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Essentials: 

 FXIIa interacts with C1q and C1-inhibitor and hereby activates and regulates the complement 

system.

 A direct interaction between coagulation α-FXIIa and complement FH is demonstrated. 

 The interaction site for complex formation with FH is localized in the kringle domain of FXII. 

 HAE patients have increased levels of α-FXIIa:FH complexes upon dextran sulfate-induced 

contact activation.

Abstract

Background: The complement and coagulation systems share evolutionary origin with many 

components showing structural homology. Certain components, including complement factor H (FH) 

and coagulation factor XII (FXII), have separately been shown to have auxiliary activities across the 

two systems. 

Objectives: The interaction between FXII and FH was investigated.

Methods: Using ELISA and surface plasmon resonance complex formation between different FXII 

forms and FH was investigated. The presence of α-FXIIa:FH complexes upon contact activation in 

plasma was evaluated by ELISA and immunoprecipitation.

Results: We identified and characterized a direct interaction between the components and 

demonstrated that among different forms of FXII, only the activated α-FXIIa formed complexes with 

FH, with an apparent binding strength Kd of 34 ± 9 nM. The complex formation involved the kringle 

domain of the heavy chain of FXII. C1-inhibitor induced inhibition of α-FXIIa did not alter the 

binding of α-FXIIa towards FH.A
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We further demonstrated the presence of α-FXIIa:FH complexes in normal human plasma upon 

contact activation, indicating formation of α-FXIIa:FH complexes as a consequence of α-FXIIa 

generation. Complex formation between α-FXIIa and FH was also assessed in hereditary angioedema 

(HAE) patients with C1-inhibitor deficiency as well as rheumatoid arthritis (RA) patients with high 

levels of anti-cyclic citrullinated peptide (anti-CCP) upon contact activation. We observed elevated 

levels of α-FXIIa:FH complexes in HAE patients, and equal levels of complexes in RA patients and 

healthy individuals upon contact activation.  

Conclusion: A direct interaction between -FXIIa and FH is demonstrated. Our findings represent a 

new crosstalk between these systems, potentially important in the onset and pathology of 

inflammatory vascular diseases.

Keywords: C1 inhibitor deficiency, Factor H, Complement, Factor XII, Coagulation 

1 Introduction

The coagulation and complement systems are both proteolytic cascade systems with the 

majority of components circulating in the blood, securing adequate wound healing and preventing 

uncontrolled bleeding, protecting the host from pathogenic attacks (1, 2). Distinct regulatory factors 

control the proteolytic steps involved in the propagation of both systems, and uncontrolled activity is 

associated with severe conditions including excessive blood clotting and complement induced 

inflammation with potential fatal outcomes (3-6). Crosstalk between coagulation and complement has 

been reported in recent years, but the molecular mechanisms behind the interactions are not well 

established (7, 8).   

The role of coagulation factor XII (FXII) in the interplay between the coagulation and the 

complement system has been suggested since the early 80s (9). FXII is primarily produced in the liver 

by hepatocytes and further secreted and present in plasma as an 80 kDa single-chain zymogen at a 

concentration of ~ 30 μg/ml (10-12). Upon binding of negatively charged surfaces, lipophilic surfaces 

or binding towards zink ions, FXII is either auto- or proteolytically activated by the two downstream 

serine proteases, kallikrein and plasmin, that cleave the Arg353-Val354 bond, thereby producing a A
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two-chain molecule (α-FXIIa) consisting of a disulphide-linked heavy and a light chain of 353 and 

243 amino acids, respectively (12, 13). The heavy chain of FXII is composed of 6 structural domains 

including a fibronectin type II domain, an epidermal growth factor (EGF)-like domain, a fibronectin 

type I domain, a second EGF-like domain, a kringle domain and a proline-rich region. These domains 

possess surface binding affinity, whereas the light chain holds the proteolytic domain (14). The 

catalytic triad of β-FXIIa is contained in the residues His393, Asp442, and Ser544 (15). Further 

proteolytic cleavage separates the heavy chain from the light chain producing the β-FXIIa fragment, 

which retains its proteolytic activity towards prekallikrein but lacks the binding capacity. In the 

circulation, more than 90% of the enzymatic activity of α-FXIIa and β-FXIIa is inhibited by C1-

inhibitor (16).  

