23. This serine protease inhibitor 
controls two enzymes that are involved in bradykinin production: activated factor XII (FXIIa), 
and PKa. Hence, C1-INH deficiency results in bouts of uncontrolled bradykinin production3.

Currently, therapeutic options for prophylaxis of angioedema attacks consist of twice 
weekly C1-INH administration; either intravenous4 or subcutaneous5 or (twice) monthly 
subcutaneous injection with a monoclonal antibody targeting PKa6. Alternatively, 
attenuated androgens are used as prophylaxis but these are known for their unfavorable 
side effects7. Oral treatment with a PKa inhibitor seems an appealing alternative. To meet 
this need, the oral PKa inhibitor ATN-249 is under development. This therapy holds promise 
as a prophylactic drug for HAE-1 and -2. ATN-249 was tested in a phase I single ascending 
dose study in healthy study participants.

In the present study, we sought for evidence to support the biological activity of 
ATN-249 in plasma of these study subjects. The presence of ATN-249 in plasma should 
prevent bradykinin release, when exposed to a trigger for PKa activity ex vivo. However, 
bradykinin is very hard to measure directly due to its small size (9 amino acids) and half-life 
of seconds  due to plasma kininases1,2,8. Cleaved HK (cHK), the byproduct of bradykinin 
release, is generally accepted as a surrogate marker for bradykinin production9. This can be 
determined by western blotting9,10. As an alternative, we recently developed a nanobody-
based ELISA that detects cHK and validated this assay in two cohorts of HAE patients11. 
Contrary to the commonly used immunoblot method, cHK ELISA allows for high throughput 
of samples and quantification of data. The aim of this study is to evaluate whether our cHK 
ELISA can be used to functionally monitor for the presence of ATN-249 in human plasma, 
exposed to a trigger for PKa activity ex vivo. cHK generation was compared to PKa activity 
detected with an enzyme activity assay using a fluorogenic substrate. 

METHODS
Plasma samples
A randomized, double-blind, placebo-controlled single ascending dose and crossover food 
effect study was performed with ATN-249. After written informed consent, 48 healthy males 
received a single oral dose of 50 mg, 100 mg, 150 mg, 200 mg, 400 mg, or 800 mg ATN-249. 
Subjects in the 100 mg dose cohort received their first dose under fasted condition and 
after a 7-day washout, a second dose 30 minutes after the start of a high fat, high caloric 
meal. Each dose cohort consisted of 6 subjects that were given active compound and 2 
subjects that were given placebo. Serial blood draws were collected in sodium citrate blood-
collection tubes (Greiner Bio-one, Kremsmünster, Austria). Collections took place pre-dose, 
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and at 2 hours, 4 hours, 9 hours, 12 hours and 24 hours after ATN-249 intake. Samples were 
centrifuged at 2000 xg for 10 minutes at 4 ºC shortly after collection and stored at -80°C. 
Prior to analyses, plasma samples were thawed at 37 ºC, vortexed for 5 seconds and 50 µL 
aliquots were stored in deepwell storage plates (Thermo Scientific, Waltham, Mass) at -80ºC 
until analysis.

In addition, citrated plasma samples of ~50 healthy volunteers were collected and pooled 
(referred to as normal pooled plasma, NPP). Following standard procedures blood was 
collected in sodium citrate (3.2% wt/vol) blood-collection tubes (Becton Dickson Vacutainers, 
Vianen, the Netherlands). Tubes were centrifuged twice at 2000 xg for 10 minutes shortly 
after collection and stored in aliquots at -80 °C until use. Samples underwent 1 extra freeze-
thaw cycle when being pooled. This protocol was approved by University Medical Center 
Utrecht ethical committee and volunteers signed written informed consent.

MATERIALS 
Bovine Serum Albumin (BSA), ellagic acid (E2250), dextran sulfate molecular (average) 
weight 500.000 (DXS), skimmed milk powder, NaCl, Na2HPO4, NaH2PO4, and Tween-20 were 
from Sigma-Aldrich (St. Louis, MO, USA). 96 well flat bottom MaxiSorp microtitre plates and 
FluorNunc(™) framed 16 well flat bottom black microtitre plates and 0.8 mL polyprolypene 
deepwell storage plates (AB-0765) and storage plate cap strips (AB0981) and were from 
Thermo Scientific (Waltham, Mass). 1.2 mL polypropylene tubes were from BRAND GMBH 
+ CO KG (Wertheim, Germany). βFXIIa, was from Enzyme Research laboratories (South 
Bend, Ind). 3,3’,5,5’-Tetramethyl-benzidine (TMB) was from Tebu Bio (Heerhugowaard, 
The Netherlands). Streptavidin-poly-HRP was from Sanquin Blood Supply (Division Reagents, 
Amsterdam, The Netherlands). Phe-Pro-Arg-chloromethylketone (PPACK) was purchased 
from Haematologic Technologies (Essex Junction, VT, USA). Anti-cleaved kininogen specific 
monoclonal VhH-D1 and biotinylated monoclonal anti-kininogen VhH-H4 were produced 
in our lab as published11. Substrate Z-FR-AMC · HCl (I-1160, Bachem, Ca, USA). Microplate 
reader SpectraMax M4 was used for absorbance measurements and SepctraMax iD3 for 
fluorescence measurements (Molecular Devices, Sunnyvale, United States). 

Triggered cHK generation assay
96-wells flat bottom microtiter plates were coated with 5 µg/mL VhH D1 (50 µL per well) 
in phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 9.2 mM Na2HPO4, 1.76 mM 
KH2PO4, pH 7.4.) overnight at 4ºC. The plates were blocked for 2 hours with 150 µL PBS per 
well (consisting of 127.9 mM NaCl, 6.2 mM Na2HPO4, 3.7 mM NaH2PO4, pH 7.0) supplemented 
with 0.1% (v/v) Tween-20 (PBST) and 1% (w/v) skimmed milk (mPBST) , while shaking at 
600 rpm at room temperature. To generate an assay standard, NPP was activated with 1 
µg/mL βFXIIa (final concentration), by incubating 1 volume βFXIIa in PBS (pH 7.4) with 9 
volumes NPP at 37ºC for 10 minutes. Enzymatic activity was stopped by diluting plasma 
128-fold in mPBST, containing 50 μM PPACK. Non-activated plasma was prepared by adding 
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1 volume PBS to 9 volumes NPP which was diluted 128-fold in mPBST containing 50 μM 
PPACK. Activated (100% kininogen cleavage) and non-activated diluted plasma in mPBST 
containing 50 µM PPACK were mixed to generate a standard curve with a cHK range from 0 
to 100% (standard curve samples contained 0%, 10%, 20%, 30%, 50%, 70%, 80% and 100% 
activated plasma). 

To determine plasma activation time and concentration of the activator, 100 μL NPP 
was added to 1.2 mL polypropylene tubes, EA (40 μM) and βFXIIa (50 nM) were dissolved 
in HEPES-buffered saline (HBS; 10 mmol/L HEPES, 150 mmol/L NaCl, 1 mmol/L MgSO4 
and 5 mmol/L KCl pH 7.4). Plasma and activator were prewarmed at 37ºC for at least 5 
min prior to activation. 100 μL activator was added to NPP and resuspended vigorously. 
After 1, 5 and 10 minutes, activation was stopped by dilution of the activated plasma 
sample 4-fold in mPBST containing 200 μM PPACK. The samples were stepwise-diluted 
further (17.6-fold), so that the final plasma dilution was 1:141 in mPBST, containing 50 
μM PPACK. In this way, sample plasma dilutions wereequal to the plasma dilutions that 
were used in the assay standard. In a comparable manner, titration series of EA (40 μM 
-300 nM) and βFXIIa (25-0.39 nM) were used to activate NPP by adding 50 μL activator 
to 50 μL NPP. Activation was stopped after 3 minutes. 

For experiments in plasma samples from study subjects, samples (50 μL) were thawed 
at 37ºC, vortexed and centrifuged for 2 min at 200g. Ellagic acid (EA) was prediluted 
in HBS to a concentration of 5 μM. Both EA in HBS (5 µM) and plasma samples were 
prewarmed at 37ºC for 10 minutes prior to activation. Plasma samples were activated by 
adding 50 μL EA (5 µM in HBS, 2,5 μM final concentration in 100 μL sample) to the 50 μL 
plasma sample in a 96-deep well plate, while resuspending vigorously. After 3 minutes 
contact activation was stopped. 

For all experiments, DXS (0.5 μg/mL final concentration in samples) was added to 
both standard curve samples and test samples. Directly after addition of DXS and after 
10 minutes incubation the samples are vigorously mixed on a plate vortex. The samples 
were added in duplicate (50 μL per well) to the blocked maxisop plates and incubated 
for 1 hour while shaking 600 rpm at room temperature. Plates were washed 3x with 150 
μL PBST. Detection VhH H4-biotin (2 µg/mL in mPBST,25 μM PPACK) was added (50µL 
per well) and was incubated for 1 hour while shaking 600 rpm at room temperature. 
Plates were washed 3x with 150 μL PBST. Streptavidin-poly-HRP (0.5 μg/mL) in mPBST,25 
μM PPACK) was added (50µL per well) and incubated for 30 minutes while shaking 600 
rpm at room temperature. Plates were washed 3x with 150 μL PBST. 100 μL TMB was 
added and substrate conversion was measured at 650nm for 20 minutes measuring 
absorbance every minute. A calibration curve was generated in GraphPad Prism 7.0 
software (GraphPad Software, La Jolla, Calif ) using a sigmoidal 4PL fit model on which 
the test samples were interpolated.
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Plasma Kallikrein activity assay
96-well flat bottom black plates were blocked with 150 μL HBS containing 0.1% BSA (w/v) at 
37 C for 20 min on a plate heater. Plasma (NPP or study samples) was thawed at 37 C for 5-10 
minutes, vortexed, and 15 μL per well was added.

Next, 20 μL per well I-1160in HBS was added (final concentration 50 μM) followed 
by 15 μL ellagic acid (final concentration 2,5 μM) after which plates were immediately 
placed in the plate reader. Substrate conversion was monitored at 360/460 (excitation/
emission) every minute for 30 minutes by an iD3 Spectramax plate reader at 37 °C, 
shaking samples prior to every read. Relative fluorescent units (RFU) after 15 minutes 
were used for data analysis. 

Data analysis
Data was analyzed using GraphPad Prism 7 software. Column Statistics was used for 
descriptive statistics and normality testing, a sigmoidal 4PL fit model was used to interpolate 
samples and calculate an IC50 and Dunnett’s multiple comparisons test was used for analysis 
of effect on cHK generation and PKa activity. Spearman’s rank test was used to calculate 
correlation between cHK and PKa. Kruskal-Wallis test was used for differences among 
consecutive samples of study subjects receiving placebo. In addition to analyzing cHK 
values, cHK values normalized to pre-dose lcHK levels for individual study subjects were 
analyzed, where:

Relative cHK level = cHK at time point-x/pre-dose cHK *100.

Likewise, RFU of PKa substrate conversion were normalized to pre-dose RFU for individual 
study subjects:

Relative PKa activity = RFU at time point-x/pre-dose RFU*100.

RESULTS
Assay development
We set out to develop a functional assay for PKa-blocking drug activity. When plasma is 
incubated with FXIIa, or EA, cHK formation is triggered (Figure 1A).Typically, cHK is first 
generated during extensive contact activation but then further degraded to become 
undetectable in our ELISA setup (Figure 1A). We therefore restricted plasma activation times 
to 3 minutes. Next, we titrated both activators to determine a concentration at which robust 
cHK generation occurs within 3 minutes. Concentrations of 6.25 nM for βFXIIa and 2.5 μM 
EA were selected as trigger (Figure 1B,C). We went forward with EA as triggering compound 
as this results in consistent, repeatable cHK generation. By comparison, when PKa activity 
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Figure 1. Assay development. A) Cleaved high molecular weight kininogen (cHK) generation over 
time after stimulation with 25 nM βFXIIa (closed symbols) or 20 µM ellagic acid (EA, open symbols). 
cHK generation after 3 minutes exposures to concentration ranges of B) βFXIIa or C) EA. The Y-axis 
represents cHK levels where 0% reflects cHK in normal pooled plasma (NPP), 100% fully cleaved HK in 
NPP. D) Plasma kallikrein (PKa) activity in NPP during ellagic acid stimulation (2.5 µM) or no activator 
(HBS). Mean and SD of three individual experiments are shown.  

is triggered with 2.5 μM EA, robust amidolytic PKa activity is generated (Figure 1D), analysis 
time was set at 15 minutes for PKa activity throughout this work. 

The plasma of healthy study subjects displays variation in ex vivo triggered cHK 
generation.
We then applied the cHK trigger assay on plasma collected form healthy study participants 
included in the ATN-249 single ascending dose study. When analyzing predose cHK 
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generation in all 48 study participants we observed considerable variation in cHK generation 
in response to EA; mean cHK 68.1%, SD ±17.5%, range:31.51-101.8% (Figure 2A). We 
aimed to determine if this variation existed throughout all samples or was explained by 
interindividual variation. cHK generation in consecutive samples over time within study 
subjects receiving placebo appeared stable (Figure 2B); with the lowest individual mean 
cHK generation of 34,6% SD5,5% and highest mean cHK generation of 87,4% SD6,1%. 
A comparable phenomenon was seen for PKa activity in the enzyme activity assay. There 
was a broad range of PKa activity in predose samples. However, when analyzing consecutive 
samples over time within subjects receiving placebo we observed significant differences in 
cHK generation (p<0.0001) and PKa activity (p<0.0001) among patients (Figure 2C and D). 
This interindividual variation suggest an endogenous propensity for PKa activation and cHK 
generation, rather than methodological issues underlies the variation in cHK generation 
observed among healthy volunteers. 

Figure 2. Healthy study subjects display a specific propensity to cHK and PKa generation and upon 
ellagic acid stimulation. Cleaved high molecular weight kininogen (cHK) generation after 3 minutes of 
ellagic acid stimulation (2,5 µM) in A) all 56 single ascending dose study samples prior to drug intake 
(predose), line represents mean B) all 12 study subjects receiving placebo predose, 2,4,9,12 and 24 
hours after placebo intake, lines represent means. Y-axis represents cHK; 0% reflects cHK in normal 
pooled plasma (NPP), 100% fully cleaved HK in NPP. Plasma kallikrein (PKa) activity in C) all 56 single 
ascending dose study samples prior to drug intake (predose), line represents mean D) all 12 study 
subjects receiving placebo predose, 2,4,9,12 and 24 hours after placebo intake, lines represent means. 
Y-axis represents Relative Fluorescent Units (RFU) 15 minutes after start of stimulation. Differences 
among study subjects were tested using Kruskal-Wallis test.
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Figure 3. cHK generation is dose dependently inhibited in study subjects receiving ATN-249. A) 
Cleaved high molecular weight kininogen (cHK) generation after 3 minutes of ellagic acid stimulation 
(2500nM) in plasma from 48 healthy study subjects; 6 per active treatment, 12 placebo, 8 tested both 
under fasted and fed conditions. Y-axis represents cHK; 0% reflects cHK in normal pooled plasma (NPP), 
100% fully cleaved HK in NPP. B) data normalized to individual pre-dose cHK generation per study 
subject. Bars represent mean and SD, differences among placebo and active cohorts were calculated 
with Dunnett’s multiple comparison test * = p<.05 **= p<.01 ***=p<.001, ****=p<.0001.

cHK generation is dose dependently inhibited in study subjects receiving ATN-249
Decrease in cHK generation was seen in 2, 4, 9 and 12 hour after intake of 800 mg ATN-249 
compared to subjects receiving placebo (Figure 3A), with a maximum absolute mean 
difference of -34.5% cHK after 4 hour (Supplementary Table 1).  We next, analyzed these data 
after normalization to correct for interindividual differences in triggered cHK generation. 
Decrease in cHK generation was seen 2 and 4 hours after drug intake for subjects receiving 
150 mg and 200 mg ATN-249. When normalizing data to pre-dose cHK generation, decrease 
was observed 2, 4, 6, 9 and 12 hours after intake of 800 mg ATN-249 compared to placebo 
(Figure 3B), with a maximum relative mean difference of -40.5% after 2 hour (Supplementary 
Table 2). In addition, decrease in generated cHK was seen after 2 and 4 hour after drug intake 
in subjects receiving 100 mg (fed state, only after 2 hour), 150 mg, 200 mg, and 400 mg. 
Mean inhibition for absolute and relative cHK values per cohort per time point are displayed 
in Supplementary Tables 1 and 2. 
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In the PKa substrate conversion assays, the effects of ATN-249 were more pronounced 
and detectable at later timepoints compared to effects on cHK generation. Inhibition 
compared to placebo was observed for all concentrations ATN-249 after 2,4 and 9 hours and 
the effect lasted up to 24 hours for concentrations ATN-249 of 150 mg, 200 mg, 400 mg and 
800 mg (Figure 4A). When analyzing PKa activity relative to predose activity inhibition was 
observed for all concentrations after 2 hours, for all but 50 mg after 4 and 9 hour and all but 
50 mg and 100 mg after 12 hours. The effect lasted up to 24 hour for 150 mg and 800 mg 
ATN-249 (Figure 4B). Maximal inhibition was seen 2 hours after intake of 800mg ATN-249 
with a mean relative difference of -99% compared to placebo (Supplementary Table 4). Mean 
inhibition for absolute and relative PKa activity per cohort per time point are displayed in 
Supplementary Tables 3 and 4.  

Figure 4. PKa generation is dose dependently inhibited in study subjects receiving ATN-249. A) 
Plasma kallikrein (PKa) activity after ellagic acid stimulation (2500nM) in plasma from 48 healthy study 
subjects; 6 per active treatment, 12 placebo, 8 tested both under fasted and fed conditions. Y-axis 
represents Relative Fluorescent Units (RFU) 15 minutes after start of stimulation. B) data normalized 
to individual pre-dose PKa activity per study subject. Bars represent mean and SD, differences among 
placebo and active cohorts were calculated with Dunnett’s multiple comparison test * = p<.05 **= 
p<.01 ***=p<.001, ****=p<.0001.
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DISCUSSION
We developed a cHK trigger assay using a cHK ELISA as read-out and demonstrated ex 
vivo biological activity of the oral kallikrein inhibitor ATN-249 in healthy subjects. Upon 
triggering of plasma samples from healthy study subjects of a single ascending dose study 
a dose dependent inhibitory effect on cHK generation was observed. The effect lasted up to 
12 hours after ingestion of 800 mg ATN-249. These findings reflect the presence of a relevant 
free fraction of the drug in plasma from study subjects that prevents bradykinin release.

We compared triggered cHK generation monitored by ELISA to to triggered PKa activity 
in an enzyme activity assays. Since cHK is a direct marker for bradykinin release, as it is 
the byproduct of bradykinin generation, it is the more clinically relevant biomarker. Any PKa-
targeting HAE therapy will have to disturb this biological interaction. However, enzyme activity 
assays are also a practical and commonly used tool to study PKa activity12,13 (PMID). In these 
enzyme activity assays conversion of a chemical substrate by PKa is tested while, conversion 
by PKa of the natural substrate HK is measured in the cHK trigger assay. When comparing 
these two methods PKa activity on chemical substrate conversion was more easily inhibited 
by ATN-249. These differences may be explained by technical factors as the experimental 
set-ups are not one on one comparable. It may also be explained by biological factors as 
the cleavage kinetics of HK can be more favorable then the chemical substrate. Although 
the two parameters show moderate correlation, we stress that no direct comparison should 
be made between these two assay types. The results do however complement each other. 
The PKa assay appears to be more sensitive, demonstrating biological availability of the drug 
for longer periods of time after intake of lower drug concentrations. While the cHK assay adds 
the clinically relevant information that the compound indeed prevents bradykinin release.  

Figure 5. cHK generation correlates to PKa activity. Plasma kallikrein (PKa) and cleaved high molecular 
weight kininogen (cHK) measured in all 336 study samples, placebo and active treatment over time. 
Y-axis represents PKa activity in Relative Fluorescent Units (RFU) 15 minutes after stimulation with 
2500nM ellagic acid (EA). X-axis represents cHK 3 minutes after stimulation with 2500nM EA; 0% reflects 
cHK in normal pooled plasma (NPP), 100% fully cleaved HK in NPP. Correlation was calculated using 
Spearman correlation coefficient.
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Interestingly, we found that healthy subjects demonstrated considerable variability in 
sensitivity to the EA trigger, both on PKa enzyme activity and cHK generation. This specific 
propensity was consistent over time in subjects receiving placebo. This observation appears 
to be in line with the finding that healthy controls and HAE-1 and 2patients present with 
a wide range in cHK levels (2.7-17.4% for healthy controls, 1.8-74.7% for HAE patients during 
remission)11. This individual sensitivity to contact activation may give a clue to why some 
develop frequent angioedema while others do not. This was also proposed by Lara-Marquez 
and colleagues, that demonstrated increased sensitivity to the triggering compound 
DXS in patients with HAE-1 and 2, HAE with normal C1-INH levels and idiopathic non  
histaminergic angioedema13. 

Although the extent of therapeutic efficacy in HAE cannot be translated 1 on 1 from 
the inhibitory effect of a drug in a contact activation triggered assay, this cHK trigger 
assay holds promise as a practical tool to monitor drug activity in healthy study subjects. 
The trigger used is unlikely representative for cHK generation during an angioedema 
attack. In our experimental set-up the mean cHK level generated in study subjects prior 
to drug intake was 68.1% within 3 minutes. We previously showed that HAE-1 and 2 
patients have median cHK levels of 16% during remission (compared to 6.44% in healthy 
subjects) and  33% during angioedema attacks11. Our triggered system therefore represents 
supraphysiological cHK generation. The maximum mean inhibition reached was 34.5% 
(absolute cHK inhibition), 4 hours after ingestion of 800 mg ATN-249. We expect that partial 
inhibition under our supraphysiological assay conditions are sufficient to abolish a milder 
bout of contact activation occurring in HAE patients. In addition to a cHK trigger assay, 
monitoring untriggered cHK in future phase II and phase III studies in HAE patients may 
demonstrate efficacy of ATN-249 on physiological contact activation in the context of HAE.

In conclusion, the cHK trigger assay can be used as a tool to demonstrate ex vivo 
efficacy on bradykinin release. cHK generation correlates well to PKa activity measured in 
an enzymatic assay but HK cleavages tends to be harder to control in our systems. With 
the current study we demonstrated ex vivo biological activity of the oral kallikrein inhibitor 
ATN-249 in healthy subjects from a single ascending dose study. We propose that both 
triggered and untriggered cHK measurement are useful companion diagnostics in HAE  
drug development.  
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Supplementary Table 1. Dunnett’s multiple comparisons test on cHK values

Dunnett’s multiple comparisons test Mean Diff, 95,00% CI of diff, Summary
Adjusted  
P Value

Predose
Placebo vs. 50 mg 19,43 -1,715 to 40,57 ns 0,0858
Placebo vs. 100 mg period 1 9,776 -11,37 to 30,92 ns 0,7163
Placebo vs. 100 mg period 2 3,115 -18,03 to 24,26 ns 0,9994
Placebo vs. 150 mg 12,59 -8,555 to 33,73 ns 0,46
Placebo vs. 200 mg 17,02 -4,12 to 38,17 ns 0,1691
Placebo vs. 400 mg 3,887 -17,26 to 25,03 ns 0,996
Placebo vs. 800 mg 9,836 -11,31 to 30,98 ns 0,7108

2h
Placebo vs. 50 mg 18,3 -2,848 to 39,44 ns 0,1195
Placebo vs. 100 mg period 1 12 -9,147 to 33,14 ns 0,512
Placebo vs. 100 mg period 2 15,79 -5,352 to 36,94 ns 0,2309
Placebo vs. 150 mg 30,07 8,926 to 51,21 ** 0,0015
Placebo vs. 200 mg 29,25 8,104 to 50,39 ** 0,0021
Placebo vs. 400 mg 18,14 -3,009 to 39,28 ns 0,1251
Placebo vs. 800 mg 33,96 12,81 to 55,1 *** 0,0002

4h
Placebo vs. 50 mg 16,48 -4,659 to 37,63 ns 0,1944
Placebo vs. 100 mg period 1 9,799 -11,35 to 30,94 ns 0,7142
Placebo vs. 100 mg period 2 12,72 -8,423 to 33,86 ns 0,4487
Placebo vs. 150 mg 28,27 7,121 to 49,41 ** 0,0033
Placebo vs. 200 mg 27,32 6,178 to 48,47 ** 0,0049
Placebo vs. 400 mg 17,86 -3,285 to 39 ns 0,1351
Placebo vs. 800 mg 34,45 13,31 to 55,59 *** 0,0002

9h
Placebo vs. 50 mg 14,47 -8,101 to 37,05 ns 0,3806
Placebo vs. 100 mg period 1 3,77 -17,37 to 24,91 ns 0,9971
Placebo vs. 100 mg period 2 12,49 -8,656 to 33,63 ns 0,4686
Placebo vs. 150 mg 19,8 -1,34 to 40,95 ns 0,0766
Placebo vs. 200 mg 16,29 -4,854 to 37,43 ns 0,2042
Placebo vs. 400 mg 4,427 -16,72 to 25,57 ns 0,9929
Placebo vs. 800 mg 24,81 3,662 to 45,95 * 0,0136

12h
Placebo vs. 50 mg 13,62 -7,526 to 34,76 ns 0,376
Placebo vs. 100 mg period 1 2,091 -19,05 to 23,23 ns 0,9996
Placebo vs. 100 mg period 2 3,636 -17,51 to 24,78 ns 0,9973
Placebo vs. 150 mg 14,77 -6,378 to 35,91 ns 0,2935
Placebo vs. 200 mg 12,24 -8,899 to 33,39 ns 0,4899
Placebo vs. 400 mg -7,922 -29,07 to 13,22 ns 0,8661
Placebo vs. 800 mg 23,09 1,942 to 44,23 * 0,0257
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Supplementary Table 1. (continued)

Dunnett’s multiple comparisons test Mean Diff, 95,00% CI of diff, Summary
Adjusted 
 P Value

24h
Placebo vs. 50 mg 15,47 -5,677 to 36,61 ns 0,2496
Placebo vs. 100 mg period 1 4,916 -16,23 to 26,06 ns 0,9875
Placebo vs. 100 mg period 2 2,145 -19 to 23,29 ns 0,9996
Placebo vs. 150 mg 14,68 -6,463 to 35,82 ns 0,2992
Placebo vs. 200 mg 15,76 -5,383 to 36,9 ns 0,2326
Placebo vs. 400 mg 2,093 -19,05 to 23,24 ns 0,9996
Placebo vs. 800 mg 14,78 -6,364 to 35,92 ns 0,2925

Supplementary Table 2. Dunnett’s multiple comparisons test on relative cHK values

Dunnett’s multiple comparisons test Mean Diff, 95,00% CI of diff, Summary
Adjusted  
P Value

Predose
Placebo vs. 50 mg 0 -16,71 to 16,71 ns >0,9999
Placebo vs. 100 mg period 1 0 -16,71 to 16,71 ns >0,9999
Placebo vs. 100 mg period 2 0 -16,71 to 16,71 ns >0,9999
Placebo vs. 150 mg 0 -16,71 to 16,71 ns >0,9999
Placebo vs. 200 mg 0 -16,71 to 16,71 ns >0,9999
Placebo vs. 400 mg 0 -16,71 to 16,71 ns >0,9999
Placebo vs. 800 mg 0 -16,71 to 16,71 ns >0,9999

2h
Placebo vs. 50 mg -1,416 -18,13 to 15,3 ns 0,9997
Placebo vs. 100 mg period 1 5,213 -11,5 to 21,93 ns 0,9401
Placebo vs. 100 mg period 2 19,73 3,019 to 36,44 * 0,0127
Placebo vs. 150 mg 31,5 14,79 to 48,21 **** <0,0001
Placebo vs. 200 mg 25,64 8,932 to 42,36 *** 0,0005
Placebo vs. 400 mg 23,47 6,759 to 40,18 ** 0,0018
Placebo vs. 800 mg 40,54 23,83 to 57,26 **** <0,0001

4h
Placebo vs. 50 mg -5,163 -21,88 to 11,55 ns 0,9428
Placebo vs. 100 mg period 1 1,584 -15,13 to 18,3 ns 0,9996
Placebo vs. 100 mg period 2 14,49 -2,224 to 31,2 ns 0,1184
Placebo vs. 150 mg 25,71 8,999 to 42,42 *** 0,0005
Placebo vs. 200 mg 20,66 3,943 to 37,37 ** 0,008
Placebo vs. 400 mg 20,67 3,953 to 37,38 ** 0,008
Placebo vs. 800 mg 38,23 21,52 to 54,94 **** <0,0001
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Supplementary Table 2. (continued)

Dunnett’s multiple comparisons test Mean Diff, 95,00% CI of diff, Summary
Adjusted  
P Value

9h
Placebo vs. 50 mg -14,48 -32,33 to 3,361 ns 0,1632
Placebo vs. 100 mg period 1 -8,647 -25,36 to 8,065 ns 0,6089
Placebo vs. 100 mg period 2 13,41 -3,307 to 30,12 ns 0,1719
Placebo vs. 150 mg 12,62 -4,095 to 29,33 ns 0,2215
Placebo vs. 200 mg 1,183 -15,53 to 17,9 ns 0,9997
Placebo vs. 400 mg 1,014 -15,7 to 17,73 ns 0,9998
Placebo vs. 800 mg 24,45 7,735 to 41,16 *** 0,001

12h
Placebo vs. 50 mg -6,662 -23,37 to 10,05 ns 0,8296
Placebo vs. 100 mg period 1 -10,48 -27,19 to 6,232 ns 0,4042
Placebo vs. 100 mg period 2 1,757 -14,96 to 18,47 ns 0,9996
Placebo vs. 150 mg 5,066 -11,65 to 21,78 ns 0,9478
Placebo vs. 200 mg -3,509 -20,22 to 13,2 ns 0,9928
Placebo vs. 400 mg -13,83 -30,54 to 2,881 ns 0,149
Placebo vs. 800 mg 21,17 4,455 to 37,88 ** 0,0062

24h
Placebo vs. 50 mg -8,835 -25,55 to 7,877 ns 0,5868
Placebo vs. 100 mg period 1 -5,147 -21,86 to 11,56 ns 0,9436
Placebo vs. 100 mg period 2 0,1675 -16,54 to 16,88 ns >0,9999
Placebo vs. 150 mg 2,42 -14,29 to 19,13 ns 0,9994
Placebo vs. 200 mg -0,9775 -17,69 to 15,73 ns 0,9998
Placebo vs. 400 mg 0,008428 -16,7 to 16,72 ns >0,9999
Placebo vs. 800 mg 7,627 -9,085 to 24,34 ns 0,7275

Supplementary Table 3. Dunnett’s multiple comparisons test on PKa activity.

Dunnett’s multiple comparisons test Mean Diff, 95,00% CI of diff, Summary
Adjusted  
P Value

Pre-dose
Placebo vs. 50 mg 1414547 -316180 to 3145273 ns 0,1538
Placebo vs. 100 mg 30865 -1731696 to 1793426 ns >0,9999
Placebo vs. 100 mg fed state -160318 -1770668 to 1450031 ns 0,9996
Placebo vs. 150 mg 884339 -1103433 to 2872110 ns 0,7413
Placebo vs. 200 mg 517823 -1439378 to 2475025 ns 0,9723
Placebo vs. 400 mg -364067 -2016486 to 1288351 ns 0,9914
Placebo vs. 800 mg 1318262 -345498 to 2982021 ns 0,178

2h
Placebo vs. 50 mg 3511176 1819949 to 5202403 **** <0,0001
Placebo vs. 100 mg 2879666 945919 to 4813413 ** 0,0013
Placebo vs. 100 mg fed state 2145505 230646 to 4060365 * 0,0216
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Supplementary Table 3. (continued)

Dunnett’s multiple comparisons test Mean Diff, 95,00% CI of diff, Summary
Adjusted  
P Value

Placebo vs. 150 mg 4109387 2313757 to 5905018 **** <0,0001
Placebo vs. 200 mg 3873434 2144212 to 5602657 **** <0,0001
Placebo vs. 400 mg 4234142 2610758 to 5857527 **** <0,0001
Placebo vs. 800 mg 4949139 3327293 to 6570984 **** <0,0001

4h
Placebo vs. 50 mg 2568889 1285196 to 3852582 **** <0,0001
Placebo vs. 100 mg 1943647 629532 to 3257762 ** 0,0013
Placebo vs. 100 mg fed state 1686660 386392 to 2986929 ** 0,0056
Placebo vs. 150 mg 3385941 2216629 to 4555254 **** <0,0001
Placebo vs. 200 mg 2969943 1577518 to 4362367 **** <0,0001
Placebo vs. 400 mg 3363200 2227714 to 4498686 **** <0,0001
Placebo vs. 800 mg 3942608 2802164 to 5083051 **** <0,0001

9h
Placebo vs. 50 mg 1914654 61906 to 3767402 * 0,0399
Placebo vs. 100 mg 2334049 849058 to 3819041 *** 0,0006
Placebo vs. 100 mg fed state 2156047 543099 to 3768994 ** 0,0041
Placebo vs. 150 mg 3275216 1806210 to 4744222 **** <0,0001
Placebo vs. 200 mg 2794939 1065033 to 4524845 *** 0,0004
Placebo vs. 400 mg 2914455 1454179 to 4374732 **** <0,0001
Placebo vs. 800 mg 4039233 2640526 to 5437939 **** <0,0001

12h
Placebo vs. 50 mg 2586278 970627 to 4201929 *** 0,0005
Placebo vs. 100 mg 1825093 -20950 to 3671136 ns 0,0539
Placebo vs. 100 mg fed state 1911265 281938 to 3540592 * 0,0145
Placebo vs. 150 mg 3356572 1706581 to 5006562 **** <0,0001
Placebo vs. 200 mg 3182556 1562257 to 4802854 **** <0,0001
Placebo vs. 400 mg 2843387 1175829 to 4510945 *** 0,0002
Placebo vs. 800 mg 4337412 2866026 to 5808799 **** <0,0001

24h
Placebo vs. 50 mg 974188 -713084 to 2661461 ns 0,4946
Placebo vs. 100 mg 1379805 -154956 to 2914565 ns 0,0959
Placebo vs. 100 mg fed state 140517 -1383846 to 1664880 ns 0,9997
Placebo vs. 150 mg 2362284 1080265 to 3644302 **** <0,0001
Placebo vs. 200 mg 1797048 537397 to 3056699 ** 0,002
Placebo vs. 400 mg 1824718 495250 to 3154186 ** 0,0031
Placebo vs. 800 mg 2935548 1702991 to 4168105 **** <0,0001
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Supplementary Table 4. Dunnett’s multiple comparisons test on relative PKa activity.

Dunnett’s multiple comparisons test Mean Diff, 95,00% CI of diff, Summary
Adjusted P 
 Value

Pre-dose
2h

Placebo vs. 50 mg 53,54 21,78 to 85,30 *** 0,0007
Placebo vs. 100 mg 60,27 22,23 to 98,32 ** 0,0017
Placebo vs. 100 mg fed state 45,74 1,439 to 90,05 * 0,0419
Placebo vs. 150 mg 82,11 53,87 to 110,4 **** <0,0001
Placebo vs. 200 mg 77,31 48,03 to 106,6 **** <0,0001
Placebo vs. 400 mg 87,94 59,83 to 116,0 **** <0,0001
Placebo vs. 800 mg 98,91 71,81 to 126,0 **** <0,0001

4h
Placebo vs. 50 mg 36,4 -0,4556 to 73,26 ns 0,0533
Placebo vs. 100 mg 42,81 19,76 to 65,85 *** 0,0002
Placebo vs. 100 mg fed state 39,81 18,67 to 60,94 *** 0,0002
Placebo vs. 150 mg 67,62 46,67 to 88,57 **** <0,0001
Placebo vs. 200 mg 61,33 28,91 to 93,75 *** 0,0005
Placebo vs. 400 mg 72,21 51,24 to 93,18 **** <0,0001
Placebo vs. 800 mg 80,11 58,96 to 101,3 **** <0,0001

9h
Placebo vs. 50 mg 20,78 -31,51 to 73,08 ns 0,7792
Placebo vs. 100 mg 53,65 15,85 to 91,44 ** 0,0036
Placebo vs. 100 mg fed state 51,91 10,44 to 93,38 * 0,0104
Placebo vs. 150 mg 63,14 21,06 to 105,2 ** 0,0021
Placebo vs. 200 mg 59,89 17,16 to 102,6 ** 0,004
Placebo vs. 400 mg 69,32 32,97 to 105,7 *** 0,0002
Placebo vs. 800 mg 81,78 45,50 to 118,1 **** <0,0001

12h
Placebo vs. 50 mg 28,46 -22,63 to 79,54 ns 0,4817
Placebo vs. 100 mg 42,22 -0,4727 to 84,92 ns 0,0535
Placebo vs. 100 mg fed state 45,68 4,124 to 87,24 * 0,0271
Placebo vs. 150 mg 61,25 15,32 to 107,2 ** 0,0062
Placebo vs. 200 mg 60,31 12,54 to 108,1 * 0,01
Placebo vs. 400 mg 65,34 21,44 to 109,3 ** 0,0023
Placebo vs. 800 mg 81,13 39,00 to 123,3 *** 0,0001

24h
Placebo vs. 50 mg -11,72 -95,84 to 72,40 ns 0,9957
Placebo vs. 100 mg 30,52 -9,324 to 70,36 ns 0,1829
Placebo vs. 100 mg fed state 10,23 -21,46 to 41,91 ns 0,9152
Placebo vs. 150 mg 39,93 3,742 to 76,13 * 0,0267
Placebo vs. 200 mg 30,44 -5,592 to 66,48 ns 0,1228
Placebo vs. 400 mg 41,42 -3,416 to 86,25 ns 0,0761
Placebo vs. 800 mg 50,04 9,222 to 90,85 * 0,0133
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ABSTRACT
Antihistamines are the most prescribed therapy in recurrent idiopathic angioedema, yet little 
is known about their efficacy. Herein, we report on clinical improvement with antihistamine 
therapy in 120 patients evaluating angioedema attack frequency. A high incidence (36%) 
of antihistamine refractory cases was observed. Forty percent of patients on antihistamine 
prophylaxis suffered from 1 or more angioedema attacks per month. Our findings stress 
the need for additional treatment options for recurrent idiopathic angioedema.
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INTRODUCTION
Angioedema is characterized by swelling of subcutaneous or mucosal tissue that may last up 
to 72 hours and often recurs. Swellings can be disfiguring and lead to impaired functioning 
and quality of life1. Upper airway swellings require immediate medical care2,3. Angioedema 
may be driven by bradykinin and/or mast-cell mediators including histamine. A disease 
classification is made based upon the underlying disease mechanism4. Bradykinin induced 
angioedema includes all types of hereditary angioedema, acquired C1-esterase inhibitor 
deficiency and angiotensin converting enzyme (ACE) inhibitor induced angioedema. 
Mast-cell mediator induced angioedema includes IgE mediated allergic angioedema and 
non-IgE mediated angioedema with urticaria. When no underlying cause can be identified, 
idiopathic angioedema is diagnosed4. The disease mediator of idiopathic angioedema is 
unknown but the disease is considered as part of the spectrum of chronic spontaneous 
urticaria and suspected to be mast-cell mediator induced4,5. 

Antihistamines are first line therapy for idiopathic angioedema although their efficacy 
was never established in randomized control trials. Only two observational studies in 
a cohort of Italian angioedema patients report that 84% of patients are diagnosed as 
idiopathic histaminergic angioedema, i.e. respond to antihistamines6,7. To what extent 
patients respond in terms of reduction in angioedema attack frequency and severity is not 
reported, leaving clinicians with limited information on the most commonly prescribed 
therapy for angioedema.

We undertook a retrospective evaluation of therapeutic management of recurrent 
idiopathic angioedema with antihistamines in a tertiary treatment center. Attack 
frequency and need for acute treatment during follow-up are reported, as well as usage of  
add-on therapy. 

METHODS
We performed a retrospective analysis of medical records in all patients diagnosed with 
recurrent angioedema who visited our Dermatology/Allergology out-patient clinic between 
January 2008 and April 2017. The study was approved by the medical ethical committee 
at the University Medical Center Utrecht and the need for individual patient consent  
was waived. 

Patients were included when they experienced: recurrent spontaneous angioedema, 
duration of disease of >6 weeks and had at least one follow-up visit to evaluate therapeutic 
management. Main exclusion criteria were other disease subtypes than idiopathic 
angioedema (e.g. angioedema with urticaria, hereditary angioedema, allergic angioedema, 
ACE-inhibitor induced angioedema and acquired C1-esterase inhibitor deficiency 
angioedema). Based on the treating physicians’ evaluation, antihistamine prophylaxis was 
started or increased in dose. After approximately 4 weeks, symptoms were evaluated and 
where necessary adjusted and followed-up. Various types of mainly second generation H1-
receptor antagonists were prescribed. Clinical characteristics, including historical attack 



ANTIHISTAMINE RESISTANCE IN IDIOPATHIC ANGIOEDEMA

132

8

frequency, were collected at first visit and at evaluation of maximum prescribed therapy. 
Attack frequency was categorized as ≥1 per week, ≥1 per month but <1 per week, ≥1 
per year but <1 per month and no further attacks. Improvement was defined as shift into 
a lower attack frequency category. Patients reporting no improvement or receiving add-on 
therapy such as omalizumab or cyclosporine, were defined as antihistamine-refractory or 
’non-responder’. To assess attack severity, necessity for acute treatment was scored based 
on treatment intensity ranging from: (additional) antihistamines and/or corticosteroids, 
adrenaline auto-injector, emergency medical care to hospital or intensive care admission. 
GraphpadPrism7.04 was used for statistical analysis. Groups were compared with Mann-
Whitney test or Wilcoxon test in case of paired samples.

RESULTS
511 medical records were screened, and 120 patients included. Patients’ characteristics are 
described in Table 1. Most common site of angioedema was the face (n= 105; 88%). Alarmingly, 
28 patients (23%) reported to have experienced suspected laryngeal angioedema described 
as having dyspnea, difficulty swallowing or sudden changing voice. 

At first visit or during follow-up, 99 patients started on antihistamine prophylaxis or had 
a dose increase. 21 patients did not receive prophylaxis, or their dose prescribed prior to 
first visit was not increased. The majority of patients (54%) was followed-up for >6 months. 
Details on therapy and attack frequency in all patients are listed in Table 2. 

We evaluated change in attack frequency during follow-up. In 95 of the 120 patients 
attack frequency at first visit and during maximal prescribed antihistamine therapy was 
reported (missing data at first visit n=15, missing data during follow-up n=17, Table 2). 
During follow-up, attack frequency decreased significantly (p<0.0001, Figure 1A) in patients 
receiving intervention. A non-significant reduction in attack frequency was observed in 
patients not receiving prophylactic antihistamine therapy or a dose escalation (p=.09). 
Of these 17 patients that did not receive intervention and had data on attack frequency 
reported, 59% improved (Figure 1B). This demonstrates that perceived effectiveness of 
antihistamine therapy may in part reflect natural disease remission. However, it should 
be noted that these patients in general had a lower attack frequency at first visit (p=0.01,  
Figure 1A) and often reported an emergency care visit or hospitalization in their history 
(55%) therefore, comparison with the intervention group should be made with caution. 

Of the 78 patients that received prophylactic antihistamine therapy, 50 patients (64%) 
improved, in 28 patients (36%) attack frequency did not improve and even got worse in 
4 patients (5%). It should be noted that 9 patients who did not improved only received 
a 1 or 2-fold daily dose and may have benefitted from higher doses. However, a significant 
proportion of patients experienced frequent attacks even at high doses of antihistamines 
(Figure 1C). Among all patients receiving antihistamine prophylaxis (n=99, including 
those with missing data on attack frequency at first evaluation) 40% suffered from at 
least 1 attack per month (Table 2), stressing that antihistamine therapy often fails to fully  
suppress symptoms. 
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Table 1. Clinical characteristics 

Total group (n=120)

Female (%)

Male (%)

78 (65%)

42 (35%)
Mean age at first consult (range)

All patients 51 (13-86)
Duration of disease (%)

<1 year

1 - <5 years

5 - <10 years

10 years or >

44 (37%)

50 (42%)

14 (12%)

12 (10%)
Family history with AE; first grade family member* (%)

Unknown

No

Yes 

51 (43%)

59 (50%)

10 (8%)
Referral (%)

General practitioner

Secondary or tertiary treatment center

 
63 (53%) 

57 (48%) 

Locations of AE attacks (%)

Facial

Oropharyngeal

Laryngeal

Abdominal

Peripheral

105 (88%)

93 (78%)

28 (23%)

8 (7%)

37 (31%)

*Hereditary angioedema based on C1 esterase deficiency was excluded in patients with a positive family history by 
means of C4 screening

Fifty (42%) patients reported that prior to the first visit they had sought immediate 
medical attention for at least one attack (Table 2). 7 patients reported admission to 
the hospital or intensive care because of a severe attack and one patient required intubation. 
During follow-up only 5 (4%) patients sought immediate medical care; 2 did not receive 
antihistamine prophylaxis and 3 were on ≥4-fold daily dose. No patients were admitted to 
the hospital. This decreased incidence of need for acute treatment suggests relatively well 
controlled disease in patients on antihistamine prophylaxis.

 Eleven antihistamine-refractory patients received add-on therapy and had their attack 
frequency reported. Nine patients received omalizumab: 7 of 9 patients improved. 5 went 
into full remission, 1 improved to <1 attack per month. In contrast, 3 patients had ≥1 attack 
per month despite omalizumab therapy, indicating moderate responsiveness in one patient 
that went from weekly to monthly attacks and no response in the other 2 cases



ANTIHISTAMINE RESISTANCE IN IDIOPATHIC ANGIOEDEMA

134

8

Table 2. Prophylactic treatment, angioedema attack frequency and necessity for acute attack treatment 
at baseline and follow-up.   

Baseline
(n=120)

Follow-up 
(n=120)

Prophylactic treatment (%) 

Unknown 

None

Antihistamine mono-
therapy 

One daily dose

Twofold daily dose

Threefold daily dose

Fourfold daily dose

> Fourfold daily dose 

Antihistamines + add-on 

Other treatment

3 (3%)

62 (52%)

45 (38%)

27 (23 %)

11 (9%)

2 (2%)

5 (4%)

0 (0%)

7 (6%)* 

3 (3%)**

0 (0%)

18 (15%) 

87 (73%)

17 (14%)

30 (25%)

7 (6%)

21 (18%)

12 (10%)

15 (13%)***

0 (0%)

Baseline
(n=120)

All
n=120

No intervention
n=21†

Antihistamines
only n=99

+ Add-on
n=99

Attack frequency (%)

Unknown

≥ 1 per week 

≥ 1 per month

≥ 1 per year

No attack

17 (14%)

42 (35%)

44 (37%)

17 (14%)

0 (0%)

15 (13%)

15 (13%)

24 (20%)

30 (25%)

36 (30%)

3 (14%)

2 (10%)

4 (19%) 
6 (29%)

6 (29%)

11 (11%)

17 (17%)

23 (23%)

23 (23%)

25 (25%)

12 (12%)

13 (13%)

20 (20%)

24 (24%)

30 (30%)
Acute attack treatment (%)††

Unknown

None

1. Antihistamines

2. Antihistamines  
    and/or corticosteroids 

3. Epipen

4. Urgent care center

5. Hospitalization or 
    Intensive care

15 (13%)

11 (9%)

25 (21%)

14 (12%)

5 (4%)

43 (36%) 
7 (6%)

18 (15%)

51 (43%)

26 (22%)

17 (14%)

3 (3%)

5 (4%)

0 (0%)

3 (14%)

6 (29%)

8 (38%)

2 (10%)

1 (5%)

2 (10%)

0 (0%)

15 (15%)

45 (45%)

18 (18%)

16 (16%)

2 (2%)

3 (3%)

0 (0%)

*Antihistamines combined with leukotriene antagonist (n=2), corticosteroids (n=3), H2 antagonist (n=1), tranexamic 
acid (n=1).
**Monotherapy with tranexamic acid (n=2) or H2 antagonist (n=1). 
*** Antihistamines combined with omalizumab (n=8), omalizumab and tranexamic acid (n=1), leukotriene 
antagonist (n=1), cyclosporine (n=1), tranexamic acid (n=2), sulfalazine (n=1), H2 antagonist (n=1). 
†no prophylaxis (n=18) no antihistamine dose increase (n=3)
†† overview of the most invasive reported symptomatic treatment used by patients during an acute attack including 
the reported need for medical care where invasiveness was reported from 1 to 5. 
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Figure 1. Attack frequency in relation to antihistamine prophylaxis. Attack frequencies were 
evaluated at maximum antihistamine dose prescribed (prior to add-on therapy) A) Box-and-whiskers-
plot of attack frequency at first visit (V1) and follow-up(FU) with (+),or without intervention (-), bold 
line=median, Mann-Whitney and Wilcoxon test were used comparing groups respectively paired 
samples. B) Percentage of patients reporting improvement per maximum dose antihistamines 
prescribed, improvement was defined as shift into a lower attack frequency group, n=total patients per 
group, patients with missing data on attack frequency could not be evaluated for improvement (n=25). 
C) Attack frequency per maximum dose prescribed.

DISCUSSION
Overall, the majority of our cohort (64%) improved under prophylactic therapy with 
antihistamines. However, 40 (40%) patients still experienced ≥1 attack per month despite 
treatment. Previous studies reported that 15-16% of idiopathic angioedema patients were 
‘non-histaminergic’ i.e. were antihistamine-refractory, compared to 36% within the current 
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study. Notably, in these two previous studies, lower doses of antihistamines were prescribed 
(up to two-fold daily dose)6,7. It was previously observed that chronic spontaneous urticaria 
patients may benefit from a four-fold maximum daily dose or even higher8. Differences in 
prevalence of antihistamine-refractory patients may be explained by different definitions 
of improvement. Clinical evaluation of angioedema is complicated by variability in natural 
course of disease. In addition, antihistamine treatment was often (46%) already started in 
primary or secondary care. Moreover, patients that only came for an initial visit but were 
then loss to follow-up, possibly due to good response, were excluded. This could potentially 
contribute to an over-representation of antihistamine-refractory patients in our cohort. 

Our findings underline the urgent need for additional treatment options in idiopathic 
angioedema as monotherapy with antihistamines is often insufficient. As the underlying 
mechanism of idiopathic angioedema is unknown add-on therapy is based on a trial-and-
error. In this study, add-on therapy with omalizumab, a monoclonal antibody targeting IgE, 
resulted in complete disease remission in 5 out of 9 patients. So far, case reports describe 
a total of 23 patients with antihistamine refractory idiopathic angioedema on omalizumab 
that all showed complete remission9. Alternatively, other case reports describe successful 
use of therapy commonly prescribed in patients with hereditary angioedema; such as C1-
esterase inhibitor concentrate, bradykinin receptor antagonist and kallikrein inhibition10. 
Hence, these therapies constitute potential treatment options for antihistamine-refractory 
patients, but their efficacy should be further investigated in clinical trials.

In conclusion, in this retrospective study we observed a high incidence of anti-histamine 
refractory patients. This stresses further efforts in exploring novel treatment options for 
idiopathic angioedema. 
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ABSTRACT 
Background 
Idiopathic non-histaminergic angioedema is a disorder with recurrent swelling episodes that 
do not respond to antihistamine therapy. The underlying cause of this disease is unknown. 
Bradykinin, a vasoactive peptide that causes swelling in hereditary angioedema, is suspected 
to be involved. We evaluated the effects of recombinant human C1 inhibitor (rhC1-INH) to 
prevent attacks of idiopathic non-histaminergic angioedema. 

Methods 
We conducted a single center, consecutive, cross-over, case-series study. Adult patients were 
included who had no apparent cause for angioedema and who had at least 2 attacks per 
month in the 6 months prior to inclusion that were unresponsive to prophylactic treatment 
with 4 times the standard daily dose of antihistamines. Eligible patients were observed for 
4 months. During months 2 and 3 (treatment period) they received intravenous rhC1-INH 
(50 IU/kg; maximum 4200 IU) twice weekly, while month 1 and 4 served as control periods. 
The primary endpoint was the number of angioedema attacks during the treatment period. 
Attacks and severity of attacks were recorded daily using the angioedema activity score. 
The angioedema-related quality of life score was recorded monthly. In addition, blood 
samples were collected at 5 time points during treatment and control periods in search for 
disease-related biomarkers. Markers of contact activation, inflammation and fibrinolysis 
were measured. This study is registered with EudraCT number 2016-005083-34. 

Results 
Three patients were enrolled between 12-03-2018 and 9-7-2018. One patient experienced 2 
attacks during the treatment period versus 14 attacks during the control period, of which 1 
attack during treatment occurred following a missed dose 6 days after receiving the previous 
dose. A second patient had 4 attacks during the treatment period versus 7 during the control 
period. The third patient had 7 attacks during the treatment period versus 3 attacks during 
the control period. Therapy was well-tolerated. No biomarkers for disease or disease severity 
were identified, except for possibly D-dimer levels, which were elevated in 2 patients. 

Conclusion 
Clinical responses of the 3 patients with idiopathic non-histaminergic angioedema 
described in this report to twice weekly rhC1-INH treatment was variable. Further 
studies are needed to establish the place of rhC1-INH in the treatment of idiopathic  
non-histaminergic angioedema. 



RECOMBINANT C1-INH AS PROPHYLAXIS FOR IDIOPATHIC ANGIOEDEMA

143

9

INTRODUCTION
Angioedema is characterized by episodes with submucosal and subcutaneous swelling. 
Swelling attacks can occur everywhere in the body, but most often affects lips, eyelids and 
tongue1,2. Besides pain and disfigurement, angioedema can lead to functional impairment 
such as dysphagia and dyspnea and is potentially lethal when the airway is compromised. 
An episode with angioedema can last for hours up to days, and have a great impact on 
everyday life3,4.

The pathophysiological mechanism explaining the occurrence of angioedema is not 
fully understood. Two vasoactive peptides are considered as key players in acute swelling; 
histamine and bradykinin.

Histamine released by mast cells and basophils is the supposed vasoactive compound in 
allergic angioedema and angioedema associated with chronic spontaneous urticaria(CSU)3. 
Bradykinin generated upon activation of the contact system is the supposed vasoactive 
compound in other forms of angioedema. The contact system comprises factor XII (FXII), 
plasma prekallikrein (PK) and high molecular weight kininogen (HK). Active FXII (FXIIa) 
activates PK into plasma kallikrein (PKa) that liberates bradykinin from HK5.  Bradykinin is 
associated with hereditary angioedema (HAE) and angiotensin converting enzyme (ACE) 
induced angioedema4. The mediator of idiopathic angioedema is unknown, histamine 
involvement is likely as 64-85% of patients improve on antihistamine therapy6,7. Patients 
that do not respond to antihistamine therapy are diagnosed as idiopathic non-histaminergic 
angioedema6,8. Bradykinin is suspected as mediator of disease. Elevated levels of bradykinin 
were detected in four patients with idiopathic non-histaminergic angioedema during acute 
attacks. Moreover, case studies report that patients with idiopathic non-histaminergic 
angioedema may benefit from therapies interfering with bradykinin formation or activity 
such as C1-INH infusions and a bradykinin receptor antagonist9,10. These therapies have 
been developed for hereditary angioedema (HAE) as most patients with this disease 
lack or have dysfunctional C1-INH (called HAE-1 respectively 2) resulting in uncontrolled  
bradykinin release4,11. 

Recombinant human C1-INH (rhC1-INH) is an effective treatment for acute attacks and 
prophylaxis of angioedema in HAE type 1 and 212–15. A randomized controlled crossover trial 
demonstrated that twice weekly infusion with 50 IU/kg (max 4200 IU) resulted in a mean 
difference of -4.4 attacks per month15. Moreover, therapy is safe and well tolerated. We aimed 
to find evidence for effectivity of rhC1-INH prophylaxis in idiopathic non-histaminergic 
angioedema in a consecutive case series of patients.

In addition, we evaluated potential biomarkers for idiopathic non-histaminergic 
angioedema to identify biomarkers for disease, disease severity or therapy response. Markers 
evaluated included cleaved HK (cHK), a byproduct of bradykinin release16; FXIIa- and PKa-C1-
INH complexes, which reflect activation of these enzymes, and their subsequent inhibition by 
C1-INH17; C4 levels and C1-INH function, both markers of C1-INH dysfunction or deficiency in 
HAE4; the fibrin breakdown product D-dimer, which is commonly associated with thrombotic 



RECOMBINANT C1-INH AS PROPHYLAXIS FOR IDIOPATHIC ANGIOEDEMA

144

9

events, but is also elevated in HAE18 and CSU19; and total immunoglobulin E (IgE), C-reactive 
protein (CRP) and leukocyte count as general markers of (allergic) inflammation. 

METHODS
Study design and participants
This single center, consecutive, cross-over case-series study was performed at the dermatology 
and allergology department of the University Medical Center Utrecht in the Netherlands. All 
patients enrolled were observed for 4 months. Month 1 served as a control period during 
which patients were observed without receiving rhC1-INH. Then followed a two month-
treatment period (months 2 and 3; treatment period) during which they received rhC1-INH 
twice weekly. Finally, this was followed by one month-period (months 1 and 4; control 
period) during which they did not receive rhC1INH (Figure 1A).

Patients were eligible when they 1) were 18 years or older; 2) had angioedema attacks 
despite treatment with 4 times the standard daily dose of antihistamines; 3) had no 
identifiable allergic or other cause of their angioedema; 4) had at least 2 attacks per month 
during the past six months, with at least one attack in the month prior to treatment; and 

Figure 1. Study design and flow-chart of inclusions. A) Treatment (blue lines) and control (green lines) 
sequence, each line represents a 4-week time frame. During treatment patients received rhC1-INH 50 
IU/mL twice weekly, arrows indicate visit were blood was drawn for biomarkers studies. B) Flow-chart 
of screening, inclusion, exclusion and (main) reason for exclusion.
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5) had signed written informed consent. Patients were excluded when they 1) had wheals 
accompanying angioedema; 2) had used ACE-inhibitors in the past 6 months; 3) received 
therapy with omalizumab, cyclosporine, methotrexate, azathioprine or mycophenolic acid; 
4) had rabbit allergy; 5) were pregnant or gave breastfeeding; 6) had a condition that could 
compromise the safety of the patient such as renal or hepatic insufficiency or malignancies; 
7) likely suffered from another condition (eg allergic angioedema, drug-hypersensitivity, 
mastocytosis or HAE). Standard HAE screening at our center comprised patient history and 
C4 levels; in addition, C1-INH function was determined as one of the study markers. 

Patients could continue prophylactic treatment with antihistamine therapy or 
antifibrinolytic therapy. They also continued to use rescue medication during acute 
angioedema attacks as prescribed by their treating physician which mostly consisted of 
increasing doses of antihistamines, oral steroids and intramuscular adrenaline.

Approval for this study by the local medical ethical committee at the UMC Utrecht 
and the central committee for research involving human subjects (Centrale Commissie 
Mensgebonden Onderzoek, CCMO) was obtained.

Procedures
Two vials of lyophilized rhC1-INH powder were reconstituted with 14 mL sterile water for 
injection each and mixed gently. The calculated amount of solution (50 IU/kg; max 4200 IU) 
was aspirated into two 20 mL syringes 30 minutes prior to drug administration and kept at 
room temperature until use. The drug was administered intravenously via a winged infusion 
set over a time course of 5 minutes. In case a patient was unable to attend a treatment 
visit, the drug was scheduled to be administered the next day or rescheduled after the last 
treatment for a maximum of two missed administrations, prolonging the treatment period 
by a maximum of one week.