Activated forms of FXII have been shown to induce complement activation through the 

classical pathway (17, 18). More recently, Ferluga and colleagues demonstrated that the complement 

regulating glycoprotein factor H (FH) neutralizes surface bound phospholipids and thereby prevents 

contact activation (19). FH is a 155 kDa abundant  protein (~ 500 μg/ml) and is an essential co-factor 

for complement factor I mediated cleavage of activated complement C3 (C3b), and participates also 

in dissolving already formed C3 convertases making C3b, a target for factor I-mediated cleavage (20, 

21). Disruption of FH function on the cell surface may lead to development of complement-dependent 

systemic thrombophilia (22). 

The potential involvement of FH and FXII in the crosstalk between coagulation and the 

complement system prompted us to undertake the present study, where we identified and 

characterized a direct interaction between FXII and FH upon contact activation. 

2 Materials and Methods

2.1 Buffers and solutions 

The following buffers were used: PBS (1.45 mM NaH2PO4, 6.46 mM Na2HPO4, 2.7 mM KCl, 

137 mM NaCl, pH 7.4), PBS/Tw (PBS with 0.05% Tween-20), PBS/BSA (PBS with 0.1% BSA), 

TBS (10 mM Tris, 145 mM NaCl, pH 7.4), TBS/Tw (TBS with 0.05% Tween-20), and 

TBS/Tw/Ca2+/Mg2+ (TBS/Tw with 4 mM Ca2+ and 2 mM Mg2+). ELISA coating buffer (15 mM A
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Na2CO3, 35 mM NaHCO3, pH 9.6), and ELISA colour development citric phosphate buffer (35 mM 

C6H8O7, 65 mM Na2HPO4, pH 5). Resuspension buffer (50 mM Tris-HCl, pH 8.0), supplemented 

resuspension buffer (suspension buffer with 10 µg/ml DNAse, 5 mM MgCl2 and EDTA-free protease 

inhibitor cocktail (cOmplete Mini, Roche Diagnostics GmbH, Mannheim, Germany)), urea buffer (8 

M urea, pH 8.0), solubilization buffer (6 M urea, 20 mM Tris-HCl, 0.5 M NaCl, pH 8.0), refolding 

buffer (20 mM Tris-HCl, 0.5 M NaCl, 1.8/0.2 mM reduced/oxidized glutathione, pH 8.0), elution 

buffer (0-500 mM imidazole gradient in 20 mM Tris-HCl, 0.5 M NaCl pH 8.0), lysine loading buffer 

(50 mM NaCl, 50 mM Tris-HCl, pH 8.0) and lysine elution buffer (500 mM NaCl, 50 mM Tris-HCl, 

50 mM 6-aminocaproic acid, pH 8.0). Coagulation inhibitors arginine (pH of arginine stock solution 

was adjusted to 8.5) (European Directorate for the Quality of Medicines, Strasbourg, France) and 

corn trypsin inhibitor (CTI) ((Hematologic Tech. Inc., Vermont, USA) were used in the final 

concentrations 300 mM and  500 ug/ml, respectively. 

2.2 Biotinylation of mAbs

The polyclonal and monoclonal antibodies (pAbs and mAbs), sheep-anti-FXII pAb 

(Hematologic Tech. Inc., Vermont, USA), sheep-anti-FH pAb (Thermo scientific, Regensburg, 

Germany), anti-FXII mAb 10-11-35 (23), and anti-FH mAb Hyb-15 (24) were dialyzed against 0.1 M 

NaHCO3 pH 8, at 4 °C, O/N. Biotin N-hydroxy-succinimide ester (BNHS) (Sigma Aldrich, 

Copenhagen, Denmark), diluted in dimethyl sulfoxoide (DMSO), was added to the antibodies to a 

final concentration of 1 mg BNHS per 6 mg mAb. The solution was incubated end-over-end for 3 

hours at room temperature (RT) and subsequently dialyzed against PBS at 4 °C, O/N.  