Blood was drawn at inclusion (visit 1), at the final visit (visit 18) and at the first (visit 2), 
third (visit 4), and last treatment visit (visit 17) prior to drug infusion. Blood (9 volumes) was 
collected in standard sodium citrate tubes (1 volume sodium citrate, 3.2% w/v), EDTA tubes 
(1.8 mg EDTA per mL blood) and specific sample collection/anticoagulant tubes (SCAT) 
containing 25 µM PPACK (Phe-Pro-Arg-chloromethylketone), 11 mM sodium citrate, 0.1 % 
Mannitol (w/v). Within one to two hours after collection blood tests were performed, or 
plasma was collected, aliquoted and stored at -80 until use. A urine sample was collected at 
first visit in women under the age of 50 to exclude pregnancy via urine βHCG

The attack frequency and severity were recorded in the angioedema activity score 
(AAS) form on a daily basis. The AAS measures severity of angioedema with a daily survey 
questioning if angioedema was present followed by an assessment on duration, physical 
symptoms, daily activities, influence on appearance and overall severity20. Weekly AAS results 
(AAS7; range 0-105) were used to determine AAS scores per 4 weeks (AAS28; range 0-420).  
In addition, the research physician recorded attack date, location, rescue treatment used and 
possible triggers for the attack in the patient’s medical record. An attack was separated from 
a subsequent attack when there had been an angioedema-free period between reported 
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swellings on subsequent days as scored on the AAS form. The angioedema-related quality 
of life (AE-QoL) questionnaire was scored each month. The AE-QoL assesses the influence on 
the overall quality of life and separate domains comprising of functioning, fatigue/mood, 
fear/shame and nutrition. The AE-QoL questionnaire score ranges from 0-100% where 0% 
indicates angioedema has no influence on (this domain of ) quality of life21. 

A detailed medical history and physical examination were recorded at first visit and 
adverse events and concomitant drug use were registered at each following visit. As part of 
thrombogenic risk assessment the Wells evaluation for deep vein thrombosis (score of 1 or 
more required further testing) and pulmonary embolism (score of 2 or more required further 
testing) were performed. The occurrence of angioedema and potential medical intervention 
for angioedema including hospitalization were not considered (serious) adverse events but 
were recorded separately.

Laboratory assessments 
C4 levels and total IgE were determined at visit 1. Women <50 years of age were tested for 
urine βHCG by dipstick test to exclude pregnancy. At visits 2,4,17 and 18, CRP, D-dimer levels, 
and leukocyte counts were determined. C1-INH function was determined at visits 2,4,17 
and 18 (Sanquin, the Netherlands) with a chromogenic C1s assay. In this assay, samples are 
incubated with a fixed amount of active C1s and residual C1s activity was measured. Further 
analyses were performed in our research laboratory with plasma collected at visits 2,4,17 
and 18. C1-INH, FXII, PK and HK antigen were visualized with immunoblotting. For this, SCAT 
collected plasma was diluted 40 times in reducing sample buffer (15.5% glycerol, 96.8 mM 
Tris-HCL, 3.1% SDS, and 0.003% bromophenol blue, 25 mM DTT), boiled for 10 minutes, and 
5 to 10 µL per samples was loaded and ran on a 4-12% Bis-Tris gel at 165V for 60 minutes and 
transferred onto Immobilon-FL membranes at 125V for 55 minutes. For detection polyclonal 
goat anti human IgG antibodies (anti-human FXII Cl20055AP, anti-human PK Cl20090A, anti-
human HK Cl20027AP, anti-human C1-INH CL200323AP, Cedarlane, Burlington, Canada) and 
Alexa Fluor 680 donkey anti-sheep IgG (lot#1878516, Dako, Glostrup, Denmark) were used.   

cHK16, a marker for bradykinin release and C1-INH in complex with FXIIa or PKa, markers 
for FXII and PK activation22, were determined in SCAT plasma via ELISA partly using in-house 
produced nanobodies as described before, upper normal limit was based upon previous 
measurements in ~50 healthy individuals for cHK and ~20 healthy controls for C1-INH 
complexes. In addition, a C1-INH-PKa trigger assay was set-up to evaluate the capacity of 
C1-INH in plasma to form C1-INH-PKa complexes. For this assay, 50 µL citrated plasma was 
added into 1.2 mL polypropylene tubes (BRAND, Wertheim, Germany) and placed at 37C 
for 5 minutes. Next, 25 µL PKa (15 µg/mL) dissolved in HEPES-buffered saline (HBS; 10 mM 
HEPES, 150 NaCl, pH=7.4) was added to plasma. Reaction was stopped after 1 minute by 
further diluting the sample in mHBSt (HBS containing 1% skimmed milk powder (w/v), 0.1% 
Tween-20 w/v) containing 200 µM PPACK ((Phe-Pro-Arg-chloromethylketone, Haematologic 
Technologies, Essex Junction, VT, USA) to a final plasma dilution of 1:32. For reference, 
pooled plasma for ~30 healthy volunteers was activated with 30 µg/mL dextran sulphate, 
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MW 500.000, at 37C or HBS, reaction was stopped after 30 minutes in mHBSt containing 
200 µM PPACK (Haematologic Technologies) to a final plasma concentration of 1:32. Dextran 
sulphate-activated plasma was defined as 100% activated plasma and HBS activated plasma 
as 0% activated plasma. Diluted 100% and 0% activated plasma samples were mixed to 
obtain samples with varying amounts of PKa-C1-INH complexes. PKa-C1-INH complexes 
were determined with ELISA as described by de Maat and colleagues22.

Outcomes
The primary outcome was the number of angioedema attacks observed in the 2-month 
treatment period compared with the 2-month control period. Clinical response was defined 
as a reduction in attack frequency of 50% in the treatment period compared to the control 
period. Secondary outcomes were the AAS and AE-QoL scores during the treatment period 
compared to control period. Outcomes were assessed per case. 

Data analysis
As this is a case-series study no statistical test were performed other than descriptive 
statistics. Descriptive statistics and graphical demonstration of clinical data and laboratory 
outcomes were performed with GraphPad Prism 8 software. 

Role of the funding source
The study was design and performed by the study team of the UMC Utrecht at the Dermatology 
and Allergology clinic. Pharming Technologies, the subsidizing partner was informed on 
the study protocol and notified regarding inclusions and progress in order to organize drug 
delivery. In addition, Pharming Technologies, donated 6 months of treatment after the last 
study visit for one patient (referred to as case 1 or patient 1).  

RESULTS
Patients with idiopathic angioedema suffering from frequent attacks visiting the dermatology 
and allergology outpatient clinic at the UMC Utrecht or patients responding through 
a newsletter of the Dutch patient society for angioedema, were screened for eligibility. 
Between March 2018 and November 2018 47 patients were screened; in 18 patients 
attack frequency was <2 per month; 9 patients were using omalizumab; 8 patients could 
not visit the clinical center twice weekly because of personal reasons; 5 patients did not 
meet a diagnosis of idiopathic non-histaminergic angioedema, but suffered from CSU with 
angioedema and wheals, idiopathic generalized edema or ACE-induced angioedema; finally, 
4 patients refused to participate without further explanation. Three patients were found 
eligible during initial screening and visited the hospital to be enrolled in the study after 
finalizing the screening visit (Figure 1B). 
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Case 1
A 31-year-old woman presented with recurrent angioedema for 4 years. Her medical 
history reported an oral allergy syndrome (including allergies to apple, various nuts and 
carrot), allergic rhinitis, asthma, eczema, latex and penicillin allergy. Swellings evolved 
spontaneously, were non-pruritic, occurred in the face and upper airways and lasted for 
several hours up to 5 days. Initially, the patient experienced one or less attacks per month 
but over the last 6 months prior to study inclusion attack frequency increased to 3 swellings 
per month. Angioedema was not accompanied by wheals or signs of anaphylaxis. Fatigue 
was reported as a prodromal symptom. Prophylactic therapy with 4 times daily dose of 
a second-generation antihistamine did not improve her angioedema attacks. Symptoms 
from allergic rhinitis included itchy, puffy eyelids, that improved with antihistamine therapy 
were recognized by the patients as a distinct symptom from angioedema. Acute treatment 
consisted of oral steroids and intramuscular adrenaline injections which usually resulted in 
improvement of symptoms within hours up to 4 to 5 days. Swellings were not influenced 
by estrogen containing anti-contraceptives that were used in the past. There was no family 
history of angioedema and C4 levels were 0.30 g/L (normal range 0.1-0.47 g/L). 

Despite angioedema and accompanying fatigue, the patient strived to minimize absence 
from work or other activities. However, frequent visits to the emergency care department for 
upper airway swellings strongly interfered with daily activities.  

During the control period of 2 months the patient experienced 14 angioedema attacks 
(Figure 2) both in the first- and second-month upper airway swellings needed to be treated 
and observed at the emergency care department. The AAS28 during the control months 
was 58 for the first and 175 for the second month of the control period (Figure 3A). During 
the treatment period the patient experienced two attacks, of which one occurred after 
a treatment interval of 6 days due to a missed dose. The AAS28 was 8 respectively 21, and 
when corrected for the swelling following the missed dose 8 and 0. The AE-QoL questionnaire 
scores are represented in Figure 4A, most improvement was reported on functioning during 
the two treatments months. Therapy was tolerated well; two episodes of headache were 
mentioned of which one was during the treatment period that can possibly be related to 
rhC1-INH treatment. 

Figure 2. Attack frequency per study case. Treatment (blue lines) and control (green lines) sequence, 
each line represents a 4-week time frame, red cross indicates an angioedema attack. *) this attack 
occurred after a missed gift and 5 days after the previous received gift.
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Figure 3. Angioedema activity score per case. AAS28 scores for A) case 1 B) case 2 C) case 3, blue 
bars indicate AAS28 during an control month, green bars AAS28 during a treatment month. * this bar 
indicates the severity of a single attack that occurred after a missed gift and 5 days after the previous 
received gift.

After the final study visit the patient continued treatment with rhC1-INH for six months 
during which she remained symptom-free. Cessation of treatment resulted in an immediate 
relapse of symptoms with an average attack frequency of 3 per month. The patient was 
admitted to the intensive care once after cessation of rhC1-INH, where symptoms improved 
after administration of C1-INH infusion.  Monthly treatment with 300 mg omalizumab for 
three months did not improve symptoms and was accompanied by side effects including 
malaise and sore muscles. Prophylactic treatment with C1-INH was continued. 

Case 2
A 37-year-old woman presented with recurrent angioedema for 7 months. Her medical 
history reported oral allergy syndrome (including allergies to various nuts and apple), 
allergic rhinitis and unexplained arthralgia. Start of angioedema initially appeared to relate 
to an episode with joint pain and increased intake of non-steroidal anti-inflammatory drugs 
(NSAIDs). The patient was screened for autoimmune disorders, vasculitis and possible 
underlying malignancies but no explanation for her symptoms were found. After spontaneous 
resolution of joint pain and cessation of NSAIDs, recurrent idiopathic angioedema remained. 
Angioedema evolved spontaneously and was often already present at awakening. Swellings 
were non-pruritic and sometimes accompanied by a tingling sensation, they occurred in 
the face and upper airways and hands and were not accompanied by wheals or symptoms 
of anaphylaxis. Attack frequency had increased from one to up to 8 attacks per month with 
an average of 4 attack per month in the previous 6 months. No prodromal symptoms were 
reported but angioedema was accompanied by malaise. Prophylactic therapy with 4 times 
daily dose of a non-sedating antihistamine did not improve angioedema. Acute treatment 
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Figure 4. Angioedema related quality of life score per case. AE-QoL questionnaire scores for A) Case 
1 B) Case 2 C) Case 3. AE-QoL ranges from 0-100% were 0 indicates no negative influence on life, blue 
bars indicate AE-QoL during an control month, green during a treatment month. 
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consisted of oral steroids and a sedating antihistamine; this treatment had variable result 
but in general failed to improve symptoms. Swellings did not relate to intake of an estrogen 
containing anti contraceptives or previous pregnancies. There was no family history of 
angioedema and C4 levels were 0.15 g/L (normal range 0.10-0.47 g/L). Angioedema strongly 
influenced the patient’s life and contributed to a temporary disability leave from work. 

During the 2 months of the control period the patient experienced 7 angioedema attacks 
(Figure 2). The AAS28 was 76 during the first and 71 during the second control month 
(Figure 3B) During the treatment months the patient experienced 4 angioedema attacks. 
One mild swelling evolved in the lips after the first dose of rhC1-INH, a second swelling was 
accompanied by an episode of allergic rhinitis. A third mild swelling of the face occurred 
that resolved within a few hours. However, a fourth swelling of the face that was again 
mild continued into ongoing evolving and decreasing mild swelling of the face lasting 
for eleven days. The AAS28 was 27 during the first and 138 during the second treatment 
month. The AE-QoL questionnaire scores are presented in Figure 4B, most improvement 
was reported on functioning and nutrition during the first treatment month, but scores 
worsened during the second treatment month. 

Therapy with rhC1-INH was tolerated well. The patient reported swelling of the lip and 
a tingling sensation five hours after the first administration of rhC1-INH. Therefore, she 
was observed for 6 hours after receiving the second dose at the allergology ward. No signs 
of an allergic response to therapy were observed and subsequent doses were tolerated 
well. During the treatment period the patient experienced an episode with dyspnea upon 
exertion and thoracic pain. She was evaluated at the emergency care department where 
a pulmonary embolism, pneumonia and cardiac pathology were excluded. Symptoms 
resolved spontaneously and it was deemed unlike that they were related to rhC1-INH. 

After the final study visit monthly treatment with 300 mg Omalizumab was started. After 
six months of treatment the patient appeared to improve but experienced a relapse while 
still on treatment two months later. 

Case 3
A 59-year-old man presented with recurrent angioedema for 10 years. His medical history 
reported a spinal disc herniation. Swellings evolved spontaneously, were non-pruritic, often 
already present at awakening and lasted for up to 2 days. Most swelling episodes were 
located in the face, tongue and oral cavity, but swelling had also occurred in the groin and 
hands. Over the years, attack frequency ranged from less than once a month to multiple 
swellings per week.  During the 6 months prior to the study the patient reported 3 swellings 
per month. Angioedema was not accompanied by wheals or signs of anaphylaxis. Attacks 
were often preceded by a tingling sensation. Prophylactic therapy with 4 times the daily 
dose of a non-sedating antihistamine did not improve angioedema. Acute treatment 
consisted of oral steroids and intramuscular adrenaline injections. The patient reported 
improvement of symptoms within 4 hours after intake of oral steroids. There was no family 
history of angioedema and C4 levels were 0.27 g/L (normal range 0.1-0.47 g/L). Angioedema 
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did not interfere with work, however swellings hindered social activities and food intake, 
especially at breakfast. 

During the control period of 2 months, the patient experienced 3 angioedema attacks 
(Figure 2). The AAS28 was 18 during the first and 7 during the second control month  
(Figure 3C). During the treatment months the patient experienced 7 angioedema attacks, 
one of which was treated with 20 mg prednisolone that resulted in resolution of swelling 
within 2 hours. The AAS28 was 48 and 49, respectively. The AE-QoL questionnaire scores are 
presented in Figure 4C, most improvement was reported on functioning during the second  
control month.  

Therapy was tolerated well, one episode with headache was mentioned during 
the treatment period that possibly was related to rhC1-INH treatment. The patient 
experienced a herpes labialis during the treatment period that resolved spontaneously 
and reported to have had this at least one time before prior to the study. An increase in 
angioedema frequency was observed during the treatment months. However, attacks did 
not tend to occur immediately following drug infusion and were not considered to be an 
allergic or hypersensitivity response to therapy. 

After the final study visit the patient did not continue treatment with rhC1-INH. As 
the patient felt symptoms were tolerable at the moment, no additional treatment with 
Omalizumab was started. 

Biomarker evaluation
As treatment with rhC1-INH inhibits FXIIa and PKa and thereby prevents HK cleavage, 
ergo bradykinin release, we investigated biomarkers of the contact system. Figure 5 shows 
the proteins of the contact system including C1-INH on immunoblot under reducing 
conditions. No variation of protein bands in subsequent samples of the same patient were 
observed indicating no gross variations of C1-INH or contact system protein levels during 
the control period. Moreover, levels were comparable to those in healthy pooled plasma 
apart from case 3 that appears to have decreased PK levels. For all 3 cases, cHK levels were 
within the normal range (upper normal limit cHK <20%; case 1 7.8±0.6 (mean±SD); case 
2 13.5±0.6; case 3 11.1±0.7). Furthermore, levels in subsequent samples varied only little 
(Figure 6A). C1-INH complexes with FXIIa or PKa, respectively, were undetectable in all 
plasma samples obtained during this study (Figure 6B/C). 

For all 3 cases, levels of functional C1-INH were within the normal range (0.63-1.82 U/mL; 
mean case 1.37±0.2; case 2 0.87±0.1; case 3 1.14±0.0; Figure 6D). Remarkably, case 1 had an 
elevated C1-INH function at visit 18 which was during the control period following weeks 
with multiple severe angioedema attacks. In addition to C1-INH function on C1s activity we 
assessed the capacity of plasma to form PKa-C1-INH complexes upon incubation of plasma 
with 5 µg/mL PKa. Three healthy donors formed 9.2, 8.9 and 8.7% PKa-C1-INH complexes 
and pooled healthy plasma 8.9% PKa-C1-INH (Figure 6E). Tested in plasma from subsequent 
measurements the patients formed 11.0±0.9, 9.1±0.7 respectively 8.9±3.4% PKa-C1INH 
complexes (Figure 6F). There were no differences in the capacity to generate PKa-C1-INH 
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Figure 5. Proteins of the contact system. Immunoblot of the proteins of the contact system C1-INH 
(C1-esterase inhibitor), HK (high molecular weight kininogen), PK (plasma kallikrein) and FXII (factor 
XII). Control represents a healthy pooled plasma sample. Visit 4 and 17 samples were collected 
during treatment prior to the next gift, visit 2 and 18 samples were collected at the end of the two  
control months. 

complexes between control and treatment periods, neither was this capacity different 
between patients and healthy controls. 

D-dimer levels were borderline elevated in case 1, with a mean D-dimer level of 0.54±0.06 
mg/L (normal limit <0.5 mg/L). Case 2 had a mean D-dimer level of 0.29±0.04 mg/L. Both case 
1 and 2 showed little variation is subsequent measurements, no relation between D-dimer 
level disease severity and or (response to) treatment could be made. Case 3 had markedly 
elevated D-dimer levels (mean 1.42±0.13 mg/L), the highest level(1.64 mg/L) was measured 
one day after an angioedema attack. Overall, D-dimer was elevated in 2 out of 3 cases, there 
was no clear relation with disease severity or (response to) treatment (Figure 7) though an 
elevation of D-dimer was seen after one angioedema attack in one patient. 

CRP levels in all samples tested, were within the normal range (Figure 8A). Leukocyte 
count was borderline elevated at visit 18 with 10,8*10^8 cells/L (normal range 4-10*10^8 
cells/L) for case 1 following weeks with multiple severe angioedema attacks and within 
the normal limits for case 2 and 3 (Figure 8B). Total IgE was only measured at the first study 
visit and slightly above the cut of range of 100 kU/L in all three cases (Table 1).
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Figure 6. Biomarkers of contact activation. Visit 2 sample was collected prior to the first recombinant 
human C1-esterase inhibitor (rhC1-INH), visit 4 and 17 prior to third and sixteenth gift, visit 18 sample 
at final visit. Dotted lines represents upper range or normal ranges. A) % Cleaved kininogen (cHK), 100% 
indicates cleavage of the total HK pool. B) % Factor XIIa-C1-INH and C) Kallikrein (PKa)-C1-INH complex, 
100% indicates FXIIa/PKa-C1INH generation after 30 min dextran sulphate induced contact activation 
in pooled plasma.  D) C1-INH inhibition of C1s activity. PKa-C1-INH complex formed, 1 minute after 
incubation with 5 µg/mL PKa in E) 3 healthy controls and pooled plasma from ~30 controls F) in patients 
during control (Visit 2&18) or treatment (visit 4&17) 100% indicates FXIIa/PKa-C1INH generation after 
30 min dextran sulphate induced contact activation in pooled plasma.
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Figure 7. D-dimer levels. Visit 2 sample was collected prior to the first recombinant human C1-esterase 
inhibitor (rhC1-INH), visit 4 and 17 prior to third and sixteenth gift, visit 18 sample at final visit. Dotted 
lines represent upper range.   

Figure 8. C-reactive protein and leukocytes. Visit 2 sample was collected prior to the first recombinant 
human C1-esterase inhibitor (rhC1-INH), visit 4 and 17 prior to third and sixteenth gift, visit 18 sample 
at final visit. Dotted lines represents upper range or normal ranges. A) C-reactive protein B) leukocyte 
count x109 cells/L.

Table 1. C4 and Total IgE levels at first visit

C4 (g/L)
Reference 0,1-0,47

Total IgE( kU/L)
Reference 0-100

Case 1 0,3 275
Case 2 0,15 163
Case 3 0,27 254



RECOMBINANT C1-INH AS PROPHYLAXIS FOR IDIOPATHIC ANGIOEDEMA

156

9

DISCUSSION
In this consecutive, cross-over case-series study of 3 patients with idiopathic non-
histaminergic angioedema, less attacks were observed in one patient during treatment with 
twice weekly rhC1-INH. However, 2 patients did not improve during treatment with rhC1-INH. 
D-dimer levels were elevated in 2 patients. Our variable outcomes suggest that idiopathic 
non-histaminergic angioedema is a heterogeneous disease. A biomarker that could identify 
therapy responders is essential, unfortunately, the here tested set of biomarkers was unable 
to do so. This study motivates that rhC1-INH supplementation may be used in some patients 
with idiopathic non-histaminergic angioedema. 

Although not uncommon in low-incidence diseases, case reports and case-series are 
deemed as low-value in terms of demonstrating drug efficacy. In order to increase the value 
of our findings we choose a cross-over design in which each case provided its own control 
data and included two control periods to minimize the effect of natural variation in 
disease severity that is expected over time. As we report three consecutive cases, we avoid 
publication bias of only reporting on positive outcomes, giving a more balanced and realistic 
view on therapeutic outcomes. In order to investigate therapy response in a relative short 
period of time, preventing unnecessary lengthy treatment for study participants, we only 
included patients with a high attack frequency. This introduced a selection bias for patients 
with severe disease.  In addition, study participation was time demanding and more likely to 
be acceptable for patients with a high disease burden. 

In two patients no clear improvement in attack frequency was seen. The dose and 
treatment interval of rhC1-INH were based upon efficacy in HAE-1 and 2 and may have been 
insufficient for idiopathic non-histaminergic angioedema. Alternatively, symptoms may not 
have been bradykinin driven in these two cases. Case 3 even experienced an increase in 
symptoms during the treatment period. This might be explained by 1) a herpetic infection 
during the second treatment month triggering facial swelling and 2) natural variation, as 
this patient experience one attack right before the first and right after the second control 
period. In case 2 we suspect a possible misdiagnosis, although no other diagnosis could be 
made the medical history of unexplained arthralgia, considerable malaise during attacks 
and the observation of mild swelling that tended to linger for over a week instead of clearly 
evolve and resolve are atypical for idiopathic angioedema. 

To our knowledge, this is the first case report describing successful use of rhC1-INH 
prophylaxis in idiopathic non-histaminergic angioedema and the first consecutive, cross-
over, case-series study to C1-INH prophylaxis in this disease. Three previous case reports 
describe successful use of plasma derived C1-INH prophylaxis in 4 patients with  idiopathic 
non-histaminergic angioedema23–25. We deem it highly likely that the improvement observed 
in our study is caused by rhC1-INH therapy as there was a clear difference in attack frequency 
during treatment and control period. Moreover, continuation for 6 months after the final 
study visit again resulted in improvement followed by a relapse after discontinuation. It 
should be noted that the steep rise in attack frequency during the second control month 
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may be in part explained by an unreported viral infection. Leukocyte count and C1-INH 
function, both biomarkers of an acute phase response, were elevated. 

Bradykinin involvement in idiopathic non-histaminergic angioedema is suspected 
based on drug effectiveness in case reports10 and laboratory assesments9. However, 
a growing number of case reports demonstrate efficacy of the anti IgE monoclonal 
antibody omalizumab in idiopathic non-histaminergic angioedema26. The mechanism of 
action of omalizumab in angioedema are not well understood, but it suggests that mast 
cells contribute to the symptoms in therapy responders. Although bradykinin could still 
be a contributing factor in a mast-cell induced disease its relevance is uncertain. These 
seemingly contrasting findings in angioedema literature are in line with our observation 
that only 1 out of 3 patients responded to rhC1-INH. Moreover, therapy with omalizumab 
failed to improve symptoms in the here described rhC1-INH responder (case 1) and non-
responder (case 2). Likely, idiopathic non-histaminergic angioedema represents a pluriform 
population covering a multitude of diseases of which some are bradykinin-driven.

A challenge arising is how to identify patients with idiopathic non-histaminergic 
angioedema that could benefit from rhC1-INH. None of the here-reported biomarkers 
could distinguish our responder from the non-responders. Interestingly, D-dimer was 
clearly elevated in one of the two non-responders. D-dimer is associated with antihistamine 
resistance in CSU and possibly linked to omalizumab resistance19,27. As our here presented 
case 3 patient failed to respond to rhC1-INH, high D-dimer levels do not appear to be 
a predictor of bradykinin mediated disease. 

A report by Lara-Marquez and colleagues demonstrated that dextran sulphate 
stimulated kallikrein activity distinguished idiopathic histaminergic from non-histaminergic 
angioedema28. This novel test holds promise for diagnosing bradykinin mediated 
angioedema, but we so far failed to set-up a comparable test in our lab. We therefore feel that 
a second challenge ahead besides the development of diagnostic assay lies in validation, 
availability and standardization of tests used in treatment centers worldwide. 

In summary, twice-weekly rhC1-INH administration effectively prevented angioedema 
attacks in one patient. Two patients showed no benefit of treatment, but therapy was well 
tolerated in all three cases. rhC1-INH may be a valid treatment option for some patients with 
idiopathic non-histaminergic angioedema but biomarkers to identify bradykinin-mediated 
angioedema are urgently needed. 
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ABSTRACTS
Background 
Chronic spontaneous urticaria (CSU) is characterized by recurrent itchy wheals and/or 
angioedema and is believed to be driven by mast cell activation. It was shown that excessive 
mast-cell activation during anaphylaxis initiates contact activation resulting in bradykinin 
release. Evidence for bradykinin release was never demonstrated in CSU. 

Objective 
To study biomarkers of bradykinin release in CSU. 

Methods 
Plasma samples of CSU patients were collected during routine visits at the outpatient 
clinic. Cleaved kininogen, factor XIIa-C1-inhibitor (FXIIa-C1-INH), kallikrein-C1-INH, 
plasmin-antiplasmin (PAP) complexes and soluble urokinase receptor (suPAR) levels were 
determined by ELISA. Clinical data was collected from medical records and associated with 
lab parameters. 

Results
One-hundred seventeen samples from 88 CSU patients and 28 samples from healthy 
controls were analyzed. Thirty-nine (44%) patients had wheals only, 35 (40%) patients had 
wheals and angioedema, 14 (16%) patients had idiopathic angioedema. Median cHK level 
in patients was 9.1% (range: 1.4-21.5%) and significantly increased compared to healthy 
controls (median 6.0% range: 0-19.9%; p=0.0005). cHK levels normalized in patients during 
disease remission (median 6.5% range 1.5-20.8%) and were associated with disease severity 
but not dependent on the presence of angioedema or presence of an acute angioedema 
attack. C1-INH-complexes and suPAR levels were not elevated in patients compared to 
healthy controls. PAP-levels in patients were elevated compared to healthy controls but 
there was no correlation between PAP and cHK. 

Conclusions 
cHK levels were elevated in symptomatic CSU patients compared to healthy controls, 
indicating increased bradykinin production. cHK increase was not limited to patients with 
angioedema. Whether this elevated bradykinin generation has clinical implications in 
the pathology of CSU is open to debate.   
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INTRODUCTION 
Chronic spontaneous urticaria (CSU) is hallmarked by recurrent itchy wheals and/or 
angioedema. The pathophysiology of CSU is not fully understood1. Mast cell and histamine 
involvement are strongly implicated and patients demonstrate clinical response to 
the anti-IgE monoclonal antibody omalizumab and antihistamine therapy2,3.

Angioedema is a common symptom of CSU. When patients experience angioedema 
without wheals this CSU subtype can be referred to as idiopathic angioedema4. Angioedema 
results from increased vascular permeability followed by swelling of subcutaneous or 
submucosal tissues. Angioedema in CSU is believed to be histamine induced, while 
angioedema related to angiotensine converting enzyme (ACE)-inhibitor use and hereditary 
angioedema (HAE) are driven by the vasoactive peptide bradykinin4. ACE-inhibitors prevent 
the breakdown of bradykinin thereby increasing bradykinin half-life. In HAE types 1 and 
2, bradykinin levels are increased because patients lack the main inhibitor of bradykinin 
production: C1-inhibitor (C1-INH)5. C1-INH inhibits actived factor XII (FXIIa) and plasma 
kallikrein (PKa). FXIIa converts plasma prekallikrein (PK) into PKa that will cleave bradykinin 
from high molecular weight kininogen (HK)6. Therefore, C1-INH deficiency results in 
uncontrolled bradykinin production. 

The various subtypes of angioedema are classified as bradykinin induced or mast cell 
induced, especially when wheals and angioedema coincide swellings are considered mast 
cell and not bradykinin induced4,7. However, research in anaphylaxis suggests that mast 
cell activation and bradykinin release co-exist. A study performed in wasp-venom allergic 
individuals demonstrated increased markers of bradykinin generation after a wasp sting 
in those with severe anaphylaxis e.g. angioedema and or shock8. While markers were 
low prior to the sting and in individuals with a mild response. In addition, activation of 
the fibrinolytic system was also observed during anaphylaxis as plasmin-antiplasmin (PAP) 
complexes increased9. A later study found increased levels of cleaved HK (cHK), a marker for 
bradykinin release, in patients visiting the emergency medicine department with a (food 
or drug) allergic response10. These observations in humans were explained in mice-models 
of IgE mediated anaphylaxis where drop in blood pressure and increased vasopermeability 
during excessive mast cell activation were reversed by bradykinin receptor antagonism and  
FXII deficiency10,11. 

Little is known about bradykinin formation in CSU as it is generally considered a mast cell 
and histamine mediated disease. We recently developed a sensitive ELISA-based method to 
asses cHK generation12. Using this method we revisited cHK generation in CSU. In addition, 
C1-INH in complex with FXIIa or PKa were determined as well as markers of the fibrinolytic 
system as these were previously associated with mast cell activation in anaphylaxis9.
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METHODS
Study participants and blood collection
All patients with a diagnosis of CSU defined as having spontaneous, recurrent wheals and/
or angioedema for at least 6 weeks visiting the dermatology and allergology outpatient 
department were asked to provide blood samples at first and selected follow-up visits. This 
study was approved by the local ethical committee (protocol#13-272). Of these, all patients 
with written informed consent and at least one collected sample at first visit between 
January 2014 and February 2016 were included and data was analyzed for this study. Patient 
characteristics (age, sex, CSU subtype, disease severity, treatment) were retrieved from 
medical records by the physician of the research team. Disease severity was categorized into 
1) symptom free; complete disease control for at least one month, 2) mild; recent symptoms 
but no need for additional treatment 3) moderate to severe; recent symptoms, need for 
additional treatment and/or frequent use of rescue medication. When available the urticaria 
control test (UCT) score was collected13. During the timeframe of this study the UCT was not 
yet collected routinely at every visit. 

Venipuncture was performed at inclusion during a regular control visit at the outpatient 
clinic. One additional blood draw was performed in 20 patients during random control visits, 
2 additional blood draws in 2 patients and 3 in one patient. 

Blood was collected in standard blood collection tubes containing 1.8mg EDTA per mL 
blood and specific sample collection/anticoagulant tubes (SCAT) containing 25 µM PPACK 
(Phe-Pro-Arg-chloromethylketone), 11 mM sodium citrate, 0.1 % Mannitol (w/v) to prevent 
post-blood draw enzymatic activity in samples. Blood was centrifuged at 2000 x g for 10 
minutes shortly after blood draw and stored at -80 until use. 

In addition, plasma from healthy donors was collected (with written informed 
consent; approval by the local ethical committee of the University Medical Center Utrecht; 
protocol#07-125). Blood was collected in standard sodium citrate tubes (10% sodium citrate, 
3.2% wt/vol). Blood was centrifuged twice at 2000 x g for 10 minutes shortly after blood 
draw and stored at -80 until use. Plasma from ~30 healthy donors was pooled for control 
pooled plasma and plasma from 28 patients was stored individually for control plasma. 

Biomarker assays
cHK12, FXIIa-C1-INH complexes14, PKa-C1-INH complexes14, plasmin-anti-plasmin (PAP) 
complexes15 and soluble urokinase receptor (suPAR)16 levels were determined by ELISA, as 
previously published. cHK, FXIIa-C1-INH, PKa-C1-INH and PAP complexes in patients were 
determined in citrated plasma containing PPACK to prevent post-blood draw contact 
activation, suPAR levels were determined in EDTA plasma. cHK and C1-INH complex 
measurements are expressed as percentages. One-hundred % cHK reflects total HK 
cleavage in control pooled plasma generated by incubating plasma with 1 µg/mL bèta-
FXIIa (Hematologic Technology, Burlington, United Kingdom) at 37ºC for 10 minutes after 
which reaction was stopped by diluting plasma 64x in a phosphate buffered saline buffer 
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(mPBSt: 127.9 mM NaCl, 6.2 mM Na2HPO4, 3.7 mM NaH2PO4, pH 7.0 supplemented with 0.1% 
Tween-20 wt/vol and 1% skimmed milk powder wt/vol, containing 50 µM PPACK (Sigma-
Aldrich, Zweindrecht the Netherlands)). One-hundred % C1-INH complex indicates control 
pooled plasma incubated with dextran sulphate Mr ~500,000 (Sigma-Aldrich) at 37ºC for 30 
minutes after which reaction was stopped by diluting 32x in mPBSt containing 50 µM PPACK. 
Calibration curves were created by mixing 100% activated plasma with unactivated control 
pooled plasma both diluted in mPBSt containing PPACK. Plasma dilution in calibration 
curves was equal to plasma dilution of patient samples12,14.

Data analysis
Graphpad Prism 8 was used for data analysis. cHK and C1-INH complex levels were 
interpolated from a calibration curve using a sigmoidal 4PL fit model. The first collected 
sample per patient was included for analysis unless indicated otherwise. Groups were 
compared using Mann-Whitney t-test or Wilcoxon test for paired samples, multiple groups 
with Kruskal-Wallis test using Dunn’s correction for multiple testing. Correlation was tested 
with Spearman’s rank test. 

RESULTS
Eighty-eight patients were included (70% female; mean age 44 years, range 18-78), clinical 
data and blood samples from 117 visits were collected (Table 1). Twenty-eight samples from 
healthy donors were included as controls (74% female; mean age 39 years, range 23-65). 
Thirty-nine patients had wheals (44%), 35 (40%) patients had both wheals and angioedema, 
14 (16%) patients had idiopathic angioedema. At first visit in this study, the majority 
of patients received prophylactic therapy with antihistamines (n=65, 74%). Further 
prophylactic treatement at first visit was omalizumab (n=11, 13%), steroids (n=7, 8%) and 
leukotriene antagonists (n=5, 6%). 18 patients (20%) did not receive any prophylaxis but 
all had on-demand treatment available also mainly consisting of antihistamines (Table 1). 
Most patients (n=59, 67%) described moderate to severe symptoms at first visit, needing 
additional therapy. Four (5%) patients were symptom free at first visit. When analyzing all 
visits including follow-up visits 16 (14%) of patients reported to be symptom free (Table 1).

Cleaved kininogen levels are increased in CSU patients
cHK and C1-INH in complex with FXIIa or PKa were determined to assess contact activation 
in CSU. Median cHK level in patients was 9.1% (range:1.4-21.5%) and significantly increased 
compared to healthy controls (median 6.0% range: 0-19.9% p=0.0006). When classifying by 
disease severity cHK in healthy controls was significantly lower than in CSU patients with 
mild symptoms (median cHK 10.6% range 1.4-17.2%, p<0.0001) and moderate to severe 
symptoms (median cHK 9.0% range 2.7-18.71%, p=0.0043) but not compared to symptom 
free patients (median cHK 6.5% range 1.5-20.8%, p>0.9999, Figure 1A). cHK levels in symptom 
free patients were significantly lower than in patients with mild symptoms (p=0.0296) and 
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Table 1. Patients characteristics, therapy and disease severity per visit

Number of patients
Male (%)

Female (%)

Mean age (range)

88

30%

70%

44 (18-78)

CSU subtype n (%)
Wheals

Wheals and angioedema

Angioedema

39 (44%)

35 (40%)

14 (16%)

Prophylactic therapy at visit n (%)*:
None

Antihistamines

Omalizumab

Steroids

Leukotriene antagonist

Tranexamic acid

Cyclosporine

Methotrexate

Mycophenolic acid

Chloroquine

first visit (n=88)

18 (20%)

65 (74%)

11 (13%)

7 (8%)

5 (6%)

2 (2%)

2 (2%)

1 (1%)

1 (1%)

1 (1%)

All visits (n=117†)

19 (16%)

91 (78%)

30 (26%)

9 (8%)

7 (6%)

3 (3%)

2 (2%)

1 (1%)

1 (1%)

1 (1%)

Disease severity at visit n (%)**:
Symptom free

Mild 

Moderate to severe

first visit (n=88)

4 (5%)

25 (29%)

59 (67%)

All visits (n=117†)

16 (14%)

35 (30%)

66 (56%)

CSU= chronic spontaneous urticaria. 
*includes combinations of therapies.
† includes 29 follow-up visits from 23 patients
**Disease severity defined as: symptom free = complete disease control, mild = symptoms partly controlled no need 
for additional therapy, moderate to severe = uncontrolled symptoms, need for additional therapy. 

lower compared to patients with moderate to severe symptoms, however this difference 
was not statistically significant (p=0.3018, Figure 1A). An urticaria control test (UCT) score 
was reported at 33 visits, the average score was 11 (SD5.6) and trended towards negative 
correlation with cHK (p=0.06, r=-0.28, Supplemental figure 1) There were no differences in 
cHK levels among patients with wheals, wheals and angioedema or idiopathic angioedema 
(Figure 1B, p=0.91). 

In three patients with idiopathic angioedema, one or more samples were collected 
during an angioedema attack. All of these patients experienced a high attack frequency 
with 2 to 10 attacks monthly while using antihistamine prophylaxis of 1 to 4 times the daily 
recommended dose. In addition, one of these patients received tranexamic acid and one 
tranexamic acid and omalizumab which only led to partial improvement of symptoms. 
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Figure 1. Biomarkers of the contact system in chronic spontaneous urticaria. Cleaved kininogen 
(cHK) levels were determined by ELISA, 100% represents total cleavage of the HK pool. A) cHK levels 
in healthy controls (n=28) and chronic spontaneous urticaria (CSU) patients (114 measurements in 86 
patients) per disease severity; symptom free (n=15), mild (n=35), moderate to severe (n=64) B) cHK per 
disease phenotype, dots reflect measurements in 86 patients C) cHK during remission and angioedema 
attack in 3 patients with angioedema without urticaria, each symbol represents 1 patient. C) FXIIa-
C1-INH and PKa-C1-INH complexes were determined by ELISA, 100% represents complex formation 
after 30 minutes of dextran sulphate induced contact activation in control pooled plasma. Healthy 
controls (n=9) compared to CSU (n=86). Lines indicate median, Kruskal-Wallis test and Mann-Whitney 
t-test were used for comparison.

No increase in cHK could be observed in samples collected during an angioedema attack 
compared to samples in between attacks (Figure 1C, p=0.42). 

FXIIa-C1-INH and PKa-C1-INH complex levels were mainly below detection limits in 
patients and healthy controls (Figure 1D). Distribution of cHK levels among age and sex were 
analyzed but no relation with age or sex was found (Supplemental figure 2).

We analyzed changes in cHK levels detected in subsequent samples over time per 
patient. In only 11 of the 23 cases change in disease severity corresponded to change in cHK 
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levels, where change was defined as >4% cHK difference. Disease severity and cHK levels per 
patient, including additional information on immunosuppressive therapy and omalizumab 
used per time point are shown in Supplemental figure 3 (red lines indicate disease severity, 
blue lines cHK). 

Figure 2. Biomarkers of the fibrinolytic system in chronic spontaneous urticaria. Plasmin-anti-plasmin 
(PAP) levels were determined by ELISA data represented in optical density (OD) A) PAP levels in healthy 
controls (n=9) and chronic spontaneous urticaria (CSU) patients (111 measurements in 85 patients) 
per disease severity; symptom free (n=15), mild (n=34), moderate to severe (n=62) B) PAP levels per 
disease phenotype, dots reflect measurements in 85 patients. Soluble urokinase receptor (suPAR) levels 
were determined by ELISA (116 measurement in 88 patients), dotted lines indicate upper and lower 
reference range in healthy controls C) suPAR levels per disease severity (symptom free n=16, mild n=34, 
moderate to severe n=66), D) suPAR levels per disease phenotype, dots reflect measurements in 88 
patients. Lines indicate median, Kruskal-Wallis test was used for comparison.
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Plasmin-antiplasmin levels were increased in CSU patients
Activation of the fibrinolytic system was analyzed by measurement of PAP complexes and 
suPAR levels. We observed increased PAP levels in CSU patients compared to healthy controls 
(p=<0.0001). This differences was there for symptom free patients (p=0.0021), patients with 
mild symptoms (p=0.0002) and moderate to severe symptoms (p<0.0001, Figure 2A). There 
was no association with disease phenotype (p=0.28, Figure 2B). Soluble uPAR levels were 
only determined in patient samples as reference ranges from healthy control populations 
were available. Measurements were done in 116 samples, in only two patients levels were 
slightly increased, 20 measurements in 17 (19%) patients were below the lower cut-off value. 
Four patients with lowered levels were symptom free, 8 had mild symptoms and 7 moderate 
to severe symptoms. There was no difference in suPAR levels among the disease severity 
groups (p=0.24, Figure 2C) or disease phenotypes (p=0.42, Figure 2D). Furthermore, PAP and 
suPAR did not correlate to cHK levels or each other (Figure 3 A-C) . 

DISCUSSION
We evaluated if there is evidence for bradykinin release in CSU and found that cHK, a marker 
for bradykinin production, was elevated in CSU patients compared to healthy controls. cHK 
levels normalized in patients that were in disease remission. Increased cHK was not limited 
to CSU patients with angioedema. In addition, PAP levels were also increased reflecting 
fibrinolytic activety in CSU.

The increase in cHK levels observed in this CSU cohort was within the healthy control 
range; roughly not surpassing 20% cHK. We previously showed that even in HAE types 1 and 
2 half of the HAE patients had cHK levels within the normal range during remission and that 
a slight rise within this range could indicate an angioedema attack12. This was in line with 
results from a study assessing cHK levels in HAE via western blot17. There appears to be no 

Figure 3. Cleaved kininogen levels and biomarkers of the fibrinolytic system do not correlate. 
Cleaved kininogen (cHK), plasmin-anti-plasmin (PAP) and soluble urokinase receptor (suPAR) were 
determined by ELISA. cHK plotted against A) PAP levels B) suPAR levels. C) suPAR levels plotted against 
PAP levels. Spearman’s rank test was used. 
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lower threshold for an angioedema attack12,17. It is therefore possible that the overall slightly 

increased cHK levels in CSU contribute to a state of increased vascular permeability. 

Bradykinin levels or HK degradation in CSU were only studied in very small numbers 

of patients and limited to cases with angioedema. One study reported no decrease in HK 

antigen on western blot in 7 cases with idiopathic angioedema10. This different outcome can 

be explained by the sensitivity of cHK detection versus loss of HK antigen on western blot. 

Another study observed decreased HK levels in 10 patients with angioedema provoked by 

oral contraceptive intake, notably 8 of them also reported wheals, symptoms improved and 

HK normalized after cessation of oral contraceptives18. Evidence is surfacing that bradykinin 

contributes to idiopathic angioedema that is unresponsive to antihistamine therapy 

(idiopathic non-histaminergic angioedema). Increased bradykinin levels were detected in 4 

cases of idiopathic non-histaminergic angioedema during angioedema attacks19. Moreover, 

ex vivo plasma stimulation with a FXII activator in patients with idiopathic non-histaminergic 

angioedema resulted in increased PKa activity20, suggesting increased sensitivity to 

bradykinin production. Both studies did not found increased bradykinin levels or sensitivity 

to bradykinin production in idiopathic angioedema patients that did responded to 

antihistamine therapy (idiopathic histaminergic angioedema)20,21.We determined cHK in 

three patients with idiopathic angioedema during an acute attack but did not observe 

a further increase in cHK. All three showed no clear benefit from antihistamine therapy but 

two continued to have a partial and complete response to omalizumab suggesting mast cell 

involvement in their disease pathology. In our study cHK levels in patients with idiopathic 

angioedema did not differ from those with wheals. Our findings appear to be in line with 

previous observations in idiopathic histaminergic angioedema as the cHK increase detected 

is very subtile and within the range of healthy controls. However, using  our sensitive method 

of cHK detection we observed possible clinical relevant difference and are the first to report 

elevated cHK levels in CSU, unrelated to the occurrence of angioedema. 

Involvement of the fibrinolytic system in CSU is topic of debate. The fibrin degradation 

product D-dimer is associated with CSU and it correlates with disease severity and 

antihistamine resistant urticaria22,23. However, urokinase-type plasminogen activator (uPA), 

soluble uPA receptor (suPAR) and plasminogen activator inhibitor-1 were not elevated in one 

study on CSU patients24. We add to these previous observations our finding of increased PAP 

levels in CSU compared to healthy controls. There is a large bout of evidence demonstrating 

that activation of the fibrinolytic system and contact system go hand in hand9,14,25–28. It is 

strongly suggested that plasmin initiates bradykinin release in HAE with normal C1-INH 

function14,28. On the other hand, mast cells are pointed out as a source of fibrinolysis via 

excretion of tissue plasminogen activator, fibrinogenolytic properties of bèta-tryptase29 and 

expression of uPAR30. In addition, we found decreased suPAR levels in 19% of this CSU cohort. 

While increased suPAR levels are associated with inflammatory disease31–33, cardiovascular 

disease34, cancer35 and overall mortality, decreased levels are not connected to pathology. 

Other than a possible compensatory mechanism it is hard to envision a contribution of 

suPAR to CSU. With this study, we could not establish a correlation between PAP levels and 
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cHK. This may be explained by a mismatch in half-life of circulating cHK and circulating PAP 
levels. It is uncertain if cHK generation and plasmin activity in CSU are intertwined. 

Whether our observation of increased cHK generation is of clinical relevance in CSU 
or if cHK is just an innocent bystander requires investigations. We can only speculate that 
increased bradykinin turn-over in CSU, as reflected by our biomarker study, may contribute 
to increased vasopermeability, possibly priming the vasculature for events leading to wheals 
and/or angioedema. A recent case series including two CSU patients described that relapse 
in symptoms after initial successful omalizumab treatment drastically improved after 
cessation of ACE-inhibitors. It was suggested that ACE-inhibitors, which increase bradykinin 
levels, contributed to disease severity in these two CSU cases36. 

We here report on increased cHK levels in CSU reflecting increased bradykinin release. 
CSU is considered a multifactorial, mast-cell mediated disease and we cautiously introduce 
the idea of including bradykinin in this multifactorial model. If, and to what extent bradykinin 
indeed contributes to CSU remains to be answered.  
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SUPPLEMENTAL DATA

Supplemental figure 1. Cleaved kininogen levels per urticaria control test score. Cleaved kininogen 
(cHK) levels were determined by ELISA (Y-axis) the urticaria control test (UCT) consist of a 16 point score 
where 16 means complete disease control and 0 uncontrolled disease (X-axis, for 31 visits the UCT was 
reported and cHK was determined). Spearman’s rank test was used. 

Supplemental figure 2. Cleaved kininogen levels per age and sex. Cleaved kininogen (cHK) levels 
were determined by ELISA. A) cHK did not correlate with age and B) did not differ between male 
(n=26) and female patients (n=60). Dots reflect measurements in 86 patients, lines indicate median, 
Spearman’s rank test and Mann-Whitney t-test were used. 
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Supplemental figure 3. Cleaved kininogen levels related to disease severity in 23 patients. Cleaved 
kininogen (cHK) levels determined by ELISA and disease severity in 23 patients of which blood was 
collected at two or more time points. Blue lines indicates cHK red indicates disease severity where 
1 = symptom free, 2= mild symptoms, 3 = moderate to severe symptoms. Where indicated patients 
received add-on therapy next to prophylactic antihistamine treatment. 
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Supplemental figure 3. (continued)
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Supplemental figure 3. (continued)
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ABSTRACT
Coagulation factor XII (FXII) drives production of the inflammatory peptide bradykinin. 
Pathological mutations in the F12 gene, which encodes FXII, causes acute tissue swelling 
in hereditary angioedema (HAE). Interestingly, a recently identified point mutation in 
FXII (W268R) is not associated with HAE. Instead, FXII-W268R carriers experienced cold-
inducible urticarial-rash, arthralgia, fever and fatigue. We aimed to investigate the molecular 
characteristics of FXII-W268R and how these differ from HAE-associated FXII mutations. We 
expressed wild type FXII (FXII-WT), mutants FXII-W268R, FXII-T309R (causes HAE) and other 
FXII variants in HEK293 freestyle cells. We analyzed expression medium, cell lysates and 
purified proteins for FXII activation by chromogenic substrate assays, western blotting and 
ELISA. Recombinant FXII-W268R forms increased amounts of intracellular cleavage products 
that are also present in expression medium. These fragments display enzymatic activity. 
An active-site incapacitated mutant FXII-W268R-S544A demonstrates that intracellular 
fragmentation is largely dependent on FXII autoactivation. Purified FXII-W268R is highly 
sensitive to activation by plasma kallikrein and plasmin compared to FXII-WT or FXII-T309R. 
Furthermore, binding studies demonstrate that FXII-W268R exposes a plasminogen binding 
site that is cryptic in FXII-WT. In plasma, recombinant FXII-W268R spontaneously triggers 
high molecular weight kininogen (HK) cleavage. Our findings suggest that the FXII-W268R 
mutation influences protein conformation. This leads to exposure of the activation loop, 
which is normally concealed in FXII-WT. This results in intracellular autoactivation and 
constitutive low-grade secretion of activated FXII. Combined, these findings help to explain 
the chronically increased contact activation in carriers of the FXII-W268R mutation.
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INTRODUCTION
Factor XII (FXII) is a 78 kDa liver-expressed serine protease zymogen that circulates in blood 
plasma (30 μg/mL; 375 nM). It consists of 5 N-terminal domains, which are connected to 
the C-terminal protease domain by a proline-rich region. The protease domain contains an 
activation loop with a cleavage motif for plasma kallikrein (PKa) and plasmin. Cleavage after 
arginine at position 353 of this sequence generates activated FXII (αFXIIa). This full-length 
two-chain disulfide-linked enzyme can be truncated to generate βFXIIa (~28 kDa)1. Both 
forms of FXIIa can activate plasma prekallikrein, as well as FXII zymogen (autoactivation). As 
a result of this reciprocal feedback, initial FXII activation is rapidly amplified. FXII is part of 
the plasma contact system. This system is activated by anionic surface materials, which can 
be artificial or of natural origin. When FXII binds to these surfaces, it changes conformation2,3. 
This promotes FXII activation through activation loop exposure. The interplay of FXII(a) with 
PK(a) is dependent on high molecular weight kininogen (HK); this protein is bound to PK 
in plasma and has surface-binding properties. The contact system is linked to the blood 
coagulation system but is also responsible for production of bradykinin. This peptide is 
liberated from its precursor HK by PKa and is a mediator of pain and vascular leakage4,5. 

The connection between FXII activation, bradykinin release and human pathology was 
first identified in hereditary angioedema (HAE). HAE is a vascular leakage disorder hallmarked 
by acute attacks of bradykinin-mediated tissue swelling. HAE often results from deficiency 
in C1-esterase inhibitor (C1-INH), the main plasma inhibitor of FXIIa and PKa. In addition, 
bradykinin mediated HAE can also be caused by mutations in the F12 gene (encodes FXII). 
So far, five different mutations in FXII are associated with HAE6–9. All of these are located 
in the proline-rich region, a 53-amino acid sequence that is unique to FXII. Three of these 
mutations alter the enzymatic processing of FXII during activation through introduction of 
cleavage sites that are sensitive to plasmin10 and thrombin11. The resulting truncated FXII 
products display an enhanced sensitivity for activation10–12. 

Recently, a new FXII mutation (FXII-W268R) was reported in the kringle domain of 
FXII13,14. Interestingly, FXII-W268R carriers did not present with acute symptoms of HAE. 
All four identified FXII-W268R carriers are first-degree family members. They suffer from 
an autoinflammatory syndrome characterized by cold-inducible urticaria, arthralgia, fever 
and fatigue. Plasma from these subjects contains markedly increased biomarkers of contact 
activation. Furthermore, clinical symptoms improve upon administration of a bradykinin 
receptor antagonist. Strikingly, this pathogenic FXII mutation (W268R) is located only 9 
amino acids before the proline-rich region begins, which harbors mutations that cause 
HAE. This raises the question how FXII-W268R influences protein function and how this 
differs from mutations that cause HAE. We here report the investigation on the molecular 
characteristics of FXII with the mutation W268R. 
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RESULTS
FXII-W268R is spontaneously active 
Western blot analyses of expression medium containing FXII-W268R showed that it is partly 
fragmented (Fig. 1A). This fragmentation is predominantly seen under reducing conditions 
(non-reduced western blot in Fig. S1) and is much less pronounced during expression of 
FXII-WT or FXII-T309R (that causes HAE). The smallest fragment that FXII-W268R forms 
is ~30 kDa, resembling the light chain of FXIIa (which contains the protease domain). 
Chromogenic substrate assays showed that expression medium containing FXII-W268R 
exhibits spontaneous enzyme activity that is equivalent to 21 ±2.4 nM αFXIIa (progress 
curves in Fig. 1B, quantitation of FXIIa activity in Fig. 1C). Furthermore, incubation of FXII-
W268R expression medium with plasma prekallikrein results in an accelerated development 
of enzyme activity, compared to expression medium containing FXII-WT or FXII-T309R 
(Fig. 1D). In a similar manner, prekallikrein activator activity is seen in expression medium 
containing FXII-W268R that was cloned without the purification tag (tagless FXII-W268R), 
but not in expression medium containing tagless FXII-WT (Fig. S2A). We subsequently found 
that the spontaneous enzymatic activity in FXII-W268R expression medium is sensitive to 
inhibition by the chemical serine protease inhibitor PPACK, C1-INH, and the FXIIa-inhibiting 
monoclonal antibody OT2 (Fig. 1E;15). Furthermore, enzymatic activity that develops in FXII-
W268R expression medium in the presence of plasma prekallikrein is fully inhibited by PPACK 
and partially inhibited by C1-INH and OT2 (Fig. S3). When C1-INH is added to expression 
medium of the FXII-W268R mutant, FXIIa-C1-INH complexes form (Fig. 1F). These combined 
experiments show that FXII-W268R is already active upon production.

FXII-W268R is prone to intracellular autoactivation
The spontaneous enzymatic activity in expression medium that is displayed by FXII-W268R 
led us to investigate the possibility of intracellular FXII-W268R activation. Hereto, we 
analyzed lysates of cells that express FXII-W268R by western blotting. Increased levels of ~30 
kDa FXII fragments were found in lysates of cells that express FXII-W268R compared to those 
expressing FXII-WT or FXII-T309R (Fig. 2A). This suggests that FXII-W268R has an increased 
propensity towards intracellular cleavage and activation. To evaluate the contribution of 
autoactivation of FXII to the intracellular activation of FXII-W268R, we expressed an active 
site mutant, FXII-W268R-S544A. In this ‘silent’ mutant, the active site serine is replaced by 
alanine. FXII-W268R-S544A is unable to autoactivate (i.e. cleave and activate other FXII 
molecules) and cannot activate plasma prekallikrein (Fig. S4). This FXII variant showed 
markedly less intracellular fragmentation (Fig. 2A), indicating that intracellular FXII-W268R 
cleavage predominantly reflects autoactivation. 

Alternatively, we investigated if other intracellular enzymes are involved in the intracellular 
misprocessing of FXII-W268R. Proprotein convertases are abundant in most cell types, 
9 subtypes are important for intracellular processing of secretory proteins, with furin as 
the archetypical example16. In silico predictions suggest that the W268R mutation introduces 
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an RXRXXR consensus motif for proprotein convertases in FXII (residues 263-270; Table S1). 
To question its functionality, we developed four FXII-W268R variants (S267R-W268R and 
R265A-W268R), respectively improving or disrupting this consensus motif and their active 
site-incapacitated counterparts (S267R-W268R-S544A and R265A-W268R-S544A; Table S2). 
Western blot analyses of expression medium containing these FXII-W268R variants showed 
that FXII fragmentation occurs irrespective of disruption or improvement of the consensus 
motif for proprotein convertases (Fig. 2B). Disabling FXII-autoactivation (S267R-W268R-
S544A and R265A-W268R-S544A) prevents this FXII fragmentation to an extent that is 
comparable to that of FXII-WT and FXII-W268R-S544A (Fig. 2B). Furthermore, disruption 

Figure 1. Factor XII-W268R displays spontaneous activity during protein expression. A, western blot 
of expression medium under reducing (R) conditions. The closed arrow indicates the FXIIa light chain. 
Image is representative for three separate experiments. B, chromogenic substrate assay for FXIIa activity 
in expression medium. C, quantification of FXIIa activity in expression medium. Substrate conversion 
(linear) was monitored in the first 20 minutes of the assays and fitted to a standard curve of αFXIIa 
in expression medium. D, chromogenic substrate assay for plasma prekallikrein activator activity in 
expression medium. E, Effects of PPACK, C1-INH or antibody OT2 on FXIIa activity in expression medium. 
F, FXIIa-C1-INH complex formation in expression medium after incubation with C1-INH, a sigmoidal 4PL 
fit model was used to interpolate concentrations from a standard curve. Figure panels represent mean 
and SD of three repeated experiments.
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or improvement of this motif did not influence plasma prekallikrein-activator activity (Fig. 
2C), whereas plasma prekallikrein-activator potential was completely lost upon additional 
disabling of FXII-autoactivation. It is therefore unlikely that the W268R mutation introduces 
a new functional proprotein convertase cleavage motif. 

In addition, co-expression of FXII-W268R with α1-antitrypsin-Portland (α1AT-Portland; 
inhibits furin17) does not reduce plasma prekallikrein-activator activity (Fig. 2D), ruling out 
a role for furin. Together, these findings show that where FXII-WT is resistant to intracellular 

Figure 2. FXII-W268R is prone to intracellular autoactivation. A, western blot of transfected cell lysates 
under reducing (R) conditions. Cell lysates of mock-transfected cells were included as a control (No 
FXII). The closed arrow indicates FXIIa light chain. Where indicated, the FXII active site is incapacitated 
(S544A). Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) was used as a lane loading control. 
B, western blot (reduced; R) of expression medium containing FXII variants with altered putative 
proprotein convertase motifs. Where indicated, the FXII active site is incapacitated (S544A). Images are 
representative for three separate experiments. C, chromogenic substrate assay for plasma prekallikrein 
activator activity in expression medium of FXII variants with altered putative proprotein convertase 
motifs (closed symbols). Where indicated, the FXII active site is incapacitated (S544A; open symbols). D, 
chromogenic substrate assay for plasma prekallikrein activator activity of FXII-WT and FXII-W268R after 
co-expression with wild-type α1AT (α1AT-WT) or α1AT-Portland. Data represent means and SD of three 
separate experiments.
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autoactivation during protein expression, FXII-W268R is not. We hypothesized that this is 
the result of inappropriate activation loop exposure by this pathogenic mutant.

Mutation W268R accelerates FXII activation
We next examined the sensitivity of FXII-W268R for activation by either PKa or plasmin. We 
first purified FXII-W268R via its N-terminal strep-tag. This removes active, truncated βFXIIa, 
lacking the purification tag (SDS-PAGE with coomassie stain of purified FXII variants in  
Fig. S5). As a result, the spontaneous activity of purified FXII-W268R is substantially reduced 
(Fig. 3). Transient exposure to PKa activates both FXII-WT (6.4±0.4 nM αFXIIa), and FXII-
T309R (3.0±0.6 nM αFXIIa) to a limited extent (progress curves in Fig. 3A, quantification 
of FXIIa activity in 3B). By comparison, FXII-W268R displays a strongly increased activity 
after exposure to PKa (52 nM ± 3.6 nM) (progress curves in Fig. 3A, quantification of FXIIa 
activity in 3B). Tagless versions of these FXII variants behaved highly similarly (Fig. S2B,C). In 
a similar manner, transient exposure of FXII-W268R to plasmin generates 2.5 nM ± 0.6 nM 
αFXIIa activity, approximately 5-fold more than FXII-WT (0.2 nM ± 0.07 nM) and FXII-T309R 
(0.5 nM ± 0.2 nM) (progress curves in Fig. 3C, quantification of FXIIa activity in 3D). We next 
investigated the influence of surface binding on FXII-W268R activation. Anionic surfaces, 
like kaolin, enhance FXII (auto)activation. In contrast to activation in solution, FXII-WT and 
FXII-W268R develop similar enzymatic activity in the presence of kaolin (35 nM ± 3.0 nM 
and 30 nM ± 3.9 nM αFXIIa, respectively; progress curves in Fig. 3E, quantification of FXIIa  
activity in 3F).