2.3 Expression and purification of the FXII Kringle domain (217-296)

The following sequences were cloned into the pET-15b vector at the NdeI/BamHI cloning sites 

in line with the vectors His6-tag: first (polyubiquitin-C (uniport entry: P0CG48) residues 2-75 

followed by the sequence DDDDKGS to insert an enterokinase digestion site and finally the kringle 

domain of human factor XII (uniport entry: P00748), residues 217-295). E. coli BL21(DE3)-pLyssS 

(Promega, Madison, WI) cells were transformed with the plasmid and cells grown for protein 

expression in LB broth using IPTG induction. Cells were harvested by centrifugation at 3000g for 10 A
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min. at 4C, resuspended in ice-cold resuspension buffer supplemented with 10 µg/ml DNAse, 5 mM 

MgCl2 and EDTA-free protease inhibitor cocktail (cOmplete Mini, Roche Diagnostics GmbH, 

Mannheim, Germany), and treated with 300 µg/ml lysozyme at 4C for 30 min. with gentle magnetic 

stirring. Complete lysis was induced by sonication on ice, inclusion bodies pelleted at 10,000g for 10 

min. at 4C and resuspended in urea buffer for 10 min. at 4C (25). The resuspension was cleared by 

centrifugation at 10,000g for 10 min. at 4C, and subsequently sterile-filtered for further processing. 

Protein was batch adsorbed to Ni-NTA Superflow (Qiagen, Venlo, Netherlands) and incubated for 15 

min. at RT with frequent mixing. After washing, the FXII kringle domain was refolded, while it was 

immobilized on the nickel-charged resin (Qiagen), using an increasing gradient of refolding buffer, 

containing reduced and oxidized thiols to promote disulphide exchange (26). The FXII kringle 

domain was eluted from the Ni-NTA resin with a gradient into the elution buffer over 10 column 

volumes. The eluted protein was buffer exchanged to lysine loading buffer on a Sephadex G-25 

column. Lysine-Sepharose 4B (Sigma-Aldrich) was equilibrated in lysine loading buffer, and the 

immobilized FXII kringle domain was step eluted in lysine elution buffer.

2.4 Generation of in vitro complexes

The stock solution for in vitro complexes of α-FXIIa:FH was produced by incubating 1.25 μM 

α-FXIIa (Enzyme Research lab., South bend, USA) and 1.00 μM FH (Complement Technology Inc., 

Texas, USA) for 2 hours at 37 °C under gentle mixing and stored at -80 °C for further use. The stock 

solution of α-FXIIa:C1-inhibitor in vitro complexes were generated by the same procedure. Alpha-

FXIIa (1.25 μM) and 1.00 μM C1-inhibitor (Berinert® 400 E/U, Marburg, Germany) were incubated 

for 2 hours at 37 °C under gentle mixing and stored at -80 °C for furher use. 

2.5 Plasma donors 

EDTA plasma samples were obtained from 27 hereditary angioedema (HAE) type I patients, 15 

females and 12 males ranging from 6-73 years in the steady state of the disease during non-medicated 

and symptom-free periods (27). Control EDTA plasma samples were obtained from 28 healthy 

individuals. FXII-deficient EDTA plasma (Affinity Biologicals, Ontario, Canada) and FH-deficient 

EDTA plasma (24) were commercially available, and plasma was obtained from 1 male and 6 female A
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RA patients with age ranging from 48-85 years and anti-CCP values ranging from 7.2 - >1000 103 

IU/L. All samples were stored at -80 °C.

2.6 Contact activation of plasma

Contact activation of plasma was initiated by dextran sulphate (DXS) as described by Citarella and 

colleagues (28). In brief, EDTA plasma was incubated for 10 min. at 37 °C with DXS (Mw: 500 kDa) 

in different concentrations ranging from 2 to 516 μg/ml. For sample analysis DXS was used in the 

concentration 100 μg/ml. Both hereditary angioedema (HAE) EDTA plasma samples, FXII-deficient 

EDTA plasma, FH-deficient EDTA plasma, control normal human plasma (NHP) samples,  RA 

patient samples, CTI or arginine pre-incubated NHP plasma were incubated with DXS for 10 min. at 

37 °C and the contact activated plasma was subsequently stored at -80 °C awaiting further analysis.

2.7 Complex formation between FXII and FH in vitro

The complex formation between α-FXIIa and FH was investigated by ELISA. MaxiSorp plates 

(Thermo Scientific Nunc, Roskilde, Denmark) were coated with FH (5.0 μg/ml) diluted in coating 

buffer and incubated O/N at 4 °C. The wells were washed thrice with PBS/Tw and blocked for 15 

min. The three FXII forms (nFXII, α-FXIIa, and -FXIIa) and α-FXIIa:C1-inhibitor in vitro 

complexes were applied to the wells in two-fold serial dilutions starting with 5 μg/ml and 1:10, 

respectively, and incubated for 60 min. at RT. All samples were applied in duplicates. After 

incubation, wells were washed thrice and a biotinylated polyclonal sheep anti-FXII antibody 

(Haematologic Tech. Inc., Vermont, USA), detecting all three forms of FXII, was applied to the wells 

in the concentration of 2 μg/ml and incubated for 60 min. at RT. After three subsequent washes, HRP-

conjugated streptavidin (Invitrogen, Maryland, USA), diluted 1:3000, was added to the wells and 

incubated for 30 min. at RT. After wash, the plate was developed with o-phenylene-diamine (OPD) 

and H2O2. 

Surface plasmon resonance (SPR) analysis of the binding of different FXII preparations to 

complement FH was carried out using a Biacore 3000 instrument (Biacore, Uppsala, Sweden). The 

sensor chips (type CM5) were activated with a 1:1 mixture of 0.2 M N-ethyl-N′-(3-

dimethylaminopropyl) carbodiimide and 0.05 M N-hydroxysuccimide in H2O. FH was immobilized A
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on the chip in 10 mM sodium phosphate, pH 4.0, and the remaining binding sites blocked with 1 M 

ethanolamine, pH 8.5. The SPR signal generated from immobilized FH generally corresponded to 15-

40 fmol of protein/mm2. Sensorgrams were generated using FXII and kringle domain concentrations 

in the range of 1-10 µg/ml with proteins dissolved in the SPR running buffer (150 mM NaCl, 10 mM 

Hepes, 0.05% Tween 20, pH 7.4) . The flow cells were regenerated with 50 mM glycine, 5 mM 

EDTA, 1 M NaCl, 0.005% Surfactant P-20, pH 4.5, which lead to a more than 95% functional 

regeneration of the chip. The FXII constructs and α-FXIIa:FH complexes were dissolved in running 

buffer. All binding experiments were at least done in triplicate and data were analyzed using the 

Biomolecular Interaction Analysis evaluation program version 3.1.

2.8 Complex formation between FXII and FH ex vivo 

A sandwich ELISA was constructed, using two in-house mAbs, anti-FXII mAb 10-11-35 as 

capturing antibody and biotinylated anti-FH mAb Hyb-15 as detection antibody. MaxiSorp plates 

were coated O/N at 4 °C with anti-FXII mAb 10-11-35 (2 μg/ml) diluted in coating buffer. Wells 

were washed thrice with PBS/Tw and blocked for 15 min. DXS activated NHP, FH deficient plasma, 

FXII deficient plasma, non-activated NHP, and in vitro generated α-FXIIa:FH were diluted in 

PBS/Tw and applied to the wells in two-fold serial dilutions and incubated for 60 min. at RT. All 

samples were applied in duplicates. After incubation and three washes with PBS/Tw, plates were 

incubated with biotinylated anti-FH mAb Hyb-15 (2 μg/ml) for 60 min. at RT. Afterwards, wells were 

washed with PBS/Tw and incubated for 30 min. at RT with streptavidin-HRP used in a 1:3000 

dilution. Plates were developed with OPD and H2O2. This assay was also used to measure α-FXIIa:FH 

complexes in plasma samples from 27 HAE patients, 30 controls as well as 7 RA patients. The 

calibration curve was made by dilution of the DXS activated NHP 1/10, followed by two-fold 

dilutions. A value of 100 mU/ml was assigned to the NHP, and the quantification of α-FXIIa:FH 

complexes was based on a 4-parameter analysis of fitted calibration curve using optical density values 

obtained by serial dilutions of DXS activated NHP by means of the software Softmax Pro® 

(Molecular Devices, Sunnyvale, CA, USA).

2.9 Co-immunoprecipitation
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Co-immunoprecipitation was performed by incubating mAb 10-11-35 anti-FXII (2 μg/ml) with 

Sheep anti-Mouse IgG Dynabeads (Invitrogen, Thermo Scientific, Roskilde, Copenhagen) by end-

over-end for 60 minutes at 4 °C. After washing steps in PBS/BSA, the beads were incubated end-

over-end for 60 min. at 4 °C with 0.5 ml of DXS activated NHP and non-activated NHP to allow 

antigen binding. After washing with PBS, beads were enriched by magnetic adherence and boiled in 

SDS loading buffer. The samples were subjected to SDS-PAGE and immunoblotting was performed 

as described below.