We next performed a similar experiment with short dextran sulfate polymers (DXS-15k; 
Mr ~15000). Due to their short chain length3, FXII autoactivation is limited (progress curves 
in Fig. 3G, quantification of FXIIa activity in Fig. 3H). However, the presence of DXS-15k does 
enhance activation of FXII-WT by PKa approximately 4-fold (3.9 nM ± 0.74 nM αFXIIa without 
DXS; 16.9 ± 3.9 nM αFXIIa with DXS). Under the same conditions, FXII-W268R already becomes 
activated by PKa in the absence of DXS-15k, (98.6 nM ± 8.1 nM αFXIIa; Fig. 3G,H). Taken 
together, FXII-W268R behaves as if it is already in a surface-bound, unfolded conformation 
exposing its activation loop where FXII-WT does not.

Mutation W268R enhances activating cleavage of FXII
We next investigated FXII-W268R with an ELISA that recognizes two-chain FXIIa, which forms 
when FXII is cleaved after R353. This ELISA does not require an operational active site for 
target recognition 18. In good agreement with our chromogenic substrate activity assays, 
FXII-W268R generates much more FXIIa in response to PKa than FXII-WT or FXII-T309R  
(Fig. 4A). Similarly, more FXIIa forms when this mutant is exposed to plasmin (Fig. 4B). We next 
performed these experiments with active-site incapacitated mutants (S544A). As before, 
the W268R mutation accelerates formation of a two-chain form of FXII by PKa or plasmin  
(Fig. 4C,D). These combined experiments suggest that cleavage site R353 is cryptic in FXII-WT, 
but uncovered by the W268R mutation, making it sensitive to activation in solution.
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In further experiments, we examined whether the W268R mutation influences 
the interaction of FXII with its natural binding partners. We were unable to detect a stable 
binding interaction between plasma prekallikrein and immobilized FXII-WT or FXII-W268R 
in direct binding studies (by ELISA; data not shown). In contrast, plasminogen binds to 
immobilized FXII-WT, but only when it is immobilized in the presence of DXS (Fig. 4E). 
This suggests that FXII contains a cryptic binding site for plasminogen, which is exposed 
by surface binding. Remarkably, plasminogen binds robustly to immobilized FXII-W268R 
without DXS (Fig. 4E), suggesting an open conformation. This behavior is specific for this 
mutation, as it was not the case for several FXII mutations that cause HAE (Fig. S6). Together, 

Figure 3. Mutation W268R accelerates FXII activation. A, chromogenic substrate assay for FXIIa 
activity of purified FXII variants after exposure to plasma kallikrein (PKa; 1 µg/mL, closed symbols) or 
buffer (open symbols). B, quantification of FXIIa activity. Substrate conversion (linear) was monitored 
in the first 5 minutes of the assays and fitted to a standard curve of αFXIIa (0-125 nM). C, chromogenic 
substrate assay for FXIIa activity of purified FXII variants after exposure to plasmin (PLM; 25 µg/mL, 
closed symbols) or buffer (open symbols). D, quantification of FXIIa activity. Substrate conversion 
(linear) was monitored in the first 10 minutes of the assays and fitted to a standard curve of αFXIIa  
(0-25 nM). Figures represent means and SD of three repeated experiments.
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Figure 3 (continued) Mutation W268R accelerates FXII activation. E, chromogenic substrate assay 
for FXIIa activity triggered by kaolin (closed symbols) or buffer (open symbols). F, quantification of 
kaolin-triggered FXIIa activity. Spontaneous background activity of FXII variants was subtracted before 
analyses. Substrate conversion (linear) was monitored in the first 5 minutes of the assays and fitted 
to a standard curve of αFXIIa (0-125 nM). G, chromogenic substrate assay for FXIIa activity after pre-
incubation with dextran sulfate (DXS-15k) and subsequent exposure to PKa. FXII-WT and FXII-W268R 
are indicated by closed circles and closed triangles, respectively. Controls without DXS are indicated 
by open symbols. Activation of FXII-WT and FXII-W268R in the absence of PKa (autoactivation) is 
indicated by diamonds and inverted triangles, respectively. H, quantification of PKa-triggered FXIIa 
activity in the absence or presence of DXS-15k. Substrate conversion (linear) was monitored in the first 
5 minutes of the assays and fitted to a standard curve of αFXIIa (0-150 nM). Spontaneous background 
activity of FXII variants was subtracted before analyses. Figures represent means and SD of three  
repeated experiments.
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Figure 4. Mutation W268R enhances activating cleavage of FXII. Formation of two-chain FXIIa, 
monitored by ELISA during exposure to A, PKa, or B, plasmin (PLM). Formation of two-chain FXII by 
active-site incapacitated FXII variants (S544A), monitored by ELISA during exposure to C, PKa, or D, 
PLM. A sigmoidal 4PL fit model was used to interpolate FXIIa concentrations from a standard curve. E, 
plasminogen binding to immobilized FXII variants in the absence or presence of dextran sulfate (DXS). 
All data represent means and SD of three separate experiments. 

our results suggest that the conformation of FXII determines its activation rate, as well as 
the interaction with binding partners.

FXII-W268R activity in plasma overrides C1-INH function
In physiology, FXIIa and PKa are inhibited by C1-INH. We next investigated how FXII-W268R 
interacts with the plasma contact system by western blotting. We first examined FXII 
fragmentation in buffer in the absence or presence of PKa. Over a 5-minute timespan, 15 µg/
mL FXII-WT, FXII-W268R or a 1:1 combination of both (7.5 µg/mL each, to mimic heterozygous 
FXII-W268R carriers) did not display fragmentation (Fig. 5A,C). In contrast, progressive 
FXII fragmentation was observed in the presence of PKa where FXII-W268R was present  
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(Fig. 5B,D). Similarly, when we resupplemented FXII-immunodepleted plasma with FXII-

W268R, we observed spontaneous formation of ~130 kDa bands that correspond to FXIIa-

C1-INH complexes (Fig. 5E; indicated by open arrows; densitometric quantification in Fig. 5G), 

as well as FXIIa light chain (Fig. 5E; indicated by closed arrows). This was more apparent in 

the presence of PKa (Fig. 5F,H). Finally, we analyzed HK cleavage as a reflection of bradykinin 

production. Where resupplementation of FXII-immunodepleted plasma with FXII-WT did not 

provoke any HK cleavage, substantial HK cleavage was seen in the presence of FXII-W268R 

(Fig. 6I,K). As expected, the direct addition of PKa to plasma leads to HK cleavage (Fig. 6J,L). 

Figure 5. FXII-W268R activity in plasma overrides C1-INH activity. FXII and HK fragmentation 
were analyzed by western blot (reduced) in a buffered system or in FXII-immunodepleted plasma in 
the absence or presence of PKa. A, Spontaneous FXII fragmentation in buffer. B, FXII cleavage by PKa in 
buffer. Black arrows indicate FXIIa light chain. C,D, densitometric quantification of FXIIa light chain, Y-axis 
reflects band intensity of panels A and B, respectively. E, Spontaneous FXII fragmentation in plasma. 
F, FXII cleavage by PKa in plasma. Open arrows indicates FXIIa-C1INH complex. G,H, densitometric 
quantification of FXIIa-C1INH complex bands, Y-axis reflects band intensity. I, Spontaneous HK 
cleavage in plasma in the presence of FXII variants. J, PKa-triggered HK cleavage in the presence of FXII 
variants. K,L densitometric quantification of HK antigen, Y-axis reflect band intensity. Conditions with 
FXII-WT were compared to FXII-W268R and FXII-WT/W268R using 2-way ANOVA, *= p<.05, ** = p<.01, 
***=p<.001, ****=p<.0001.
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the inhibitory capacity of C1-INH, triggering HK cleavage in plasma and are consistent with 
observations in FXII-W268R carriers13,14.

DISCUSSION
In the present study, we investigated the biochemical features of the FXII mutant FXII-
W268R that was recently discovered in a family with autoinflammation13,14. We found that 
this pathogenic variant has a generally increased susceptibility for enzyme activation, unlike 
mutant FXII-T309R, a biochemically comparable mutation that causes HAE. This remarkable 
behavior of FXII-W268R is not restricted to the extracellular environment; activation already 
begins intracellularly. The finding that a fraction of FXII-W268R is secreted as an active 
enzyme and has a lowered threshold for activation, enables it to override physiological 
C1-INH activity in plasma. This matches the clinical observations of excessive contact 
activation in plasma of FXII-W268R carriers.

Based on our findings, we hypothesize that the increased susceptibility for activation 
of FXII-W268R is related to its conformation (graphically summarized in Fig. 6). However, 
this might not be the only explanation for the observed clinical phenotype. It is becoming 
increasingly clear that leukocytes contain a distinct pool of FXII19. The presence of 
intracellular FXIIa in these cells might trigger inflammasome activation, in turn leading 

Figure 6. Graphical representation of hypothesized molecular mechanism behind FXII-W268R. 
Domain abbreviations: Fib II; fibronectin type II domain, EGF1; epidermal growth factor-like domain 1, 
Fib I; Fibronectin type I domain, EGF2; epidermal growth factor-like domain 2, Kringle; kringle domain, 
pro-rich; proline-rich region. 
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to uncontrolled IL-1β production. Alternatively, this mutation might influence the non-
proteolytic contributions of FXII to inflammation20.

At the same time, there is a growing body of evidence that the conformation of FXII 
is paramount to its function. Firstly, the binding of FXII to a negatively charged surface 
changes its conformation. This mediates (auto)activation and causes FXII to expose its 
activation loop2,3. In the present study, we show that the W268R mutation influences FXII 
in a strikingly similar way. We previously proposed that this is the result of a ‘closed’ protein 
conformation, in which the N-terminus of FXII shields its activation loop1. This concept is 
not completely novel, it is also described for the serine proteases plasminogen21, Factor IX22, 
prothrombin23 and the metalloprotease ADAMTS13 (a disintegrin and metalloproteinase 
with a thrombospondin type 1 motif, member 13)24,25. Each of these enzymes displays 
increased functional properties in an open conformation, which mostly is the result of 
binding to phospholipid surfaces, protein cofactors or polymeric target proteins. 

Although our data is consistent with the hypothesis that FXII adopts an open conformation 
as a result of the W268R mutation, we did not directly demonstrate this. Currently available 
data on FXII structure is limited to the protease domain26, βFXIIa27,28, and the FnI-EGF2 
tandem domain29.

The W268R mutation is located in the kringle domain of FXII. The functional role of this 
domain in FXII has not been thoroughly investigated. Kringle domains are amongst others 
conserved in members of the plasminogen activation system, hepatocyte growth factors and 
prothrombin30. However, the kringle domain peptide sequence of FXII has low similarity to 
those of plasminogen, which are important for lysine-dependent binding to fibrin. Although 
FXII has fibrin-binding properties and is implicated in fibrinolysis, it remains unclear whether 
this is dependent on lysine-dependent binding of its kringle domain31,32.

Interestingly, the two kringle domains of prothrombin are not only important for 
interactions with Factor Va and Factor Xa. Kringle 1 is involved in ensuring a closed 
prothrombin conformation through intramolecular binding to its serine protease domain23. 
Disruption or reinforcement of this interaction directly influences the ‘open/closed’ 
conformational equilibrium, which impacts prothrombin activation. 

We, as well as others, previously proposed that an ‘open/closed’ mechanism controls 
the FXII activation1,23. Based on our current findings, one can speculate that the kringle 
domain of FXII has a role in regulation of the ‘open/closed’ equilibrium of this enzyme.

Although our findings point towards the kringle domain as a regulator of zymogen 
quiescence, based on the identification of a human pathogenic mutation in this domain, 
it cannot be ruled out that other domains are involved. Indeed, although a monoclonal 
antibody against the kringle domain enhances FXII activation by PKa33, the same holds 
true for monoclonal antibodies against the adjacent EGF2 domain11 and the N-terminally 
positioned FnII domain34.

This current work reveals the biomolecular differences between FXII-W268R and 
previously studied FXII-HAE mutations. Throughout our studies, we learned that FXII-
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W268R was extremely sensitive to activating cleavage, but not as the result of inappropriate 
truncation. Moreover, FXII-W268R already activates intracellularly where FXII-T309R does 
not. Our binding studies show that FXII-W268R exposes a binding site for plasminogen, that 
is cryptic in FXII-WT or FXII with HAE mutations.

Furthermore, studies with active-site incapacitated FXII mutants and ELISAs, show us that 
this mutant exposes its activation loop whereas incapacitated FXII-WT does not. Together, 
these findings strongly suggest that mutation W268R forces FXII into an ‘open’ conformation. 
This contrasts the FXII-HAE mutants that we studied earlier: these are in a quiescent state 
until they are truncated, which requires a specific enzymatic environment. We hypothesize 
that the continuously increased potential for activation matches the chronic, diffuse clinical 
picture of autoinflammatory urticaria, while the accelerated activation of the FXII-HAE 
mutations after truncation matches the acute clinical picture of HAE.

Our work presented here on the FXII-W268R mutation supports a pivotal role for 
the contact system and bradykinin in pathology beyond HAE. To our knowledge, this is 
the first study to suggest that a properly controlled conformation of FXII is decisive for 
the regulation of the contact system in human physiology.

EXPERIMENTAL PROCEDURES
Reagents
Aprotinin, benzamidine hydrochloride hydrate, bromophenol blue, D-desthiobiotin, dextran 
sulfate (DXS) mol. (average) wt. 500.000 and DXS mol. (average) wt. 15000 (DXS-15k), DL-
dithiothreitol (DTT), DNA oligonucleotides, EDTA, glycine, glycerol, hexadimethrine bromide 
(Polybrene), KCL, Dulbecco’s Phosphate Buffered Saline (PBS), skimmed milk powder, 
NaCl, Na2HPO4, NaH2PO4, Soy Bean Trypsin Inhibitor (SBTI), bovine serum albumin (BSA), 
and Tween-20 were from Sigma-Aldrich (St. Louis, MO, USA). Restriction enzymes BsmBI, 
HindIII, XmaI, BsaI, EcoRI, and NotI and T4 DNA polymerase, CutSmart Buffer were from 
New England Biolabs (Ipswich, Mass, USA). 293fectin transfection reagent, CloneJET PCR 
cloning kit, pJET1.2/blunt vector, Gibco FreeStyle 293 Expression Medium, Nalgene Single-
Use PETG Erlenmeyer Flasks, PolySorp- and MaxiSorp microtitre plates and PageBlue were 
from Thermo Scientific (Waltham, Mass., USA). Costar “V” Vinyl microtitre plates were from 
(Corning, NY, USA). Spectra/Por dialysis membranes (MWCO 3.5 kDa) were purchased from 
Spectrumlabs (CA, USA). Bolt 4-12% Bis-Tris Plus Gels, MOPS buffer, Alexa Fluor 680 Donkey 
anti-sheep IgG, One-shot TOP10 Chemically Competent E.coli were from Life Technologies 
(Carlsbad, CA, USA). Immobilon-FL and ethanol were from Merck-Millipore (Amsterdam, 
the Netherlands). Sodium acetate and CaCl2 were from Merck (Darmstadt, Germany). 
HEK293F cells were from ATCC (LGC Standards GmbH, Wesel, Germany), Tris-HCl was from 
Roche (Woerden, the Netherlands), and HEPES was from VWR International (Amsterdam, 
the Netherlands). Kaolin (light) was purchased from BDH (Poole, UK). DNA gel clean up and 
plasmid purification kits were from QIAGEN (Hilden, Germany). Polyclonal affinity-purified FXII 
antibody CL20055 was from Cederlane (Burlington, Canada). Anti-human Factor XII antibody 
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clone OT2 and streptavidin-poly-HRP were from Sanquin Blood Supply (Division Reagents, 
Amsterdam, the Netherlands). Anti-Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
monoclonal antibody (Clone 4G5; sc-51906) was from Santa Cruz Biotechnology (Dallas, 
TX, USA). Polyclonal affinity-purified HK antibody 1518BR1 was from Affinity Biologicals 
(Ancaster, Ontario, Canada) Peroxidase-conjugated polyclonal rabbit anti-sheep antibodies 
were from Dako (Heverlee, Belgium). PKa, αFXIIa and βFXIIa, were from Enzyme Research 
laboratories (South Bend, Ind., USA). Odyssey Blocking Reagent and donkey anti-mouse 
IRdye 800 antibody were from LI-COR (Hamburg, Germany). Streptokinase (Streptase) was 
purchased from CSL-Behring (Breda, the Netherlands), 3,3’,5,5’-tetramethyl-benzidine (TMB) 
was from Tebu Bio (Heerhugowaard, the Netherlands). Phe-Pro-Arg-chloromethylketone 
(PPACK) was purchased from Haematologic Technologies (Essex Junction, Vt, UK) Ampicillin 
(Amp) was obtained from Carl Roth GmbH (Karlsruhe, Germany), H-D-Pro-Phe-Arg-pNA 
(L2120) was from Bachem (Bubendorf, Switzerland). Plasma purified C1-INH was purchased 
from Alpha Diagnostics (San Antonio,TX, USA). Blasticidin-S hydrochloride were from Enzo 
Life Sciences (Raamsdonksveer, the Netherlands). 2x Yeast Tryptone broth and agar capsules 
were from MP Biomedicals (Santa Ana, CA, USA). Strep-Tactin Sepharose beads were from 
IBA-Life Sciences (Goettingen, Germany). Gene fragments were ordered from integrated 
DNA technologies (IDT, Coralville, USA). FXII immunodepleted plasma was from Invitrogen 
(Carlsbad, CA, USA). Plasminogen was purified from plasma as described 10 and converted to 
plasmin (2.17 mg/mL) by a 30 minute incubation with 2000 IU/mL streptokinase in 10 mM 
HEPES, 150 mM NaCl, 1 mM MgSO4, 5 mM KCl, pH=7.4 (HBS) at 37°C.

Factor XII cloning, protein expression and purification 
FXII-WT and HAE mutants T309K, T309R and Del&Ins (c971_1018+24del72) were developed 
as described previously10. For FXII-Dup (Pro279-Pro284dup), the two segments at both 
sides of the reported pathogenic duplication7 were amplified by PCR (Table S3; Fragment 1: 
N-Frag_For & Pro279-Pro284dup_P1_Rev. Fragment 2: Pro279-Pro284dup_P2_For & C-Frag_
Rev). Subsequently, the two PCR products were fused and amplified by PCR via overhanging 
primer sequences.

Mutants FXII-W268R and FXII-S544A were developed through two-step assembly. First, 
the insert encoding the FXII-WT cDNA sequence was amplified by PCR in three segments 
(annotated as N, M and C, respectively. Primer sequences in Table S3). Segments with 
the desired mutations were ordered as double stranded DNA fragments. First, the N and 
M segments were digested with XmaI. Subsequently, the fragments were fused by ligation. 
The fused product (NM) was amplified via PCR. Hereafter, the NM and C segments were 
digested with BsaI and fused together by ligation. For FXII triple mutants R265A-W268R, 
R265A-W268R-S544A, S267R-W268R, S267R-W268R-S544A and W268R-S544A the complete 
cDNA sequences were ordered as double stranded DNA fragments that were codon-
optimized for expression in human cell lines. Fragments were first ligated into the pJET1.2/
blunt vector according to manufacturer instructions. Inserts were next digested with EcoRI, 
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and NotI and ligated into the mammalian expression vector pSM2 encoding an N-terminal 
IgK secretion signal and 2xstrep-tags for affinity purification (based on pcDNA6/V5-His 
A 10). For FXII-WT and W268R expressed without the N-terminal 2xstrep-tags (tagless FXII) 
cDNA sequences were amplified by PCR from the FXII-WT or W268R cDNA sequence using 
the primers tagless_FXII_For and FXII_Rev Primer sequences in Table S3). The resulting cDNA 
fragment contains the N-terminal IgK secretion signal but lacks the 2xstrep-tags. The cDNA 
product was ligated into the pJET1.2/blunt vector according to manufacturer instructions. 
Inserts were digested with HindIII and NotI and ligated into the HindIII and NotI restricted 
mammalian expression vector pcDNA6/V5-His A. Sequences were verified by sanger 
sequencing prior to transfection. 

HEK293F cells, at a concentration of 1,1*106 cells/mL, were transfected with 293fectin 
and cultured in Gibco FreeStyle 293 Expression Medium with 2 mL cell suspensions in 6-well 
culture plates. After 4 days, cell suspensions were collected and centrifuged at 500xg for 
analysis of expression medium and cell pellets. Stable cell lines were selected for resistance 
to 5 µg/mL blasticidin in the presence of penicillin and streptomycin. Resistant cells were 
expanded and grown in 2L Erlenmeyer flasks for cell culture, cells were centrifuged at 
500xg and supernatant medium was harvested twice weekly. FXII inhibitor mix, consisting 
of SBTI (0.024 g/L), benzamidine (0.174 g/L) and Polybrene (0.056 g/L), was added to 
the supernatant prior to storage at -20 °C. Supernatants were thawed, concentrated and 
the buffer was exchanged (100 mM Tris-HCl, 150 mM NaCl, and 1 mM EDTA, pH 8.0, containing 
FXII inhibitor mix) on a 10-kDa dialysis membrane in a Quixstand benchtop system (GE Life 
Sciences, Fairfield, Conn, USA). Strep-Tactin Sepharose beads were used for purification of 
recombinant FXII via strep-tag, 12.5 µM PPACK was added to washing and elution buffers. 
Purified recombinant FXII was dialyzed against 4 mM sodium acetate–HCL and 150 mM NaCl 
(pH 5.5). Protein concentrations were routinely determined by absorption spectroscopy at 
280 nm, coomassie protein staining or western blotting (accompanied by densitometric 
analyses of bands) to ensure equal protein amounts in experiments. Table S2 displays on 
overview of constructs used. 

α1-antitrypsin expression
α1AT-WT and α1AT-Portland17 in pSM2 were co-transfected with FXII constructs where 
indicated. A SERPINA1 gene fragment was designed with two BsmBI restriction sites between 
reactive center loop (P4-P4’) allowing for later insertion of the desired reactive center loop 
DNA template, this SERPINA1-BsmBI fragment was ligated into pSM2 and digested via 
the BsmBI sites. DNA oligonucleotides encoding for amino acid sequences AIPMSIPP (P4-P4’ 
reactive center loop of α1AT-WT), or RIPRSIPP (P4-P4’ reactive center loop of α1AT-Portland) 
were ligated into the predigested SERPINA1-BsmBI template. 
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Western blotting
FXII in expression medium
Samples from expression medium were diluted in 3x sample buffer (30% glycerol, 190 mM 
Tris-HCL, 6% SDS, and 0.006% (m/v) bromophenol blue) with or without 25 mM DTT. HEK293F 
cell pellets of 2 mL expressions, seeded with 2,2*106 cells were washed, resuspended in 
Dulbecco’s PBS and lysed by adding 3x sample buffer with 25mM DTT, heated for 10 minutes 
at 95°C.

Purified FXII in plasma and buffer
For activation experiments in plasma, 10 µL recombinant FXII-WT, FXII-W268R or 
a 1:1 combination of both (final FXII concentration 15 µg/mL) were added to 15 µL FXII 
immunodepleted plasma or 15 µL HBS containing 0,05% BSA (w/v). Directly after mixing, 
samples were placed at 37°C for 2 minutes and activation was started with 5 µL PKa (final 
concentration 12.5 µg/mL) or 5 µL HBS as a control. Samples were taken after 1 and 5 minutes 
and diluted 20x in 1x sample buffer containing 8.3mM DTT. Prior to activation, t=0 samples 
were created. 

All samples were heated for 10 minutes at 95°C and centrifuged for 5 minutes at 2000xg. 
Samples were separated on 4-12% Bis-Tris gels at 165V for 60 minutes in MOPS buffer and 
proteins were transferred onto Immobilon-FL membranes at 125V for 55 minutes in blotting 
buffer (14.4 g/L glycine, 3.03 g/L Tris-HCL, 20% ethanol). Membranes were blocked for 1-2 
hours at room temperature using Odyssey blocking reagent diluted 1:1 with Tris-buffered 
saline (TBS; 50 mM Tris-HCL and 150 mM NaCl, pH 7.4) 0.1% Tween-20. Factor XII or HK were 
detected with affinity-purified polyclonal antibodies (1:2000) by overnight incubation at 4°C. 
Next, primary antibodies were detected with Alexa Fluor 680-conjugated donkey anti-sheep 
IgG (1:5000). GAPDH in lane loading controls was detected with a monoclonal antibody 
(1:4000) and a IRdye 800-conjugated donkey anti-mouse antibody (1:10000). Membranes 
were washed with TBSt and distilled water and analyzed on a near-infrared Odyssey  
scanner (LI-COR).

FXIIa-C1-INH complex ELISA
Methods on VhH selection and production for this assay are described before18. VhH 1B12 
(5 µg/mL), a monoclonal VhH directed against complexed C1-INH was coated o/n at 4°C on 
96-wells MaxiSorp plates. Plates were tapped dry and blocked with HBS containing 0.05% 
(v/v) Tween-20 (HBSt) and 1% (w/v) skimmed milk powder (mHBSt). Plasma purified C1-INH 
was added to expression medium at a final concentration of 5 µg/mL. As a reference standard, 
βFXIIa was added to expression medium from untransfected HEK293F cells and incubated 
with 5 µg/mL C1-INH. After 10 minutes incubation with purified C1-INH, 100 µL per sample 
was pipetted on the plate and incubated for 1 hour at room temperature while shaking. 
Plates were washed with HBSt. The captured FXIIa-C1-INH complexes were detected by 5 µg/
mL biotinylated polyclonal VhH targeted against βFXIIa (5 µg/mL) in mHBSt and after rinsing 
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by streptavidin-poly-HRP (1:2000) in mHBSt. Finally, plates were rinsed and 50 µL/well TMB 
substrate was added. Substrate conversion was stopped by adding 25 uL/well H2SO4 (0.3 
M) and absorbance was measured at 450 nm. GraphPad Prism 7.02 software was used to 
interpolate FXIIa-C1-INH concentrations, using a sigmoidal 4PL fit model to the βFXIIa-C1-
INH reference standard. 

FXIIa ELISA
VhH B7, a monoclonal VhH directed against FXIIa18 was coated o/n at 4°C on a 96-wells 
MaxiSorp plates. Plates were tapped dry and blocked with mHBSt. Ten µg/mL recombinant 
FXII in HBSt was incubated with 1 µg/mL PKa or 25 µg/mL plasmin. At indicated time points, 
reactions were stopped by diluting samples five times in mHBSt, supplemented with 250 µM 
PPACK. Fifty µL per sample was pipetted on the blocked plates and incubated for 1 hour at 
room temperature while shaking. A reference range of purified αFXIIa in mHBSt containing 
200 µM PPACK was included as a standard. Captured FXIIa was detected by the biotinylated 
monoclonal VhH B2 targeted against βFXIIa (5 µg/mL). Further detection steps were 
performed as described above (FXIIa-C1-INH complex ELISA). 

Protein binding assays
To study binding interactions between FXII and plasminogen, 5 µg/mL recombinant 
FXII in HBS was coated on 96-well PolySorp plates (o/n at 4°C) in the presence of 100 µM 
PPACK and in the presence of 1 µg/mL DXS, where indicated. Plates were tapped dry and 
blocked with 2% BSA in HBS (w/v). A concentration series of plasminogen was diluted in 
HBS containing 1% (w/v) BSA in the presence of 10 µM PPACK and incubated on plates for 
1 hour. After rinsing, bound plasminogen was detected using a polyclonal goat anti-human 
plasminogen antibody (1:2000) followed by a rabbit anti-sheep IgG-HRP antibody (1:4000) in 
the presence of 10 µM PPACK. Finally, plates were rinsed and 50 µL/well TMB substrate was 
added. Substrate conversion was stopped by adding 25 µL H2SO4 (0.3 M) and absorbance 
was measured at 450 nm.

Chromogenic substrate assays
Chromogenic substrate H-D-Pro-Phe-Arg-pNA (0.5 mM) was used to detect FXIIa and/or PKa 
activity. 96-wells costar plates were blocked with HBS containing 1% BSA (w/v; filtered on 
0.20 micron filters) for at least 20 minutes. All sample incubations were performed 37°C. 
Substrate conversion was read out at 405 nm at 37°C.

Spontaneous activity in medium was determined in 40 µL expression medium containing 
FXII to which 10 µL chromogenic substrate H-D-Pro-Phe-Arg-pNA was added (0.5 mM final 
concentration). Amidolytic FXIIa activity was quantified by determining the initial (linear) 
slopes of substrate conversion for 20 minutes, which were fitted to a standard curve of αFXIIa 
in expression medium (0-25 nM). Where indicated, inhibitors PPACK (200 µM), C1-INH (25 µg/
mL) or monoclonal antibody OT2 (5 µg/mL) for 15 minutes prior to addition of chromogenic 
substrate H-D-Pro-Phe-Arg-pNA.
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Plasma prekallikrein activator activity in 40 µL expression medium containing FXII was 

measured by addition of 10 µL chromogenic substrate H-D-Pro-Phe-Arg-pNA (0.5 mM final 

concentration) and plasma prekallikrein (5 µg/mL final concentration), after which PKa-like 

activity was measured. The effect of inhibitors PPACK (200 µM), C1-INH (25 µg/mL) and mouse 

monoclonal antibody OT2 (5 µg/mL) was investigated by pre-incubation for 15 minutes, after 

which 10 µL chromogenic substrate H-D-Pro-Phe-Arg-pNA (0.5 mM final concentration) and 

plasma prekallikrein (5 µg/mL) were added and PKa-like activity was measured.

FXII activation of purified recombinant FXII variants by PKa or plasmin was investigated 

by pre-incubating FXII (10 µg/mL in HBS, 0.2% m/v BSA) with PKa (1 µg/mL, in HBS 0.2% 

BSA), plasmin (25 µg/mL in HBS 0.2% BSA), or buffer (HBS, 0.2% BSA) for 15 minutes at 37°C, 

followed by a 5-minute incubation with aprotinin for all conditions (100 KIU/mL in HBS 

0.2% BSA) to inhibit PKa or plasmin. FXIIa activity was detected by conversion chromogenic 

substrate H-D-Pro-Phe-Arg-pNA (0.5 mM) and quantified by determining the initial (linear) 

slopes of substrate conversion for 5 minutes, which were fitted to a standard curve of αFXIIa 

(0-125 nM) in HBS, 0.2% BSA. Residual PKa activity (monitored as a control without FXII) was 

routinely subtracted where FXII activation by PKa was investigated.

FXII activation of purified recombinant FXII variants by kaolin was measured by pre-

incubating FXII (10 µg/mL in HBS, 0.2% m/v BSA) with kaolin (50 µg/mL) or buffer (HBS) for 

15 minutes at 37°C after which chromogenic substrate H-D-Pro-Phe-Arg-pNA (10 µL, 0.5 mM) 

was added and FXIIa activity detected. FXIIa activity was quantified by determining the initial 

(linear) slopes of substrate conversion for 5 minutes, which were fitted to a standard curve of 

αFXIIa (0-125 nM) in HBS, 0.2% BSA. 

FXII activation of purified recombinant FXII variants by PKa in the presence of DXS-15 

was measured by pre-incubating FXII (10 µg/mL in HBS, 0.2% m/v BSA) with DXS-15 (10 µg/

mL in HBS) or buffer (HBS) for 15 minutes at 37°C after which PKa (1 µg/mL, in HBS 0.2% BSA) 

or buffer (HBS, 0.2% BSA) was added and incubated for 15 min at 37°C after which aprotinin 

(100 KIU/mL in HBS 0.2% BSA) was added and incubated for 5 minutes at 37°C. chromogenic 

substrate H-D-Pro-Phe-Arg-pNA (10 µL, 0.5 mM final concentration) was added and FXIIa 

activity was quantified by determining the initial (linear) slopes of substrate conversion for 

5 minutes, which were fitted to a standard curve of αFXIIa (0-156 nM) in HBS, 0.2% BSA. 

Residual PKa activity (monitored as a control without FXII) was routinely subtracted where 

FXII activation by PKa was investigated.

STATISTICAL ANALYSIS
Graphpad Prism 7.02 software was used for statistical analysis were indicated. Two-way 

ANOVA with Dunn’s correction of multiple testing was used for comparison of repeated 

experiments with biological samples.
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SUPPLEMENTAL DATA

Supplementary table 1. General proprotein convertase cleavage site predictionsI

protein position context score probability

FXII-WT 268 RDRLSW/EY - -
FXII-W268R 268 RDRLSR/EY 0.114 Low 

FXII-S267R-W268R 268 RDRLRR/EY .594 High 
FXII-R265A-W268R 268 RDALSR/EY .05 Low 
FXII-WT 326 ALPAKR/EQ .832 High
FXII-WT 353 LSSMTR/VV .857 High

/ indicates cleavage site
Red-bold indicates introduced point mutation changing the likelihood of cleavage at the 268 arginine. 
I)ProP 1.0 Server: http://www.cbs.dtu.dk
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Supplementary table 2. Factor XII sequence variations (FASTA sequence: http://www.uniprot.org/
uniprot/P00748)

IPPWEAPKEHKYKAEEHTVVLTVTGEPCHFPFQYHRQLYHKCTHKGRPGPQPWCATTPNFDQDQRWGYCLEPKK 
VKDHCSKHSPCQKGGTCVNMPSGPHCLCPQHLTGNHCQKEKCFEPQLLRFFHKNEIWYRTEQAAVARCQCKGP 
DAHCQRLASQACRTNPCLHGGRCLEVEGHRLCHCPVGYTGAFCDVDTKASCYDGRGLSYRGLARTTLSGAPCQ 
PWASEATYRNVTAEQARNWGLGGHAFCRNPDNDIRPWCFVLNRDRLSWEYCDLAQCQTPTQAAPPTPVSPRL 
HVPLMPAQPAPPKPQPTTRTPPQSQTPGALPAKREQPPSLTRNGPLSCGQRLRKSLSSMTRVVGGLVALRGAH 
PYIAALYWGHSFCAGSLIAPCWVLTAAHCLQDRPAPEDLTVVLGQERRNHSCEPCQTLAVRSYRLHEAFSPVSYQ 
HDLALLRLQEDADGSCALLSPYVQPVCLPSGAARPSETTLCQVAGWGHQFEGAEEYASFLQEAQVPFLSLERCSA 
PDVHGSSILPGMLCAGFLEGGTDACQGDSGGPLVCEDQAAERRLTLQGIISWGSGCGDRNKPGVYTDVAYYLAW 
IREHTVS

Color Mutant  Properties

Yellow FXII-W268R Identified in one family with 
autoinflammatory symptoms

FXII-R265A-W268R

FXII-S267R-W268R

Incapacitated proprotein convertase 
motif

Enhanced proprotein convertase motif
Green FXII-S554A Incapacitated active site
Yellow/green FXII-W268R-S554A FXII-W268R with incapacitated active 

site
Yellow/green FXII-R265A-W268R-S544A FXII- Incapacitated proprotein 

convertase motif

-W268R-with incapacitated active site
Yellow/green FXII-S267R-W268R-S544A FXII- Enhanced proprotein  

convertase motif

-W268R-with incapacitated active site
Blue FXII-T309R, FXII-T309K Identified in HAE-FXII*
Pink FXII c.892_909dup (FXII-dup) Sequence duplicated in HAE-FXII*
Underlined FXIIc.971_1018+4del48 (FXII-del&ins) Changed to 

RSREGAGRARFRPAGRGLSVLSPCSST

in HAE-FXII*

* de Maat et al. J Thromb Haemost. 2018 Sep;16(9):1674-1685. doi: 10.1111/jth.14209.
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Supplementary table 3. Primer sequences.

Pro279-Pro284dup_P1_Rev: GTCGGAGGCGCCGCCTGGGTTGGAGGCGCCGCCTGGGTTGGGGTCTGGCAC 
TGTGCCAGGTCG
Pro279-Pro284dup_P2_For: CCAACCCAGGCGGCGCCTCCAACCCAGGCGGCGCCTCCGACCCCGGTGTCCC 
CTAGGCTTC
N-Frag_For: GGAGAATTCGAAAACCTGTATTTTCAGTCTATTCCACC
N-Frag_Rev: GCTCCCGGGGTCTGGGACTGAGGCGGGG
M-Frag_For: GACCCCGGGAGCCTTGCCGGCGAAGCG
M-Frag_Rev: CGTGGTCTCGGAGGGTCGCGCGGCGCCGCTTG
C-Frag_For: GACCCTCCGAGACCACGCTCTGCCAGG
C-Frag_Rev: CGAGCGGCCGCTCATCAGGAAACGGTGTGCTCCCG
FXII_tagless_For: GAAAAGCTTATGGAGACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGT 
TCCACTGGTCCACCTTGGGAAGCCC

FXII_Rev (for tagless constructs): CGAGCGGCCGCTCATCAGGAAA

Supplemental figure 1. Western blot of expression medium containing factor XII variants under 
non-reducing (NR) conditions. The image is representative of three separate experiments.
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Supplemental figure 2. Tagless factor XII variants. A, chromogenic substrate assay for plasma 
prekallikrein activator activity in expression medium. B, chromogenic substrate assay for FXIIa activity 
of FXII variants in expression medium after exposure to plasma kallikrein (PKa; closed symbols) or 
buffer (open symbols). Forty µL cell culture supernatant was incubated for 30 minutes at 37°C with 20 
µL PKa (prediluted in cell culture medium; final concentration 2 µg/mL). Subsequently, 20 µL aprotinin 
(200 KIU/mL final concentration was added. After 15 minutes incubation, 20 µL  H-D-Pro-Phe-Arg-pNA 
was added and substrate conversion monitored. C, quantification of FXIIa activity. Substrate conversion 
(linear) was monitored in the first 20 minutes of the assays and fitted to a standard curve of αFXIIa 
(0-12.5 nM). Figure panels represent mean and SD of three repeated experiments.
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Supplemental figure 3. The effect of PPACK, C1-INH or monoclonal antibody OT2 on prekallikrein 
activator activity in expression medium. Data represents mean and SD of three repeated experiments.

Supplemental figure 4. Plasma prekallikrein activator activity of FXII-W268R and active-site 
incapacitated FXII-W268R-S544A in expression medium. Data represents mean and SD of three 
repeated experiments.
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Supplemental figure 5. Purity analysis of factor XII variants after affinity purification. Protein 
(1 μg/lane) was separated by SDS-PAGE under reducing conditions on 4-12% gels and stained with  
Coomassie blue.

Supplemental figure 6. Unlike FXII-W268R, FXII-HAE variants do not expose a plasminogen binding 
site. Plasminogen binding to immobilized FXII variants, including FXII-HAE mutations FXII-T309R, 
FXII-T309K, FXII-del/ins or FXII-dup in the absence (A) or presence (B) of dextran sulfate (DXS). Data 
represent means and SD of three separate experiments.
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ABSTRACT 
Factor XII (FXII) zymogen activation requires cleavage after arginine 353 located in 
the activation loop. This cleavage can be executed by activated FXII (FXIIa; autoactivation) 
or plasma kallikrein. Previous studies proposed that the activation loop of FXII is shielded to 
regulate FXII activation and subsequent contact activation. In this study, we aimed to elucidate 
this mechanism by expressing and characterizing 7 consecutive N-terminally truncated FXII 
variants as well as full-length wild-type (WT) FXII. As soon as the fibronectin type II domain 
is lacking (FXII D1-71), FXII cleavage products are seen on western blot. These fragments 
display spontaneous amidolytic activity, indicating that FXII without the fibronectin type 
II domain is susceptible to autoactivation. Additionally, FXII D1-71 is more easily activated 
by plasma kallikrein than full-length WT FXII. To exclude a contribution of autoactivation, 
we expressed active-site incapacitated FXII variants (S544A). FXII D1-71 S544A is highly 
susceptible to cleavage by plasma kallikrein indicating that the activation loop is exposed. 
In surface binding experiments we found that the fibronectin type II domain is non-essential 
for binding to polyphosphate or kaolin, whereas the following epidermal growth factor-like 
(EGF-1) domain is indispensable. Binding of full-length FXII S544A to polyphosphate or 
kaolin increases its susceptibility to cleavage by plasma kallikrein. Moreover, the activation 
of full-length WT FXII by plasma kallikrein increased approximately 6-fold in the presence 
of kaolin. Combined, these findings suggest that the fibronectin type II domain shields 
the activation loop of FXII, ensuring zymogen quiescence. 
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INTRODUCTION
Factor XII (FXII) is the initiating enzyme of the plasma contact system. It can independently 
activate when it binds to anionic surfaces and polymers. This process is heavily dependent 
on a cleavage event after arginine 353 (R353) located in the activation loop (spanning 
residues 340–467, mature protein numbering) that can be executed by activated FXII (FXIIa; 
autoactivation) and plasma kallikrein (PKa).1,2 As a result, PKa is an important catalyst for FXII 
activation and subsequent contact activation.3

Contact activation has two functions: 1) coagulation via the intrinsic pathway and 2) 
bradykinin liberation from high molecular weight kininogen (HK). This latter molecule is 
a cofactor for PKa in contact activation.

FXII consists of six domains. Its peptide sequence starts with an unstructured peptide 
sequence that is implicated in the interaction with factor XI4, which is followed by 
a fibronectin type II domain (FnII), an epidermal growth factor-like domain (EGF-1), and 
a fibronectin type I domain (FnI) that are implicated in surface- and receptor binding. These 
domains are followed by a second EGF-like domain (EGF-2), a kringle domain (kringle) and 
a serine protease domain (protease) (graphical representation in ►Fig. 1A). A proline-rich 
region (PRR; 54 amino acids) connects the kringle and protease domain. The PRR contains 
cleavage sites for leukocyte proteases5 and is a hotspot for mutations that cause hereditary 
angioedema (HAE).6 Three out of five of these mutations introduce additional cleavage 
sites for plasmin or thrombin.7,8 Truncation of FXII through cleavage in the PRR accelerates 
activation by PKa.5 Similarly, FXII binding to anionic polymers increases its rate of activation 
by PKa.9 This can be recapitulated by the binding of monoclonal antibodies to the N-terminal 
domains of FXII.10 Together, these observations have led us and others to believe that 
the surface binding domains of FXII have a regulatory role in its activation mechanism.8,11,12

We hypothesize that the activation loop is usually shielded as a result of intramolecular 
self-association between N-terminal domain(s) and the protease domain. This phenomenon 
is described for several other plasma proteases (thrombin, plasminogen and ADAMTS-
13).13-15 Currently, there are no crystal structures available for full-length FXII to support this 
concept.2,16 In the present study, we investigated the molecular mechanisms that control 
the sensitivity of FXII for activating cleavage.

Methods
Reagents
Aprotinin (from bovine lung), Bovine serum albumin (BSA), Bromophenol blue, Dithiothreitol 
(DTT), Dulbecco’s Phosphate Buffered Saline (PBS), EDTA, Glycerol, Glycine, NaCl, Na2HPO4, 
NaH2PO4, and Tween-20 were from Sigma-Aldrich (St. Louis, MO, USA). DNA oligonucleotides 
were from Sigma-Aldrich (St. Louis, MO, USA). Alexa Fluor 680 Donkey anti-sheep IgG, 
Alexa Fluor 680 Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary antibody, Bolt 
4-12% Bis-Tris plus gels, S.O.C. medium, One Shot TOP10 Chemically Competent E. coli and 
10x TBE (Tris-Borate EDTA) buffer were from Invitrogen (Carlsbad, CA, U.S.A.). Restriction 
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enzymes EcoRI, NotI, Cutsmart buffer, T4 ligase buffer and T4 ligase were from New England 
Biolabs (Ipswich, MA, U.S.A.). Polyethylenimine MW 25.000 (PEI) was from Polysciences 
(Warrington, PA, U.S.A.). CloneJET PCR cloning Kit, HF phusion polymerase, Gibco FreeStyle 
293 Expression Medium, HEK293F cells, and Gibco Opti-MEM + GlutaMAX reduced serum 
medium were from Thermo Fisher Scientific (Waltham, MA, U.S.A.). Anti-FXII affinity-purified 
polyclonal antibody (Sheep IgG; CL20055AP) was from Cedarlane Ltd. (Burlington, Canada). 
Anti-Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) monoclonal antibody (Clone 
4G5; sc-51906) was from Santa Cruz Biotechnology (Dallas, TX, U.S.A). Immobilon-FL, and 
Ethanol were from Merck-Millipore (Amsterdam, the Netherlands). Peptide substrate H-D-
Pro-Phe-Arg-pNA (L2120) was from Bachem (Bubendorf, Switzerland). Plasma kallikrein 
was purchased from Enzyme Research laboratories (ERL; South Bend, U.S.A.). Costar vinyl 
96 well plate was purchased from Corning (Kennebunk, ME, U.S.A.). Odyssey blocking 
reagent was purchased from LI-COR (Lincoln, NE, U.S.A.). 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 from BDH ltd. (Poole, UK). 
Nucleospin Plasmid-, NucleoSpin Gel and PCR Clean-up kits were from Macherey-Nagel 
(Düren, Germany). Calcium pre-adsorbed platelet size polyphosphate (polyP) (average 
polymer size of 70 phosphate residues) was a kind gift from prof. dr. Thomas Renné 
(Universitätsklinikum Hamburg-Eppendorf, Germany).

Molecular cloning and protein expression
cDNA sequences of FXII truncation variants with an N-terminal EcoRI and C-terminal NotI 
restriction site were generated by PCR using HF phusion polymerase (primer sequences 
listed in Table S1), based on the F12 cDNA (reference sequence (NM_000505.3) containing 
the silent mutation 1140T>C (PMID 27130860). Alternatively, PCR was performed on F12 
cDNA with the additional mutation 1387T>G, that leads to incapacitation of the active-
site by changing the active-site serine into an alanine residue (S544A). These sequences 
were ligated into pSM2, a pCDNA6/V5-His A expression vector with a N-terminal murine 

Figure 1. The fibronectin type II domain of factor XII regulates zymogen quiescence. (A) Factor XII 
(FXII) truncation strategy. Arrows indicate the starting residues for each FXII variant. The first region 
spanning residues 1-18, and the proline-rich region (PRR), are indicated with dashed lines. EGF-like 
domain 1 (EGF-1), fibronectin type 1 domain (FnI), EGF-like domain 2 (EGF-2), kringle domain (kringle), 
serine protease domain (protease) (B,C) Western blots of FXII variants in expression medium (under 
reducing and non-reducing conditions, respectively). (D) Spontaneous FXIIa activity in expression 
medium and the effect of the inhibiting anti-FXII serine protease domain antibody OT2. Conditioned 
expression medium of mock-transfected cells (no FXII) was included as a control. (E) Initial rates of 
substrate conversion (first 30 minutes). (F) Truncation strategy of active-site incapacitated FXII S544A 
variants. Arrows indicate the starting residues for each FXII variant. (G,H) Western blots of active-site 
incapacitated FXII S544A variants in expression medium (under reducing and non-reducing conditions, 
respectively). Data represent mean ± SD of three separate experiments, all performed in duplicate. 
Western blots are representative for three independent experiments.
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Igk secretion signal and two N-terminal strep-tags inserted through the HindIII and EcoRI 
restriction sites (PMID 27130860). DNA sequences were verified by sequence PCR. HEK 293F 
cells (1.1 x 106/mL) in Gibco FreeStyle 293 expression medium were (transiently) transfected 
with 1 μg/mL of plasmid DNA in a DNA:PEI ratio of 1:3, dissolved in Opti-MEM. After 24 hours, 
expression medium was replaced in order to remove excess PEI. Five days later, the cells 
were centrifuged at 500xg for 10 minutes after which the supernatant expression medium 
was centrifuged at 5.000xg for 10 minutes in order to remove cell debris and stored at -20°C 
until use. Prior to comparative functional experiments, FXII antigen levels were equalized 
by western blotting. Throughout experiments, conditioned expression medium of non-
transfected cells (no FXII) was included as a control.

Chromogenic substrate enzyme activity assays
The chromogenic substrate H-D-Pro-Phe-Arg-pNA was used to detect FXIIa and/or plasma 
kallikrein-like activity. C costar vinyl 96 well plates were blocked with 200 μL filtered HBS-BSA 
(10 mM HEPES, 150 NaCl, pH 7.4 and 1.0% BSA (w/v)) for >20 minutes at 37°C. All incubations 
of conditioned expression medium (with equal FXII concentrations) with indicated reagents 
(final in-assay concentrations are stated) were performed at 37°C. Substrate conversion was 
measured on a SpectraMax ID3 (Molecular devices) at 405 nm for 120 minutes with 1 minute 
intervals at 37°C.

Spontaneous FXIIa activity
Spontaneous FXIIa activity of FXII variants was determined by incubating FXII variants in 
expression medium (70 μL) with vehicle control conditioned expression medium (10 μL) or 
with OT2 antibody (10 μL; 10 μg/mL) for 20 minutes after which the substrate was added  
(20 μL; 0.5 mM).

Activation of FXII variants by plasma kallikrein
The activation of FXII variants by plasma kallikrein (PKa) was determined by incubating 
FXII variants in expression medium (80 μL) with PKa (10 μL pre-diluted in HBS-BSA 0.2% 
(w/v); 2 μg/mL) for 45 minutes after which PKa was inhibited with aprotinin (10 μL pre-
diluted in HBS-BSA (0.2% (w/v)); 200 KIU/mL) for 15 minutes prior to substrate addition  
(20 μL; 0.42 mM).

Activation of FXII variants by plasma kalllikrein in the presence of a surface
The activation of FXII variants by plasma kallikrein (PKa) in the presence of a surface (kaolin) 
was determined by incubating FXII variants in expression medium (80 μL; equal FXII 
concentrations) with kaolin (10 μL pre-diluted in TBS (50 mM TRIS, 150 mM NaCl, pH 7.4); 
0.46 mg/mL) or with buffer control (10 μL TBS) for 15 minutes. Subsequently, PKa (10 μL 
pre-diluted in HBS-BSA 0.2% (w/v); 1.85 μg/mL) or buffer control (10 μL HBS-BSA 0.2% (w/v)) 
was added and incubated for 45 minutes. Next, PKa was inhibited with aprotinin (10 μL pre-
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diluted in HBS-BSA 0.2% (w/v); 185 KIU/mL) during 15 minutes after which the substrate was 
added (20 μL; 0.38 mM).

SDS-PAGE and western blotting
SDS-PAGE and western blotting samples (specific conditions outlined below, all incubations 
were performed at 37°C) are prepared by 3-fold dilution of the sample into (non-)reducing 
sample buffer (1x sample buffer: 10% glycerol, 0.06 M Tris-HCl, 2% SDS, Bromophenol blue, 
with or without 8.3 mM DTT) after which the samples are heated for 10 minutes at 95°C. 
Samples (60 μL) were separated on 4-12% Bis-Tris gels at 165V for 70 minutes in MOPS buffer. 
Proteins were transferred to Immobilon-FL membranes at 125V for 60 minutes in blotting 
buffer (25 mM Tris, 192 mM Glycine, 20% (v/v) Ethanol). Membranes were blocked for 2 
hours at room temperature (RT) with blocking buffer (Odyssey blocking reagent diluted 
1:1 with TBS 0.1% Tween (v/v) (TBS-T)). FXII was detected with polyclonal affinity-purified 
goat anti-human factor XII and GAPDH with monoclonal mouse anti-human GAPDH diluted 
1:4000 in blocking buffer overnight at 4°C. Membranes were washed with TBS-T, and primary 
antibodies were detected with donkey anti-sheep IgG Alexa Fluor 680 or Alexa Fluor 680 
goat anti-mouse IgG (H+L) diluted 1:10:000 in blocking buffer for 1 hour at RT. Membranes 
were washed with TBS-T and analyzed on a near infrared Odyssey scanner (LI-COR). Band 
densitometry was performed with Odyssey software (LI-COR).

FXII- and FXII S544A variants in expression medium and HEK293F cell lysates
FXII variants in expression medium were diluted 3-fold in (non-)reducing sample buffer. 
Transfected cells (1.1 x 106/mL) were washed, resuspended in Dulbecco’s phosphate buffered 
saline and lysed by 3-fold dilution in reducing sample buffer. 

Cleavage of FXII S544A variants by plasma kallikrein
Active-site incapacitated FXII (S544A) variants in expression medium (80 μL) were incubated 
with plasma kallikrein (PKa) (20 μL pre-diluted in TBS; 5 μg/mL) or with buffer control (20 μL 
TBS) for 30 minutes after which the samples were diluted 3-fold in sample buffer.

Polyphosphate and kaolin binding of FXII S544A variants
FXII S544A variants in expression medium (150 μL) were incubated with polyphosphate 
(polyP) (16.5 μL pre-diluted in HBS; 10 mg/mL) or kaolin (16.5 μL pre-diluted in TBS; 500 μg/
mL) for 15 minutes. Subsequently, the polyP and kaolin were pelleted by centrifugation at 
5000xg for 5 minutes. Western blot samples were taken prior to addition of polyP or kaolin 
(input sample; with TBS or HBS buffer control) and taken from the supernatant after pelleting 
(supernatant sample). Finally, polyP or kaolin pellets were taken up in 60 μL 1x reducing 
sample buffer. 
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Cleavage of FXII S544A variants by plasma kallikrein in the presence of a surface. 
FXII S544A variants in expression medium (100 μL) were incubated with polyP (5.55 μL pre-
diluted in HBS; 10 mg/mL), kaolin (5.55 μL pre-diluted in TBS; 500 μg/mL), or buffer control 
(5.55 μL TBS or HBS) for 15 minutes. Subsequently, PKa (5.55 μL pre-diluted in HBS; 5 μg/mL) 
or buffer control (5.55 μL HBS) is added and incubated for 30 minutes after which samples 
are diluted 3-fold in sample buffer. 

Data analysis
Statistics were performed by One-Way ANOVA. P<0.05 was considered significant. All data 
analyses were performed with Prism Graphpad 7.0 (Graphpad Software).

RESULTS
Removal of the fibronectin type II domain disturbs FXII zymogen quiescence
We developed DNA constructs encoding 7 N-terminally truncated FXII variants through 
consecutive N-terminal domain deletion (also including the PRR) while retaining 
the subsequent inter-domain linker sequence, as well as a full-length control construct (WT 
FXII) (►Fig. 1A). We used UNIPROT (www.uniprot.org/uniprot/P00748) as a source for domain 
annotation, except that we included the N-terminal VVLT amino acids (residues 19-22 of 
the mature FXII sequence) as part of the FnII domain, based on FnII domain solution structure 
studies.17 Six out of the 7 truncated FXII variants were effectively secreted (►Supplementary 
Fig. 1A). FXII starting with the kringle domain (FXII D1-191) was not secreted, but was present 
in the lysates of transfected cells, indicating intracellular retention (►Supplementary Fig. 
1B). Therefore, this FXII variant was omitted from further experiments. Western blot analysis 
of conditioned expression medium shows that full-length WT FXII and FXII D1-18 are 
expressed as single-chain proteins (►Fig. 1B). In contrast, FXII is partially fragmented when 
the FnII domain is lacking (FXII D1-71, and further truncations) (►Fig. 1B). These cleavage 
products are predominantly visible under reducing conditions (►Fig. 1B,C), suggesting that 
they result from a cleavage event within the activation loop. Next, we investigated enzyme 
activity with a chromogenic substrate assay. No spontaneous enzymatic activity was found 
for full-length WT FXII and FXII D1-18 (►Fig. 1D). However once the FnII domain is lacking 
(FXII D1-71, and further truncation) spontaneous enzymatic activity that is sensitive to 
inhibition by the FXIIa inhibiting antibody OT2 is observed (►Fig 1D,E).7 This suggests that 
FXII without the FnII domain is susceptible to autoactivation. Indeed, expression of active-
site incapacitated forms of FXII (S544A), which are unable to autoactivate, eliminates FXII 
fragmentation (►Fig. 1F-H and ►Supplementary Fig. 1C,D for cell lysates).These findings 
show that the absence of the FnII domain disturbs zymogen quiescence.

The fibronectin type II domain shields the activation loop of FXII
We next investigated the susceptibility of FXII to activation by PKa for the first four FXII 
variants; full-length WT FXII, FXIID1-18, FXII lacking the FnII domain (FXII D1-71), and FXII 
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without the following EGF-1 domain (FXII D1-112). Transient exposure to PKa activates 
full-length WT FXII and FXII D1-18 to a limited extent (►Fig. 2A). As before, FXII D1-71 and 
FXII D1-112 already display FXIIa activity prior to exposure to PKa. After exposure to PKa, 
FXII D1-71 and FXII D1-112 display a strongly increased activity (►Fig. 2A,B; corrected for 
autoactivation). This indicates that the R353 site in the activation loop of FXII is more easily 
cleaved by PKa in the absence of the FnII domain. 

In western blotting experiments we next investigated PKa cleavage of the activation 
loop in active-site incapacitated FXII S544A variants (to exclude a contribution of FXII 

Figure 2. The fibronectin type II domain shields the activation loop of factor XII. (A) FXIIa activity 
of FXII variants in expression medium after activation by plasma kallikrein (PKa; black lines) or buffer 
control (grey lines). Data are corrected for residual PKa activity in conditioned expression medium of 
non-transfected cells. Raw data in ►Supplementary Fig 2. (B) Initial rate of substrate conversion (first 
30 minutes) by FXIIa after exposure to PKa, corrected for spontaneous FXIIa activity of each construct 
and residual PKa activity. Data represent mean ± SD of three separate experiments, all performed in 
duplicate. (C) Western blots of active-site incapacitated FXII S544A variants in expression medium after 
cleavage by PKa (under reducing and non-reducing conditions). (D) Densitometric quantification of 
FXII S544A cleavage by PKa of three separate experiments. Western blots are representative for three 
independent experiments. Data represent mean ± SD and were analyzed with one-way ANOVA. Non-
significant (ns), P<0.01=*** P<0.001=*** and p<0.0001=****.
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autoactivation). Full-length FXII S544A and FXII D1-18 S544A are largely resistant against 
cleavage by PKa, whereas FXII D1-71 S544A and FXII D1-112 S544A are efficiently cleaved 
to form a two-chain disulfide-linked product (►Fig. 2C,D). Together, these data show that 
the activation loop is exposed in FXII variants that lack the FnII domain.

The EGF-1 domain is the predominant surface binding site of FXII.
Multiple domains of FXII have been reported to act as binding sites for activating surfaces 
but their relative contribution remains unclear.18 The FnII domain is described to mediate 
binding to kaolin and dextran sulfate.19,20 Remarkably, our findings indicate that the FnII 
domain also shields the activation loop of FXII. We hypothesized that when the FnII domain 
binds to the surface, it is displaced, thereby unshielding the activation loop. Hereto, we 
investigated the binding of active-site incapacitated FXII S544A variants to polyphosphate 
(polyP) and kaolin in pull-down experiments. As expected, both full-length FXII S544A and 
FXII D1-18 S544A bind to polyP and kaolin, concentrating it on these surfaces and removing 
it from solution after centrifugation (►Fig. 3A-D). FXII lacking the FnII domain (FXII D1-71 
S544A) can surprisingly still efficiently bind to both polyP and kaolin. In contrast, FXII lacking 
the EGF-1 domain (FXII D1-112 S544A, and further truncations) have lost this capacity. This 
shows the critical importance of the EGF-1 domain for binding to polyP and kaolin.

Surface binding exposes the activation loop of FXII by displacing the fibronectin 
type II domain
Earlier studies reported that the binding of FXII to dextran sulfate enhances the rate of 
activation by PKa by exposing the activation loop.9 We hypothesized that a similar mechanism 
is in place when FXII binds to polyP or kaolin. Indeed, in the presence of either of these 
two surfaces, full-length FXII S544A and FXII D1-18 S544A become highly susceptible to 
cleavage by PKa (►Fig. 4A-D). As before, FXII D1-71 S544A and FXII D1-112 S544A that 
lack the FnII domain are highly susceptible to cleavage by PKa in the absence of a surface. 
Taken together, these findings suggest that FXII surface binding (in which the EGF-1 
domain plays an important role) displaces the neighboring FnII domain to unshield the FXII  
activation loop. 