2.10 SDS-PAGE and immunoblotting 

Electrophoresis was performed on Bis-Tris 4–12% (w/v) polyacrylamide gradient gels using the 

NuPAGE® system (Novex, Thermo Scientific, Roskilde, Copenhagen) as per manufacturer's 

recommendations. Proteins were electro-blotted onto polyvinylidene difluoride membranes (PVDF-

HyBond, Amersham Bioscience). After blocking with PBS/Tw, membranes were incubated with 

biotinylated polyclonal sheep anti-human FH (1μg/ml) followed by incubation for 45 min. at RT with 

streptavidin-HRP diluted 1:3000 in PBS/Tw. The membranes were then washed in PBS/Tw and 

developed with 0.04% (w/v) 3-amino-9-ethylcarbazol (Sigma Aldrich, Copenhagen, Denmark) and 

0.015% H2O2 in sodium acetate buffer, pH 5.

3 Results

3.1 Complex formation between FXII and FH in vitro 

To elucidate a direct interaction between FXII and FH, we incubated different forms of FXII, 

comprising nFXII, α-FXIIa, β-FXIIa, and α-FXII/C1-inhibitor, on FH-coated microtiter plates. In 

this plasma-free system, we found a dose-dependent interaction between FH and α-FXIIa both as a 

free and as a C1-inhibitor complexed form (Figure 1A). Native FXII showed only minimal 

interaction with FH, and no interaction was observed between β-FXIIa and FH demonstrating that 

the heavy chain of α-FXIIa is required for the interaction and that the C1-inhibitor induced 

inhibition of α-FXIIa may not interfere with FH binding.
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To further investigate this interaction and to address the binding strength of α-FXIIa and FH, 

we employed SPR analysis (Figure 1B). FH was conjugated onto the chip and the different FXII 

forms and α-FXIIa:C1-inhibitor complexes were applied to this surface. Again, we found an 

interaction between FH and α-FXIIa in free form and in C1-inhibitor complexed form. No 

interaction was observed between FH and nFXII or β-FXIIa. By fitting association data for α-

FXIIa to FH to a 1:1 Langmuir model, an apparent Kd of 34 ± 9 nM was determined. We then 

analyzed whether pre-incubation of α-FXIIa with the lysine analogue 6-AHA inhibited the binding 

between FH and α-FXIIa. The SPR analysis showed that 6-AHA strongly inhibited the interaction 

between α-FXIIa and FH suggesting that the kringle domain of FXII is at least partly responsible 

for the interaction (Figure 1C and 1D). Furthermore, the inhibitorial effect of lysine was tested, and 

found similar to that of 6-AHA (not shown). To map the FH binding site further, a FXII kringle-

ubiquitin fusion protein was recombinantly expressed and tested for binding towards FH with SPR 

analysis (Figure 1E). A distinct interaction between FH and the expressed kringle domain of FXII 

was observed. 

3.2 Complex formation between FXII and FH in plasma systems

We addressed whether α-FXIIa:FH complexes are present in plasma ex vivo or formed 

during in vitro contact activation. Ex vivo contact activation was induced in plasma using DXS. 

Titrations of DXS concentrations were performed to determine the concentration of DXS for 

optimal contact activation in the further studies. Complex formation of α-FXIIa:FH was dose-

dependent with respect to the DXS concentration (Figure 2A). 

Subsequently, Alpha-FXIIa/FH complexes were assessed in DXS activated NHP, FXII-

deficient plasma, FH-deficient plasma, non-activated NHP, and in vitro formed α-FXIIa:FH 

complexes using the in-house prepared sandwich ELISA. We observed detectable levels of α-

FXIIa:FH complexes in DXS activated NHP, whereas no α-FXIIa:FH complexes were detectable 

in DXS activated FXII- or FH-deficient plasma or non-activated NHP (Figure 2B). The presence of 

α-FXIIa:FH complexes in activated plasma was further verified using the same analytes in co-

immunoprecipitation. A distinctive band with an apparent molecular mass of 155 kDa, 

corresponding to FH reduced and non-reduced, was observed in DXS activated plasma precipitated A
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with anti-FXII mAb and detected with biotinylated sheep anti-FH pAb. In contrast to this, no FH 

co-precipitation was observed when using non-activated plasma (Figure 2C). 

We also analyzed whether formation of α-FXIIa:FH complexes is affected by 

pharmacological inhibition of α-FXIIa by CTI and arginine. Pre-incubation of plasma with CTI 

and arginine prior DXS activation did not affect the level α-FXIIa:FH complexes (Figure 2D). 