Finally, we investigated the susceptibility of FXII to activation by PKa in the presence 
of kaolin. Hereto, we incubated FXII with high a concentration of kaolin (this limits FXII 
autoactivation).4,21 Kaolin binding of full-length WT FXII and FXII D1-18 dramatically increases 
their susceptibility for PKa-mediated activation by 5.7±1.0 and 9.4±2.7-fold respectively 
(►Fig. 4E,F,I). As before (►Fig. 2A,B), PKa-mediated activation of FXII D1-71 and FXII D1-112 
takes place irrespective the presence of kaolin (►Fig. 4G-I). These findings show that kaolin 
binding displaces the FnII domain to unshield the activation loop of FXII. 
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Figure 3. The EGF-like 1 domain is the predominant binding site of factor XII for polyphosphate 
and kaolin. (A) Reduced western blot of active-site incapacitated FXII S544A variants in expression 
medium that were incubated with polyphosphate (polyP) (10 mg/mL) or kaolin (500 μg/mL) and were 
pelleted by centrifugation. Input, supernatant, and pellets were analyzed for the presence of active-site 
incapacitated FXII S544A. Western blots are representative for three independent experiments. Full-size 
image of these western blots are shown in ►Supplementary Fig 3A,B). (B) Densitometric quantification 
of polyP and kaolin binding of active-site incapacitated FXII S544A variants. Data represent the relative 
loss of FXII antigen in supernatant after pulldown with kaolin or polyP for three separate experiments.
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DISCUSSION
The implication of FXII in both human thrombotic and inflammatory disease has sparked 
a new interest in structure-function research of FXII and its activation mechanism. In this 
study, we show that the N-terminally positioned FnII domain negatively regulates FXII 
activation. Truncated FXII variants that lack this domain are prone to autoactivation and are 
highly susceptible towards activation by PKa in solution, indicating that the activation loop 
of FXII is exposed when the FnII domain is missing. Based on similarities with other plasma 
proteases (thrombin, plasminogen and ADAMTS-13)13-15, we hypothesize that the FnII domain 
is involved in an intramolecular association with another site that is located on the protease 
domain. This would help to explain how this domain shields the distant activation loop. 
Future studies to determine the protein structure of full-length FXII are needed to further 
explore this concept.

In line with previous studies, we found that surface binding accelerates FXII activation by 
PKa.9 In earlier FXII truncation studies, the contributions of the FnII, EGF-1 and FnI domains 
to surface binding were not independently investigated.20 Surprisingly, we found that 
the EGF-1 domain is critical for both polyP and kaolin binding. To our knowledge, this has 
not been previously reported.18 Our current study provides additional insight by delineating 
the separate functions of the FnII and EGF-1 domain: the former shields the activation loop, 
while the latter mediates surface binding. Thus, FXII is resistant against activation by PKa 
in solution, unless its FnII domain is displaced during surface binding or removed through 
enzymatic truncation. 

The N-terminally consecutively truncated FXII variants of our study are obviously not 
physiological. Several human mutations in FXII introduce cleavage sites that are targetable 
by plasmin and thrombin, resulting in HAE.7,8 Their cleavage leads to undesired FXII 
truncation which exposes its activation loop and accelerates its activation in solution. 
The phenomenon of truncation, leading to accelerated FXII activation, may not be restricted 
to pathogenic mutations: natural truncation by PKa at position R334, as well as by other 
leukocyte-associated enzymes shows strikingly similar effects.5 However, the physiological 
relevance of enzymatic truncation is presently unknown.

Figure 4. Surface binding exposes the activation loop of factor XII by displacing the fibronectin type 
II domain. (A,C) Western blots (reduced) of active-site incapacitated FXII S544A variants in expression 
medium after pre-incubation with polyphosphate (polyP) (10 mg/mL) or kaolin (500 μg/mL) and 
subsequent exposure to plasma kallikrein (PKa; 5 μg/mL). Western blots are representative for three 
independent experiments. (B,D) Densitometric quantification of PKa-mediated cleavage of active-
site incapacitated FXII S544A variants in the absence or presence of polyP or kaolin for three separate 
experiments. (E-H) FXIIa activity of FXII variants after exposure to kaolin, PKa, or both. (E) Full-length WT 
FXII (F) FXII D1-18 (G) FXII D1-71 (H) FXII D1-112. Data are corrected for residual PKa activity. Raw data in 
►Supplementary Fig 4. (I) Initial rates of substrate conversion (first 30 minutes). Data represent mean 
± SD of three separate experiments, all performed in duplicate. Data were analyzed by one-way ANOVA 
Non-significant (ns), P<0.001=***,p<0.0001=****. 
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In conclusion, we have found that the FnII domain is a critical negative regulator of FXII 
activation. Based on our findings we expect that displacement of this domain during surface 
binding will ultimately stimulate surface-dependent coagulation. Alternatively, removal of 
this domain through enzymatic truncation will accelerate FXII activation in solution and 
subsequent surface-independent activation of the kallikrein-kinin system.

ADDENDUM
C.C. Clark, Z.L.M. Hofman, W. Sanrattana, S. de Maat, and C. Maas performed experiments, 
were involved in the development of the concept, design and interpretation of data and 
wrote the manuscript.
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Supplementary Figure S1. Expression of factor XII variants. (A) Reduced western blot of FXII variants 
in expression medium or (B) lysates of transfected HEK293F cells. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) is used as a lane loading control. (C) Reduced western blot of active-site 
incapacitated FXII S544A variants in expression medium or (D) lysates of transfected HEK293F cells. 

SUPPLEMENTAL DATA
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Supplementary Figure S2. The fibronectin type II domain shields the activation loop of factor XII. (A) 
Kallikrein-like activity in the presence of FXII variants in expression medium after exposure to plasma 
kallikrein (PKa; black lines) or buffer control (grey lines). Data represent mean ± SD of three separate 
experiments, all performed in duplicate.

Supplementary Figure S3. The EGF-like 1 domain is the predominant binding site of factor XII for 
polyphosphate (polyP) and kaolin. (A) Reduced western blot of active-site incapacitated FXII S544A 
variants in expression medium that were incubated with kaolin (500 μg/mL) or polyP (10 mg/mL). 
PolyP and kaolin were pelleted by centrifugation. Input, supernatant, and pellets were analyzed for 
the presence of FXII S544A. Western blots are representative for three independent experiments.
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Supplementary Figure S4. Surface binding exposes the activation loop of factor XII by displacing 
the fibronectin type II domain. (A-D) kallikrein-like activity in the presence of FXII variants after 
exposure to kaolin, plasma kallikrein (PKa), or both. (A) Full-length WT FXII (B) FXII D1-18 (C) FXII D1-71 
(D) FXII D1-112 (E) No FXII.
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Supplementary Table S1. Molecular cloning (primers)

Primer  Sequence 5’- 3’

Full-length_For TTTGAATTCATTCCACCTTGGGAAGCCC
Δ1-18_For GCGGAATTCGTCGTTCTCACTGTCACCGGGGAGCCCTG 
Δ1-71_For TGTGAATTCCCCAAGAAAGTGAAAGACCACTGC
Δ1-112_For CACGAATTCAAAGAGAAGTGCTTTGAGCCTCAGC
Δ1-154_For CAGGAATTCGCCAGCCAGGCCTGCCGCACC
Δ1-191_For TTCGAATTCGTGGACACCAAGGCAAGCTGCTATGATG
Δ1-276_For GCAGAATTCCAGACCCCAACCCAGGCGGC
Δ1-330_For CAGGAATTCTCCCTGACCAGGAACGGCCCA
FXII_Rev CGAGCGGCCGCTCATCAGGAAA
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Since the discovery of bradykinin, the medical field got familiarized with bradykinin driven 
inflammation within the scope of hereditary angioedema (HAE). We learned that C1-
esterase inhibitor (C1-INH) deficiency or dysfunction (HAE-1 and -2) result in overproduction 
of bradykinin due to insufficient control of the contact system. With this knowledge, 
therapies treating and preventing swelling were developed. However, there is still a lot to 
be discovered. Observations in HAE incite new questions on how bradykinin production and 
local vascular permeability are regulated. 

With this thesis I aimed to gain more insight in the mechanisms of bradykinin production 
in order to increase our understanding of HAE and extend this knowledge to potential 
bradykinin driven diseases beyond HAE.

PART I: INSIGHT IN HEREDITARY ANGIOEDEMA 
There is a wide variety in disease severity among patients with HAE type 1 and 2, even 
among family members that share the same mutation. Some patients experience multiple 
angioedema attacks per week while others can go years or decades without swelling. This 
variation in disease is not fully explained by the severity of C1-INH deficiency/dysfunction 
as the majority of genotype-phenotype studies could not relate mutations or measured 
C1-INH function to clinical severity1–4. It is generally recognized that other factors besides 
C1-INH function influence clinical outcome5. Understanding these factors would provide 
insight into regulation of bradykinin driven inflammation.

 In chapter 6 we developed a nanobody based ELISA to detect cleaved high molecular 
weight kininogen (cHK). As cHK is the byproduct of bradykinin release, it is considered to 
reflect bradykinin production. We analyzed cHK in patients with HAE-1 and -2 and found 
that cHK levels were elevated in patients compared to healthy controls and increased 
further during angioedema attacks. This corresponded to findings in previous studies 
were cHK was measured with immunoblotting6. We observed that remission cHK levels 
did not correlate with yearly angioedema attack frequency. In contrast, one previous study 
demonstrated normalization of cHK levels in patients with less than 3 attacks per year, but 
no correlation was found between cHK levels and attack frequencies of more than 3 per 
year6. Combined, these data implicate that the amount cHK generated, ergo the amount of 
bradykinin produced during remission, does not fully explain the number of angioedema 
attacks occurring. Moreover, we found that an angioedema attack could be accompanied 
by only a small increase in cHK that was within the normal range of healthy controls. In 
contrast, cHK levels could be over 50%, meaning that halve of the total HK pool is cleaved, 
yet these patients did not have an episode with angioedema. Although overall cHK levels 
increased during an angioedema attack, there was no threshold cHK level after which an 
event occurred. It appears that other factors contribute to the occurrence of an angioedema 
attack after HK is cleaved and bradykinin is released in circulation.

Notably, there was a considerable spread in cHK levels detected in HAE patients during 
remission ranging from 1.8-74.9% cHK (100% indicates cleavage of all HK in pooled healthy 
control plasma). A correlation was found between C1-INH function and cHK levels. When 
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taking healthy controls out of the equation (data not shown), a weak correlation remained. 
Although less pronounced, cHK levels in healthy controls also demonstrated considerable 
variation ranging from 2.7-17.4%. Indicating that variation in the amount of bradykinin 
produced may not be limited to impaired C1-INH activity. In chapter 7, we developed a cHK 
generation assay. With this assay we stimulated contact activation in plasma using elagic 
acid and measured cHK generation with our ELISA. Using this assay showed efficacy of 
a novel kallikrein inhibiting compound in healthy study subjects. In line with our in vivo 
findings of variation in cHK levels in healthy controls and HAE patients (chapter 6), we 
observed considerable but consistent variation in ex vivo triggered cHK generation between 
healthy study subjects receiving placebo. These data reflect that low C1-INH function is 
indeed associated with increased HK cleavage; HAE-1 and -2 patients had increased levels., 
However, other factors appear to contribute to the amount of bradykinin generated as 
well as we detected a wide range of cHK levels within our cohorts. In addition, variation 
in the amount cHK produced in vivo, or after ex vivo stimulation of the contact system also 
seems to occur in healthy individuals. 

Bradykinin B1 receptor expression as a possible regulator of angioedema attacks
Based upon our analysis of cHK levels in HAE, we can dissect our possible factors 
contributing to the HAE disease phenotype into 1) those regulating the effects of bradykinin 
after it is release and 2) those contributing to increased bradykinin production. In chapter 
5 we review on bradykinin B1 receptor expression as a possible candidate for regulating 
the effects of bradykinin after its release. We postulate that the occurrence and location 
of angioedema is determined by bradykinin B1 receptor. The bradykinin B1 receptor is 
expressed on the endothelium in response to inflammatory stimuli such as cytokines or 
kinins7,8. After binding its ligand des-Arg9-bradykinin (a bradykinin metabolite), it generates 
a prolonged vasodilatory effect. In contrast, the bradykinin B2 receptor is constitutively 
expressed but is rapidly internalized after binding its ligand bradykinin, resulting in a short-
lasting vasodilation7,8. Transient bradykinin B1 receptor expression may help explain why 
even in the presence of high cHK levels patients may not present with angioedema as we 
observed in chapter 6. In addition, bradykinin B1 receptor expression gives a possible 
explanation for our observation in chapter 4. Here we described the occurrence of multiple 
swelling sites during angioedema attacks, the local presence of the bradykinin B1 receptor 
may determine the location of the swelling in the presence of systemic contact activation. 
In chapter 3 we observed that HAE patients often have increased c-reactive protein (CRP) 
levels, although the elevation is very subtle it reflects the presence of cytokines that can 
upregulate bradykinin B1 receptor expression acting together with bradykinin that upon 
binding the bradykinin B2 receptor initiates bradykinin B1 receptor expression.
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Mutations in hereditary angioedema with normal C1-INH function reveal key 
factors in bradykinin driven disease 
We postulated the hypothesis of bradykinin receptor expression as determining for 
the occurrence of angioedema. However, more factors ranging from the chain-reaction of 
FXII activation to intracellular pathways following interaction of bradykinin with its receptors 
may influence the clinical outcome in HAE. Discoveries in HAE genetics help indicate key 
factors for bradykinin regulation.

Though very rare, some families present with HAE but the C1-INH function is normal 
and no mutation in the SERPING1 gene coding for C1-INH can be found. Genetic studies in 
families with HAE and normal C1-INH function revealed mutations in genes encoding for 
Factor XII (FXII)9,10, plasminogen (PLG)11, angiopoietin-1 (ANGPT1)12, HK and the kininogen 
splice variant low molecular weight kininogen (LK, both encoded by the KNG1 gene)13. Of 
these, ANGPT1 points towards another potential post-bradykinin production regulatory 
mechanism complementary to bradykinin receptor expression. ANGPT1 prevents vascular 
leakage upon binding to the tyrosine kinase receptor TIE2. Binding attenuates the vascular 
permeability enhancing effects of bradykinin14,15 as well as vascular endothelial growth 
factor (VEGF)16. The ANGPT1 A119S variant, associated with HAE, impairs multimerization of 
the protein which is key to efficient TIE2 binding14. This identifies ANGPT1 as an important 
factor in preventing angioedema. Even though it is uncertain if swelling in ANGPT1-HAE is 
caused by bradykinin, it is very likely that ANGPT1 regulates the effects of bradykinin after 
its production.

FXII, plasminogen and HK, all associated with HAE with normal C1-INH likely represent 
key players regulating the amount of bradykinin produced. As the discovery of the HAE-PLG 
mutation K330E and HAE-KNG1 mutation M379K are very recent it is still unknown how these 
mutant proteins exactly result in increased bradykinin production. However, 5 symptomatic 
HAE-PLG patients were successfully treated with either bradykinin receptor antagonists or 
plasma derived C1-INH therapy11. In addition, there are several lines of evidence linking 
plasmin to contact system activation which we reviewed in chapter 2. Biomarkers of 
fibrinolysis increase during HAE attacks and plasmin was described to enzymatically activate 
FXII in vitro connecting plasmin to bradykinin production17.

Better understood are the pathophysiological mechanisms of FXII mutations in HAE. So 
far 5 mutations in the f12 gene encoding for FXII have been found in HAE10,18,19. All mutations 
are located in the proline-rich region of FXII. For three mutations it has been shown that 
they introduce a novel cleavage site for plasmin20 and, as later work showed, for thrombin21. 
Cleavage at the mutated site results in truncation of FXII followed by accelerated activation 
of FXII, plasma prekallikrein (PK) activation and bradykinin release in solution. As FXII 
initiates the contact activation system, knowledge on its regulation is key for understanding 
the pathophysiological conditions in which bradykinin is produced. In part II of this thesis 
we further explored FXII function and its role in bradykinin mediated disease beyond HAE.
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PART II: INSIGHT IN BRADYKININ DRIVEN DISEASE BEYOND HEREDITARY 
ANGIOEDEMA
While HAE is a rare disease, angioedema is common, with a self-reported prevalence of 
7%22. Angiotensin converting enzyme (ACE)-induced angioedema and acquired C1-INH 
deficiency are two examples of bradykinin mediated disease besides HAE23. For other 
forms of angioedema, the contribution of bradykinin is not established. Mast-cell activity 
and histamine release are suspected to cause allergic angioedema and angioedema in 
chronic spontaneous urticaria (CSU) a disease characterized by recurrent itchy wheals, and/
or angioedema that is not triggered by an allergen23. In part II of this thesis, we explore 
bradykinin driven inflammation beyond HAE.

Resistance to antihistamine therapy is common in idiopathic angioedema
When no underlying cause for angioedema can be found and there is no family history 
suggestive of HAE, patients are diagnosed with idiopathic angioedema. Antihistamines 
are prescribed on a trial-and-error basis as randomized controlled trials proving efficacy 
are lacking. In chapter 8, we performed a retrospective study on antihistamine prophylaxis 
in a cohort of 120 idiopathic angioedema patients. We found that 36% of patients did not 
improve on antihistamine prophylaxis. This underlines and emphasizes the observation in 
two previous retrospective studies in an Italian cohort describing inefficacy of antihistamine 
treatment in 16% of idiopathic angioedema patients. Our study stresses that antihistamine 
prophylaxis is often insufficient to prevent swelling in idiopathic angioedema. 

When idiopathic angioedema patients do not respond to antihistamine treatment they 
are classified as idiopathic non-histaminergic angioedema. Evidence for the involvement 
of bradykinin in idiopathic non-histaminergic angioedema is surfacing. A previous 
study demonstrated increased bradykinin levels in 4 out of 4 patients with idiopathic 
non-histaminergic angioedema during an angioedema attack24. As direct bradykinin 
measurement is complicated by its short plasma half-life and small molecule size this 
finding was never repeated in larger cohorts. Interestingly, it was observed that plasma 
samples from patients with idiopathic non-histaminergic angioedema generated more 
plasma kallikrein (PKa) activity after stimulation with the FXII-activating compound dextran-
sulphate compared to healthy controls. And also more than patients with idiopathic 
angioedema that responded to antihistamine therapy25. This would suggest that idiopathic 
non-histaminergic angioedema patients are prone to increased bradykinin production upon 
stimulation of contact activation. Lastly, case reports describe successful use of bradykinin 
receptor antagonists or C1-INH concentrate infusion therapy in patients with idiopathic non-
histaminergic angioedema26. Altogether, multiple lines of evidence suggest that targeting 
bradykinin could be a treatment strategy for idiopathic non-histaminergic angioedema. 
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Recombinant human C1-INH, a potential treatment for idiopathic  
non-histaminergic angioedema
In chapter 9, we describe the study design and preliminary data of a prospective, consecutive, 
cross-over, case-series study using recombinant human C1-INH as prophylaxis for idiopathic 
non-histaminergic angioedema. All patients included in this study received twice weekly 
rhC1-INH for 2 months while recording their angioedema symptoms. One month prior to 
treatment and the month after treatment patients recorded their symptoms for comparison. 
We described findings of the 3 first included patients. One patient benefitted from rhC1-INH 
treatment. We can only speculate on the reasons why rhC1-INH did not improve symptoms 
in the 2 other cases. The dosage or treatment interval might have been insufficient. Or 
rhC1-INH might not have been able to prevent bradykinin release because contact system 
activation took place locally on the endothelial cell surface or in the perivascular space as 
C1-INH is less capable of inhibiting surface bound enzymes and rhC1-INH does not cross 
the endothelial barrier27,28. Most importantly, swellings observed in the two non-responders 
may not have been bradykinin mediated.

We were unable to identify a biomarker that could predict therapy response. Notably 
increased D-dimer levels were observed in one non-responder which may point towards an 
active role of the fibrinolytic system in his pathology. Interestingly, antihistamine resistance 
in patients with chronic spontaneous urticaria (CSU) is associated with increased d-dimer 
levels29. Despite that fact that there are multiple lines of evidence connecting activation of 
the fibrinolytic system30 with bradykinin release we failed to demonstrate that the patient 
with angioedema and increased d-dimer levels benefitted from rhC1-INH treatment. 

This study for the first time demonstrated efficacy of rhC1-INH in a patient with idiopathic 
non-histaminergic angioedema. However, we observed inefficacy in two consecutive cases. 
Idiopathic non-histaminergic angioedema may be an umbrella term for diseases with 
different pathophysiological mechanisms. Better understanding of swellings in idiopathic 
non-histaminergic angioedema is necessary to select the right therapeutic strategy and 
continue to further clinical trials for this disease. 

Evidence for bradykinin release in chronic spontaneous urticaria
In chapter 8 and 9 we differentiate idiopathic angioedema in ‘histaminergic’ and ‘non-
histaminergic’ based upon clinical efficacy of antihistamine therapy. It is questionable if 
such a black-and-white distinction between histaminergic and supposedly bradykininergic 
angioedema should be made. As reviewed in chapter 2, mast-cell activation can also 
indirectly lead to bradykinin production. It was demonstrated that heparin released by mast-
cells can activate FXII, thereby activating the contact system31. Mice studies and biomarker 
research in human patients with an anaphylactic response point towards involvement of FXII 
and bradykinin31–33.

In chapter 10 we performed a biomarker study in patients with CSU. The underlying 
mechanism of CSU is not fully understood but it is considered a non-IgE driven mast-cell 
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mediated disease and patients are treated with antihistamine therapy and the anti-IgE 
monoclonal antibody omalizumab. We found that cHK levels were increased in CSU patients 
compared to healthy controls and normalized in patients that were in disease remission. 
These data reflect the hypothesis that increased bradykinin production can be observed 
in mast-cell related pathologies. We hypothesized that cHK levels would be higher in CSU 
patients with angioedema compared to patients with wheals, but this was not the case. By 
design, this biomarker study does not demonstrate a causal relation between bradykinin 
release and symptoms in CSU. cHK may be an innocent bystander in CSU not contributing 
to symptoms. However, we speculate that mast-cell activity induces bradykinin production 
in CSU and contribute to angioedema when additional risk factors are present to enhance 
the effects of bradykinin. Besides a possible contribution of bradykinin to the development of 
angioedema in CSU, bradykinin may also contribute to a general state of increased vascular 
permeability, enhancing wheal formation. It is known that intradermal bradykinin injection 
does not result in local angioedema but a painful, mildly itchy, wheal and flare reaction34,35. 
Moreover, histamine and bradykinin can work synergistically as is demonstrated in allergic 
rhinitis. Interfering with either mast-cells, histamine or bradykinin improves symptoms of 
allergic rhinitis36–38, and sensitivity to intranasal histamine improves allergic rhinitis after 
pretreatment with bradykinin receptor antagonist36. Our study generates the first evidence 
that bradykinin might be involved in CSU but more evidence is needed to confirm an active 
role for bradykinin.    

FXII-W268R mutation causes a novel bradykinin mediated disease that does not 
present with angioedema
A novel FXII mutation is broadeningour understanding of the phenotype of bradykinin 
driven inflammation. A point mutation located in the kringle domain of FXII (W268R) was 
identified in a four-generation family suffering from an autoinflammatory syndrome. Disease 
co-segregated with mutation carriers. Symptoms consisted of cold-induced generalized 
urticarial rash, fatigue, fever, headache and arthralgia39–41. These combined symptoms are 
common in patients with the hereditary autoinflammatory disease cryopyrin associated 
periodic syndrome (CAPS). CAPS is an interleukin-1β (Il-1β) driven disease42. Most patients 
carry mutations in the NLRP3 gene encoding for cryopyrin, resulting in inappropriate 
inflammasome activation followed by IL-1β production. In 15% of patients with CAPS-like 
symptoms, no NLRP3 mutation can be identified43. The FXII-W268R carriers presented with 
normal to mildly elevated levels of the inflammatory biomarker CRP and a trial with IL-1β 
receptor antagonist in two FXII-W268R carriers resulted in limited, respectively moderate 
improvement but needed to be discontinued due to severe local side reactions39,40. Treatment 
with a bradykinin receptor antagonist in one patient immediately improved symptoms, 
followed by a relapse after cessation of therapy. In collaboration with the discoverers of this 
mutations we demonstrated massive HK cleavage and markedly increased levels of FXIIa-
C1-INH and PKa-C1-INH complexes in the blood plasma of affected subjects41. The combined 
observation of clinical efficacy of a bradykinin receptor antagonist and increased biomarkers 
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of contact activation conclude that this novel autoinflammatory syndrome is a bradykinin 

mediated disease. The term FXII associated cold autoinflammatory syndrome (FACAS) was 

proposed to denote this disease. 

The question arises how this FXII-W268R mutation results in increased bradykinin release 

and in what aspect it differs from the various mutations that cause FXII-HAE. In chapter 11 

we investigated the biochemical behavior of FXII-W268R and compared it to wildtype FXII 

(FXII-WT) and the HAE related FXII mutation FXII-T309R. We found that FXII-W268R but not 

FXII-WT or FXII-T309R was partly fragmented and active upon production by HEK293freestyle 

cells. Fragmentation was already observed intracellularly and was reversed by mutagenesis 

of the FXII active site creating the inactive variant FXII-W268R-S544A. This demonstrates 

that FXII-W268R activates more easily and, unlike wildtype FXII, even intracellularly. In 

addition, activation of purified FXII-W268R by PKa and plasmin was accelerated compared 

to FXII-WT and FXII-T309R. Interestingly, FXII-W268R exposes a plasminogen binding 

site that is only exposed in FXII-WT and FXII-T309R when bound to a negatively charged 

surface. The combined observations that FXII-W268R is partly active upon excretion and 

that activation of the protein is accelerated explain the profound presence of systemic 

biomarkers of contact activation seen in FXII-W268R.

Impaired FXII quiescence causing bradykinin mediated disease
For the first time, we identified a clear link between bradykinin and a disease beyond HAE 

with the discovery of FXII-W268R in FACAS. As FXII initiates bradykinin release and its 

dysregulation is now connected to two diseases, it can be stated that regulation of FXII is 

key for bradykinin production in vivo. 

FXII normally becomes active upon cleavage after R35344, with a second cleavage event 

at R334 the surface binding domains of FXII(a) are removed creating a truncated form of 

FXIIa; βFXIIa. Both cleavage events are mediated by FXIIa and PKa activity. FXII activation 

is accelerated upon binding to a negatively charged surface, it is suggested that surface 

binding spatially removes the surface binding domains away from the activation loop were 

R353 is located, exposing it for activation45,46. Studies on FXII-HAE mutations demonstrated 

that FXII activation accelerates after cleavage of the mutated site in the proline-rich region 

by plasmin or thrombin, creating truncated FXIIa20,21. Following up on this discovery it was 

demonstrated that FXII-WT has naturally occurring cleavage sites in the proline-rich region 

for cathepsin K and neutrophil elastase47. Likewise, truncation at these sites accelerates FXII 

activation, implicating that conditions were these enzymes are released, such as during 

neutrophil activation, accelerate FXII activation47. The FXII-W268R mutation does not result 

in truncation of FXII. In stead, it appears that the activation loop is always exposed. FXII-

W268R is already prone to intracellular autoactivation, it has an accelerated capacity for 

autoactivation and activation by PKa and plasmin and exposes a plasminogen binding site 

that is normally cryptic. Based on our biochemical studies, we hypothesize that the W268R 

mutation leads to an altered conformation exposing the activation loop.
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To deepen our understanding of FXII regulation we carried out a functional study on 
FXII in chapter 12. By step wise N-terminally deletion of FXII domains, 7 FXII truncation 
variants were created. Spontaneous FXII fragmentation and FXIIa activity upon production 
in HEK293freestyle cells was observed after deletion of the fibronectin type II (FnII) domain 
and onwards. Cleavage by PKa was accelerated after truncation of the FnII domain. Surface 
binding accelerated the activation rate of FXII-WT by PKa but not of the FnII domain 
truncated variant. Altogether, these functional data point towards a regulatory mechanism 
were FXII is protected against activation by intramolecular shielding of the activation loop. 
Surface binding or truncation displaces the FnII domain exposing R353.

 THE CLINICAL PHENOTYPE OF BRADYKININ MEDIATED DISEASE IN HAE 
AND BEYOND 
The most well-known and distinct clinical phenotype of bradykinin mediated disease is 
angioedema. Although there are clinical differences among the subtypes of bradykinin 
mediated angioedema, their swelling attacks are very similar. Bradykinin involvement 
in FACAS sheds a new light on the clinical phenotype of bradykinin driven inflammation. 
The conditions leading to different clinical outcomes are not well understood.

In chapter 5 we review on the possibility of local upregulation of the bradykinin B1 
receptor as a determinant of the occurrence of an angioedema attacks in HAE-1 and 2. This 
disease is associated with an overall increased bradykinin production throughout circulation 
and high cHK levels can be detected both during remission and angioedema attacks. 
Patients often present with angioedema at multiple sites and mild systemic features like 
fatigue, malaise, muscle ache and the skin rash erythema marginatum prior to swellings48,49. 
Poor systemic control of contact activation can be explained by lack of C1-INH activity  
in circulation.

Angioedema HAE with normal C1-INH and idiopathic non-histaminergic angioedema 
appears to arise more locally. Erythema marginatum is not described, patients less often 
present with multiple swelling sites50 and although only determined in limited numbers of 
patients, HK consumption is very subtle or undetectable20. Swelling occurs more often in 
the face and upper airways compared to HAE type 1 and 2, pointing towards a different 
underlying mechanism. Increased fibrinolytic activity localized to the endothelial surface 
was put forward as a local mechanism for FXII activation and increased bradykinin 
production30. Treatment with antifibrinolytic agents appears more successful in HAE with 
normal C1-INH and idiopathic non-histaminergic angioedema51–53 compared to HAE-1 and 
2. Notably, a side effect of thrombolytic therapy in stroke patients, especially seen in those 
also receiving ACE-inhibitor therapy, is angioedema of the tongue and lips54,55. In addition, 
severe tongue swelling is common in HAE with a plasminogen mutation. Combined, these 
data suggest that the face and upper airways are sites with increased fibrinolytic activity 
potentially explaining locally increased bradykinin release.  

The question remains why FACAS, a disease state with a seemingly systemic clinical 
character, does not present with angioedema. The underlying pathophysiological 
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mechanism is currently being researched. Immunohistochemistry revealed macrophage and 
neutrophil infiltration in FACAS lesional skin that co-localized with IL-1β. FXII expression was 
observed in intra- and perivascular neutrophils39. Moreover, incubation of donor peripheral 
blood mononuclear cells with FXII-W268R but not FXII-WT elicited IL-1β production39.  
The researchers propose a combined model of bradykinin and IL-1β induced disease where 
neutrophils are a local source of FXIIa in the skin triggering local bradykinin generation. 
Together, FXIIa and bradykinin incite IL-1β production upon interaction with monocytes  
and macrophages56,57. 

In chapter 11, we propose that increased (auto)activation in FXII-W268R leads to 
continuous excretion of FXIIa. In contrast to FACAS, HAE is not associated with excessive 
FXII activation, only a minute amount of FXIIa is necessary to start the cascade leading to HK 
cleavage20. In HAE with FXII mutations or other conditions with normal FXII, FXII is secreted 
as an inactive molecule, and as proposed in chapter 12, protected for activation until FXII 
is enzymatically truncated or bound to a surface. This is reflected by the amount of FXIIa-
C1-INH complex detected in various diseases. These are ranging from 0 to 2% in healthy 
individuals and CSU patients (chapter 10), from 0-4% in two patients with HAE-FXII during 
an angioedema attack20 and from 22-67% in three FACAS patients (100% reflects maximal 
FXIIa-C1-INH complex in dextran sulphate triggered plasma)41. Independent of bradykinin, 
FXIIa may work as a proinflammatory protein inducing cytokine production in macrophages 
and neutrophils creating circumstances different from HAE. It was previously demonstrated 
that incubation of FXIIa with bone marrow-derived macrophages stimulates Il-1β, Il-6, Il-12, 
Cxcl1, Ccl2, and TNF-α release56. Incubation with FXII resulted in significantly less cytokine 
production compared to FXIIa. This macrophage activation of FXIIa was independent of 
FXIIa enzymatic activity but depended on cell-signaling via binding to the urokinase-type 
plasminogen activator receptor (uPAR)56. In chapter 11 we suggest that FXII-W268R has an 
altered conformation, we show that FXII-W268R exposes a plasminogen binding site that 
is normally cryptic. Possibly, the binding site of FXII for uPAR is also cryptic but exposed in 
FXIIa and FXII-W268R which would enable FXII-W268R to activate macrophages even in its 
inactive form. Still, bradykinin is a major culprit in FACAS as rash, fatigue and headache fully 
disappeared upon treatment with a bradykinin receptor antagonist.

As discussed, we introduced the concept that the combined presence of bradykinin 
release in circulation and IL-1β results in bradykinin B1 receptor upregulation followed 
by local angioedema (chapter 5). Our recent findings in FACAS are inconsistent with 
this hypothesis as widespread contact activation and the presence of IL-1β present with 
a different clinical phenotype. How bradykinin B1 receptor expression fits in the disease 
model of HAE and FACAS awaits to be established.

From FACAS we learned that the combined model of bradykinin, cytokines and FXIIa can 
present with urticarial-like rash. This creates a new perspective on our findings in chapter 10 
where we observed increased cHK levels in CSU. Mast-cell activation may locally activate FXII 
via excretion of heparin, leading to FXIIa driven cytokine induction and bradykinin release. 
Under these circumstances, bradykinin may contribute to the rise of both angioedema and 
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urticaria. Various Th-1 and Th-2-cell associated cytokines were detected in CSU, but contrary 
to CAPS their contribution to disease is unclear58. 

Altogether, our research indicates that bradykinin driven inflammation is not limited to 
HAE nor to the clinical symptom angioedema. Figure 1 gives an overview of factors that were 
highlighted in this thesis as potentially important for bradykinin driven inflammation. 

Figure 1. The contact system and factors influencing bradykinin driven inflammation. FXIIa: active 
Factor XII, PKa: plasma kallikrein, HK: high molecular weight kininogen, cHK: cleaved HK, C1-INH: 
C1-esterase inhibitor, ACE: angiotensin-converting enzyme, ANGPT1: angiopoeitin-1, TIE2: ANGPT1 
receptor, B1R: bradykinin B1 receptor, B2R: bradykinin B2 receptor, uPAR: urkinase-type plasminogen 
activator receptor, NETs: neutrophil extracellular traps, NE: neutrophil elastase.
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CLINICAL IMPLICATIONS
•	 We developed a cHK ELISA (chapter 6) allowing for high throughput and quantitative 

measurement of cHK, a biomarker for bradykinin release. This assay can support HAE 
patient care and drug development by monitoring bradykinin release. In chapter 7 we 
demonstrate its practical use in a phase I clinical trial testing the efficacy of a kallikrein 
inhibitor after triggering ex vivo contact activation. 

•	 The cHK ELISA is of limited use in diagnosing a bradykinin mediated disease in individual 
patients, sensitivity in HAE type 1 and 2 patients is only 53-54%. In addition, cHK levels did 
not predict response to rhC1-INH in idiopathic non-histaminergic angioedema (chapter 
9).  The cHK ELISA can be used to detect mean differences in cHK on a population base 
(chapter 10) thereby supporting further research to bradykinin mediated disease. 

•	 We observed improvement in one patient with idiopathic non-histaminergic 
angioedema treated with rhC1-INH. Hereby strengthening the evidence that this can 
be a bradykinin mediated disease and rhC1-INH can be used to treat patients with 
idiopathic non-histaminergic angioedema. However, two patients with idiopathic non-
histaminergic disease did not respond to rhC1-INH treatment suggesting heterogeneity 
in the underlying mechanisms of disease in this population. 

•	 In collaboration with Scheffel and colleagues39–41 we identified a novel bradykinin 
mediated disease and demonstrated in chapter 11 that the FXII-W268R mutation leads 
to continuous excretion of FXIIa and accelerated activation. This led to the insight 
that bradykinin can contribute to symptoms like urticarial rash, fatigue, arthralgia 
and headache in human pathology. Future research to CAPS and CSU should include 
bradykinin and FXII as a possible disease mediators and potential therapeutic targets. 

CONCLUSIONS
Bradykinin driven inflammation is not limited to HAE or to the clinical presentation 
of angioedema. We demonstrated FXII dysregulation in FACAS. This novel bradykinin 
mediated autoinflammatory disease does not present with angioedema. We propose that 
FXII regulation is key in bradykinin driven disease. Conditions that trigger FXII activation 
determine when and where bradykinin will be produced. Therapies developed for HAE-1 
and 2 are potential treatment options for other bradykinin driven diseases. Currently we 
do not have a biomarker available that can predict clinical efficacy of targeting bradykinin. 
Better identification of bradykinin mediated diseases is necessary in order to continue 
with clinical trials to make these therapies available for diseases beyond HAE. Bradykinin is 
a potential therapeutic target in idiopathic angioedema, chronic spontaneous urticaria and 
unexplained autoinflammatory diseases that do not respond to current therapies.
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NEDERLANDSE SAMENVATTING
Bradykinine is een ontstekingspeptide dat episodes met zwellingen veroorzaakt in mensen 
met de ziekte erfelijk angio-oedeem. Deze zwellingen kunnen voorkomen in de huid en 
slijmvliezen. Angio-oedeem van de handen of voeten kan belemmerend zijn in het dagelijks 
functioneren, evenals ontsierende zwellingen in het gelaat. Ernstige complicaties treden op 
wanneer er oedeem in de darmen of de keel ontstaat. Oedeem in de darmen is zeer pijnlijk 
en een zwelling in de keel kan tot verstikking leiden.

De meeste patiënten met erfelijk angio-oedeem hebben een tekort aan C1-esterase 
remmer. Deze remmer circuleert in de bloedbaan en voorkomt activatie van het contact 
systeem. Het contact systeem is een enzymatische cascade, welke begint met activatie van 
Factor XII (FXII). FXII activeert het enzym plasma kallikreïne. Dit enzym knipt bradykinine uit 
zijn precursor eiwit hoog molecuulgewicht kininogeen. Een tekort aan C1-esterase remmer 
zorgt dus voor een te veel aan bradykinine. Wanneer bradykinine bindt aan zijn receptoren 
op de vaatwand verwijden de vaten en verhoogt de doorlaatbaarheid van het endotheel. 
Een te hoge lokale doorlaatbaarheid van de bloedvaten resulteert in angio-oedeem.

De ontdekking dat C1-esterase remmer tekort de oorzaak was van erfelijk angio-oedeem 
heeft ons veel geleerd over de gevolgen van bradykinine productie.  Er zijn verschillende 
therapieën ontwikkeld die ingrijpen op bradykinine en bradykinine vorming voor de 
behandeling van erfelijk angio-oedeem. Deze therapieën zouden ook werkzaam kunnen 
zijn in andere ziekteprocessen waar bradykinine bij betrokken is. Er is echter nog weinig 
bekend over de rol van bradykinine in andere ziekten dan erfelijk angio-oedeem. 

Het doel van dit proefschrift is inzicht te krijgen in de mechanismes achter bradykinine 
productie  om het begrip van de ziekte erfelijk angio-oedeem te vergroten en om deze kennis toe 
te passen bij onderzoek naar andere ziekten die mogelijk door bradykinine worden veroorzaakt.

Deel I: Inzichten in erfelijk angio-oedeem
Om onderzoek te kunnen doen naar bradykinine vorming hebben wij een methode 
ontwikkeld om bradykinine productie te kunnen meten in bloedplasma. Bradykinine is maar 
enkele seconde aanwezig in de circulatie; het wordt snel afgebroken. Dit maakt bradykinine 
lastig meetbaar. Daarom hebben wij een ELISA ontwikkeld die het bijproduct van 
bradykinine vorming meet; gekliefd (hoog molecuulgewicht) kininogeen. In dit proefschrift 
demonstreerde wij de werkzaamheid van deze ELISA door metingen te doen in bloedplasma 
van patiënten met erfelijk angio-oedeem. Wij vonden verhoogde waarden gekliefd 
kininogeen in patiënten. De waarden waren het hoogst tijdens een episode met angio-
oedeem maar zelfs in afwezigheid van zwellingen hadden patiënten verhoogde gekliefd 
kininogeen waarden ten opzichte van gezonde personen. Opvallend genoeg relateerde de 
hoeveelheid gekliefd kininogeen niet aan de angio-oedeem aanvalsfrequentie. Met andere 
woorden, een patiënt met erfelijk angio-oedeem kan veel meer bradykinine aanmaken dan 
iemand die de ziekte niet heeft, toch leidt dit niet altijd tot een episode met angio-oedeem. 
Wij gaan ervan uit dat er meer factoren zijn dan alleen C1-esterase remmer deficiëntie of  
de hoeveelheid bradykinine in circulatie die bijdragen aan het ontstaan van angio-oedeem. 
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In dit proefschrift postuleren wij de hypothese dat de bradykinine B1 receptor bij zou 
kunnen dragen aan het ontstaan van een zwelling. Deze receptor komt alleen tot expressie op 
de vaatwand in aanwezigheid van interleukines of bradykinine. Wij toonden aan dat patiënten 
met erfelijk angio-oedeem vaker dan gezonde personen verhoogde ontstekingswaarden in 
het bloed hebben wat wijst op de aanwezigheid van interleukines. Daarnaast beschreven 
wij dat patiënten met erfelijk angio-oedeem vaak zwellingen op meerde plekken tegelijk in 
hun lichaam hebben tijdens een ziekte episode. Als mogelijke verklaring voor dit fenomeen 
veronderstellen wij dat er alleen een zwelling ontstaat wanneer er lokaal op de vaatwand 
bradykinine B1 receptor tot expressie is gekomen.

Deel II: Inzichten in bradykinine gedreven ziekten voorbij erfelijk angio-oedeem
In het tweede deel van dit proefschrift hebben wij onderzoek gedaan naar een mogelijke 
rol voor bradykinine in andere ziektes dan erfelijk angio-oedeem. Verreweg de meeste 
patiënten met klachten van angio-oedeem hebben géén erfelijk angio-oedeem. Soms 
is een allergie de oorzaak van de zwellingen maar vaak kan er geen oorzaak gevonden 
worden. De diagnose “idiopathisch angio-oedeem” wordt dan gesteld. Men gaat er vanuit 
dat idiopathisch angio-oedeem wordt veroorzaakt door histamine. Dit ontstekingspeptide 
komt vrij bij mestcel activatie. De mestcel is onder andere betrokken bij allergie maar kan ook 
in afwezigheid van een allergische prikkel ziekte veroorzaken. Idiopathisch angio-oedeem 
wordt dus behandeld met antihistaminica, maar wij weten dat deze therapie niet altijd 
afdoende is. In dit proefschrift beschrijven wij dat 36% van de patiënten met idiopathisch 
angio-oedeem, die dagelijks antihistamine tabletten gebruikt, hier niet door verbeterd. Het 
vermoeden bestaat dat in antihistamine therapieresistente patiënten het angio-oedeem 
wordt veroorzaakt door bradykinine. Wij hebben dit verder onderzocht door drie patiënten 
met antihistamine resistent idiopathisch angio-oedeem te behandelen met recombinant 
C1-esterase remmer infusie. Tijdens behandeling met tweewekelijks recombinant C1-
esterase remmer, had 1 patiënt aanzienlijk minder angio-oedeem aanvallen. Bij het stoppen 
van therapie kwamen de klachten direct terug en klachten verbeterde weer bij herstarten 
van de behandeling. Echter, in twee patiënten had de therapie geen effect. Wij vermoeden 
dat er verschillende mechanismes aan de ziekte idiopathisch angio-oedeem ten grondslag 
liggen. Alleen in sommige patiënten wordt een zwelling veroorzaakt door bradykinine en is 
het geven van recombinant C1-esterase remmer zinvol.  Helaas konden wij met het meten 
van verschillende factoren in het bloed, waaronder gekliefd kininogeen, niet voorspellen 
welke patiënt ging reageren.

Angio-oedeem komt ook voor in patiënten met chronisch spontaan urticaria. Patiënten 
met deze ziekte hebben last van netelroos met hierbij soms ook angio-oedeem. Wij 
detecteerden verhoogde waarden van gekliefd kininogeen in het bloedplasma van 
patiënten met chronisch spontaan urticaria ten opzichte van gezonde personen. Opvallend 
genoeg waren de waarden ook verhoogd in patiënten die alleen last hadden van netelroos 
en géén angio-oedeem hadden. Over het algemeen wordt aangenomen dat mestcellen 
chronisch spontaan urticaria veroorzaken. Wij kunnen met ons onderzoek niet aantonen 
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dat bradykinine ook een rol speelt in deze ziekte. Wel vermoeden wij dat bradykinine bij 
kan dragen aan de toegenomen doorlaatbaarheid van de vaten welke optreedt bij angio-
oedeem en netelroos in patiënten met chronisch spontaan urticaria. 

Recent werd een nieuwe mutatie gevonden in FXII. In heel zeldzame gevallen zijn Factor 
XII mutaties de oorzaak van erfelijk angio-oedeem. Echter, de familie waarin deze nieuwe 
mutatie werd aangetoond had géén klachten van angio-oedeem. Zij hadden last van koude 
geïnduceerd netelroos, hoofdpijn, artralgie, koorts en algehele malaise. Dit zijn symptomen 
passend bij auto-inflammatoire ziekten. In samenwerking met de ontdekkers van deze 
mutatie lieten wij zien dat dragers van de mutatie extreem verhoogde waarden van gekliefd 
kininogeen hadden, ook waren er aanwijzingen voor verhoogde Factor XII activiteit en 
plasma kallikreïne activiteit. Behandeling met een bradykinine receptor antagonist, een 
therapie ontwikkelt voor erfelijk angio-oedeem, in een draagster van deze Factor XII mutatie 
zorgde direct voor verbetering van de klachten. Deze nieuwe aandoening wordt FACAS 
genoemd; Factor XII associated cold autoinflammatory syndrome. 

In dit proefschrift onderzochten wij de functionele veranderingen die optreden in de 
FACAS-mutatie. Het betreft een puntmutatie resulterend in een aminozuur substitutie in 
het kringle domein van Factor XII (FXII-W268R). Wij brachten FXII-W268R recombinant tot 
expressie en zagen dat FXII-W268R gelijk na productie al sporen van activiteit vertoonde. 
Deze activiteit was al in de cel aanwezig. Met ons onderzoek lieten wij zien dat FXII-W268R 
gemakkelijk auto-activeert en gevoeliger is voor activatie door plasma kallikreïne en 
plasmine. Dragers van de FXII-W268R mutatie hebben waarschijnlijk een continue verhoogde 
FXII activiteit. Dit verklaart waarom dragers van de mutatie extreem veel bradykinine 
produceren en baat hebben bij behandeling ontwikkeld voor erfelijk angio-oedeem. Met de 
ontdekking van de FXII-W268R mutatie is voor het eerst een duidelijk verband gelegd tussen 
bradykinine en een ziekte buiten angio-oedeem. 

Ontregeling van FXII in FACAS, maar ook FXII mutaties die leiden tot erfelijk angio-
oedeem, veroorzaakt ziekte. Wij denken daarom dat FXII een belangrijke rol speelt in 
bradykinine gedreven pathologie. Door onderzoek te doen naar FXII regulatie proberen 
wij meer inzicht te krijgen in pathologische omstandigheden die resulteren in bradykinine 
vorming. Onze onderzoeksgroep toonde eerder aan dat in erfelijk angio-oedeem truncatie 
van het FXII molecuul door plasmine zorgt voor versnelde activatie van FXII. FXII-W268R laat 
continue een versnelde activatie zien.  

Activatie van FXII treedt op door enzymatische klieving na de arginine op positie 353 
(R353). Wij stellen ons voor dat R353 cryptisch in het FXII-eiwit ligt waardoor FXII onder 
normale omstandigheden beschermd is voor activatie. In dit proefschrift hebben wij 
deze hypothese met functionele proeven onderzocht. Door het maken van verschillende 
truncatie-varianten van FXII kwamen wij tot de bevinding dat truncatie na het fibronectine 
type II domein leidt tot spontane activiteit van FXII. Wij vermoeden dat dit domein nodig is 
voor het afschermen van R353. Binding aan negatief geladen oppervlakte en enzymatische 
truncatie van FXII zorgen er voor dat R353 wordt blootgesteld door het fibronectine type II 
domein te verplaatsen of te verwijderen. Activatie van mestcellen, neutrofiele granulocyten 
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of bloedplaatjes zorgt voor uitscheiding van negatief geladen deeltjes en enzymen die FXII 
kunnen trunceren waardoor R353 beschikbaar komt voor klieving. Mogelijk zorgt activiteit 
van deze celtypen ervoor dat in het lichaam omstandigheden ontstaan waarin FXII activeert 
met bradykinine productie als gevolg. 

Klinische implicaties
•	 De gekliefd kininogeen assay is een praktische, kwantificeerbare methode om onderzoek 

te doen naar bradykinine productie. Deze test biedt ondersteuning aan klinisch 
geneesmiddelenonderzoek naar middelen voor erfelijk angio-oedeem.

•	 De gekliefd kininogeen assay kan niet in een individu aantonen of ziekte bradykinine 
gedreven is. Wel kan deze test gebruikt worden om groepen patiënten te vergelijken, om 
zo meer inzicht te krijgen mogelijk bradykinine gedreven processen. 

•	 Sommige patiënten met idiopathisch angio-oedeem die niet reageren op antihistamine 
therapie, kunnen baat hebben bij recombinant C1-esterase remmer therapie. Op dit 
moment kunnen wij nog niet voorspellen bij welke patiënten de therapie effectief  
zal zijn.

•	 Bradykinine levert een belangrijke bijdrage aan het ziektebeeld FACAS. Bij patiënten 
met onbegrepen auto-inflammatoire ziekten en mogelijk ook bij therapieresistent 
chronisch spontaan urticaria zou bradykinine een rol kunnen spelen. In toekomstig 
onderzoek moeten bradykinine en FXII worden meegenomen als mogelijke targets voor 
de behandeling van deze ziektebeelden.

Conclusies
Bradykinine gedreven inflammatie is niet alleen beperkt tot erfelijk angio-oedeem. In 
het ziektebeeld FACAS, waarbij geen angio-oedeem optreedt maar wel symptomen van 
autoinflammatie voorkomen speelt bradykinine een belangrijke rol. Condities waarin 
overmatige FXII-activatie optreedt spelen waarschijnlijk een belangrijke rol in het ontstaan 
van bradykinine gedreven inflammatie. Therapieën ontwikkeld voor erfelijk angio-oedeem 
kunnen werkzaam zijn in andere bradykinine gedreven ziektebeelden. Een voorbeeld 
hiervan is idiopathisch angio-oedeem. Op dit moment is er nog geen bloedonderzoek 
dat kan voorspellen of een patiënt baat zal hebben bij therapie gericht op bradykinine. 
Betere identificatie van bradykinine gedreven ziekte is nodig om werkzaamheid van deze 
therapieën te kunnen onderzoeken. Bradykinine is een potentieel target in de behandeling 
van idiopathisch angio-oedeem, netelroos en auto-inflammatoire syndromen waarbij 
andere behandelingen onsuccesvol zijn. 
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DANKWOORD
Prof. Hack, Erik, zonder jou was dit proefschrift er niet geweest. Jij introduceerde mij met 
het onderwerp hereditair angio-oedeem en leerde mij kritisch kijken naar wat wij denken 
te weten over deze ziekte. Toen ik te kennen gaf dat ik een poging wilde wagen een beurs 
binnen te halen hielp jij dit te realiseren. Elk experiment moest gedegen in elkaar zitten, 
controles, en controles op controles. Later werk deed ik meer en meer onder de supervisie 
van Coen. Je invloed bleef aanwezig want op alle gebieden van dit proefschrift had jij in het 
verleden al essentieel onderzoek gedaan waar wij op voortborduurden. Bedankt voor het 
vertrouwen dat jij in mij hebt gesteld. 

Prof. Pasterkamp, daar waar nodig maar ook niet daar waar niet nodig. Dank daarvoor. 

Coen, jij baande de weg voor dit proefschrift. Als de experimenten even tegenzaten of de 
twijfel over een project toesloeg dan was jij er met cappuccino en een peptalk. Jij ziet waar 
het verhaal zit en weet hoe het te vertellen. Daar heb ik veel van geleerd. Mede dankzij 
jouw atoomaandrijving kwam dit proefschrift tot stand, geen langslepende projecten maar 
altijd werken met een doel voor ogen. Door jou werd het werk meer dan wat ELISAs in lab 
III want jij lanceerde het met precisie het onderzoeksveld in. Als onderzoeker uit jouw groep 
was er ook een podium plek voor mij. Jou krijgt niemand klein, ik zie uit naar je oratie. Dank  
voor alles.

Steven, de eerste dag van mijn stage ‘bij Coen’  kwam je me vertellen dat het project kansloos 
was, ook raadde je me af een PhD te doen, artsen zijn ten slotte geen echte onderzoekers. 
Ik geloof niet dat ik je mening in deze heb kunnen veranderen, maar ja wie kan dat wel?! 
Desalniettemin nam je mij vanaf de eerste dag op sleeptouw. Arts of niet, jij stak uren in 
mijn praktische opleiding en dacht al na over oplossingen voor dat ik tegen het probleem 
aan liep. Een nanobodyplatform en protocol om factor XII te zuiveren lagen al klaar toen 
ik aan mijn onderzoek begon. Ik leef niet in de illusie dat ik tot hetzelfde resultaat zou zijn 
gekomen zonder jou als mijn voorganger en collega. Een paar regeltjes in een dankwoord is 
dan ook een beetje karig. Gelukkig kreeg je waardering in de vorm van een veni, terecht!  Ik 
had me geen betere collega kunnen wensen.  

Bedankt prof. Knulst dat ik welkom was op de afdeling Dermatologie & Allergologie. Dit 
gaf mij de mogelijkheid inzicht te krijgen in het klinisch probleem wat mij een betere arts-
onderzoeker heeft gemaakt. Heike, bedankt voor je prettige supervisie. Ik kreeg van jou 
de ruimte om zelfstandig onderzoek te doen maar ook de zekerheid dat dit op een veilige 
en goede manier gebeurde. Drie hoofdstukken als laatste auteur in dit proefschrift, dat 
is geen kleine bijdrage. Mignon, de evenknie van Steven maar dan in de kliniek, tevens 
angio-oedeem fanaticus. Ik kon altijd bij jou terecht met vragen, jij had angio-oedeem 
onderzoek al in de spotlights gezet op de afdeling, ik hoefde alleen maar naast jou  
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in de spotlights te springen. Ans en Ischa, dank dat jullie mij door het oerwoud van 
administratie en regelgeving van een METC-protocol leidden. Mehran, niet de makkelijkste 
studie om over te nemen maar jij deed het probleemloos en als vanzelfsprekend, succes  
met je verdere promotie.

Prof. Schutgens, dank voor de kans die jij mij gaf om tijdens mijn promotie als arts de zorg 
voor hereditair angio-oedeem binnen de van Creveld Kliniek over te nemen. Dat was enorm 
waardevol. Lize, altijd open voor elke vraag of het nu druk was of niet. Bedankt voor je 
supervisie. Rolf, gefeliciteerd dat jij nu ook onder alinea VCK valt, veel succes!

Chantal vanaf dag een samen op het lab. Iemand om het leed mee te delen als je laatste 
western blot uit een n=3 serie voor de zoveelste keer wordt verpest door het mysterieuze 
sponsjes probleem. Waar ik tijdens een incubatie stap verdween naar een of ander klinisch 
overleg bleef jouw labjas aan om een toch eigenlijk al prachtige proef te perfectioneren. 
Gedeeld eerste op drie hoofdstukken waarbij het toch echt voelt dat ik aan het langste eind 
trek. Succes in je verdere carrière. Als je later een reumatoloog nodig hebt in een van je 
onderzoeken dan weet je mij te vinden.

Dr. Karoline Krause and Niklas, thank you for sharing your findings on the discovery of FXII-
W268R. I hope your work gets the spotlights it deserves, and I look forward to your ongoing 
research in this interesting new disease.

Wariya, you have been a lovely colleague. Thank you for inviting us all to your wedding. 
No doubt you will get your degree in no time with all the work and effort you put into your 
projects. Best of luck in the future!

Stéphanie, jij maakte onze kamer tot een thuis. Altijd daar voor mentale ondersteuning. Ik 
deed mijn best er ook voor jou te zijn maar we beseften ons beide dat alleen Dr. van Straaten 
Dr. van Straaten kan helpen. En dat deed je, ondanks alles die opleidingsplek binnen, yes! 
Minke van Minke’s coffee corner, dank voor alle lekkere koffietjes en respect hoe jij een voet 
tussen de deur wist te krijgen bij het rode bloedcel onderzoek!  Virginia and Ling Lei, my 
brave roomies that left their country to take up the challenge of a PhD in Utrecht. When 
realizing that the end (of your PhD) is alarmingly near it is good to know that the women 
on the right and the left of you are facing the same deadline. Demian, naast onderzoeker, 
schoenenhandelaar en schoonmaker nu ook papa, keep on hustlin! Marc! Goldenboy, 
rasoptimist, slayer of animals, jij komt er wel! Anil, I am sorry you had to be surrounded by 
noisy opinionated Dutch women while trying to work. Mirjam, aan het rijtje vrolijk en lief 
voeg ik toe “badass”, je regelede goede banen voor je zelf, tikte die dokterstitel binnen terwijl 
in de tussentijd aan een babietje wordt gebouwd. Ivar, het ga je goed in het hoge noorden!
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Martijn, samen hard werken en hard klagen, dat schept een band. Sander en Olivier, veni 

laureaten, welverdiend! Dan, unfortunately your workspace was located within Minke’s 

coffee corner. Despite that, I have no doubt that your hard work will lead to success! Prof. 

Schiffelers, baas van de hele bende maar altijd in voor een praatje en een grapje tijdens  

de lunch, wordt gewaardeerd. In een adem met deze club dan ook Pieter, heel veel succes 

met je verdere onderzoek.

Hoofdanalist Arnold, oneindig geduldig en behulpzaam, bedankt! Arjan, eigengereide 

onderzoeker, toffe gast, het was mij een waar genoegen. Silvie, altijd daar voor nanobody 

advies. Annet, Sandra, Jerney, Brigit, Martijn, Cor en Naomi, de rest van de harde kern, dank 

voor de gezelligheid en de taart. 

Joukje, bedankt dat je altijd een oogje voor ons in het zeil houdt.

Peter en Kim, via jullie af en toe wat hulp en een eppje hier en daar uit het LTI! Dank voor  

de samenwerking.

Cassandra, mijn eerste student en gelijk een goede! We deden het samen, succes met 

de laatste loodjes van je PhD. Nikki, bedankt voor je gedetailleerde hulp bij het klinisch 

onderzoek. Jeffrey, harde werker, wat had ik een geluk met jou, niets was te veel gevraagd. 

Aziz, je kreeg een draak van een project en moest er ook nog eens op afstuderen! Maar 

het was niet voor niets, bedankt voor je hulp. Ilham, op de valreep kreeg ik nog even een 

ambitieuze dame in de schoot geworpen, het ga je goed!  Minka, niet mijn student, toch 

zette je een mooi proefje voor mijn manuscript in elkaar, bedankt!

Even terug in de tijd. Shout out naar mijn middelbare school docenten Betsy Ranken 

en Rianne Nooteboom die zichzelf bij mijn afstuderen van de middelbare school vast 

uitnodigde voor mijn verdediging, bij deze. Dr. van der Heyden, prof. Goldschmeding, 

prof. Coffer en Lisan van Os jullie legden daarna de rode loper uit voor mijn carrière als 

onderzoeker, bedankt. 

Graag wil ik de patiënten bedanken die deelnamen aan het onderzoek en ook  

de patiëntvereniging voor angio-oedeem, zonder jullie samenwerking zijn wij nergens.

Anne-Rose, Briede, Vera, Sara en Anne Kristal, lieve vriendinnen. Altijd daar om het wel en 

wee van een PhD student aan te horen. 
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Lieve ouders, ik leg de lat graag hoog. Het is fijn om te weten dat jullie er altijd voor mij zijn, 
ongeacht falen of succes. 

Lieve Jasper, bedankt dat je je even stilhoudt in de draagzak zodat ik de laatste regels van 
mijn proefschrift kan schrijven. Het was fijn dat jij de laatste maanden op het lab bij mij was. 
De teleurstelling van de zoveelste afwijzing verdween als sneeuw voor de zon als jij begon 
te trappelen in mijn buik.

Allerliefste Maarten, ook al stierven de laatste cellen uit de laatste vial van mijn stabiele 
cellijn, aan het eind van de dag kon ik terug naar jou en was alles weer goed. 
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