3.3 Alpha-FXIIa:FH complexes in DXS activated plasma samples from healthy donors and 

and patients with HAE and RA 

Finally, we determined the plasma content of α-FXIIa:FH complexes upon contact activation 

in plasma samples obtained from HAE patients, RA patients and from healthy donors. For this 

purpose, we used the α-FXIIa:FH complex assay, described above. Comparing the three groups, 

we observed significantly elevated α-FXIIa:FH complex levels in contact activated plasma from 

HAE patients. The median value for HAE, RA,  and NHP α-FXIIa:FH complex formation was 

determined to 178.8 mU/L, 103.5 mU/L and 117.3 mU/L, respectively (Figure 3). 

4 Discussion

This study demonstrates that among different forms of FXII, only the activated α-FXIIa binds 

FH through the kringle domain of the heavy chain, and that the α-FXIIa:FH complexes can be found 

in plasma upon contact activation. 

Previous studies have shown the involvement of FH with the contact activation system (29, 30). 

Recently, Ferluga and colleagues demonstrated that FH inhibited the contact activation system by 

neutralizing anionic phospholipids, otherwise known to induce contact activation (19). However, 

studies on a direct interaction between FXII and FH and the consequent functional effects of these 

putative complexes have not been reported. In the present study, we have investigated the direct 

interaction between FXII and FH upon contact activation.

First, we addressed the interaction of FH with three FXII forms and α-FXIIa in complex with 

C1-inhibitor by ELISA. Using purified proteins, we found that FH only forms complexes with α-A
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FXIIa. No interactions were detected between FH and nFXII or β-FXIIa. C1-inhibitor induced 

inhibition of α-FXIIa did not alter the binding between α-FXIIa and FH. These observations were also 

supported by SPR analyses. Beta-FXIIa, which is also an activated form of FXII, but lacking the 

heavy chain, was not able to interact with FH suggesting that α-FXIIa binds to FH through the heavy 

chain. C1-inhibitor is the major inhibitor of α-FXIIa and binds the catalytic triad on the light chain of 

FXII shielding binding of substrates (15) (31). Binding of α-FXIIa:C1-inhibitor complexes towards 

FH further suggests that the α-FXIIa binding site for FH is locate on the heavy chain. To define the 

binding site of FH on α-FXIIa, we addressed the potential involvement of the kringle domain. The 

rationale for this was a previous study hypothesizing that the kringle  domain is a putative binding site 

for artificial surfaces (32). Kringle domains generally form a ligand binding pocket mediating protein-

protein interaction, that for some kringle domains can be competed out with free lysine. Alignment of 

the FXII kringle domain with bona fide lysine binding kringle domains shows that the lysine binding 

site is semiconserved (results not shown) (33). When pre-incubated with the lysine analogue 6-AHA, 

the SPR analysis showed inhibition of FH binding to α-FXIIa, demonstrating that FH likely binds the 

kringle domain on the heavy chain of α-FXIIa. However, the interaction was much less sensitive than 

observed for other kringle-protein interactions (34), probably reflecting that the lysine binding site is 

only semi-conserved, and therefore has a relative low lysine affinity. To further verify the 

involvement of the kringle domain, we expressed recombinant FXII kringle-ubiquitin chimer and 

showed that that the binding could indeed be mediate by the kringle domain. The kringle domain is 

present both in nFXII and α-FXIIa, however, as the results indicate, FH is only able to bind to the 

kringle domain on α-FXIIa. This may be explained by conformational changes occurring in α-FXIIa 

upon contact activation exposing the kringle domain for interaction, which may be shielded on nFXII 

(35, 36). 

We next addressed the presence of α-FXIIa:FH complexes in ex vivo DXS-activated and NHP, 

FH- and FXII-deficient plasma. Upon DXS-induced contact activation, dose-dependent levels of α-

FXIIa:FH complexes were observed in NHP, indicating formation of α-FXIIa:FH complexes upon 

generation of α-FXIIa. As expected, we observed no formation of complexes in FH- and FXII-

deficient plasma upon contact activation. This observation was further verified with co-

immunoprecipitation. A
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Finally, we investigated the circulating levels of α-FXIIa:FH complexes in plasma samples from 

patients deficient in C1-inhibitor. Such patients are characterized by increased contact activation with 

elevated α-FXIIa levels during HAE-attacks (37). The HAE patient samples were used as a model to 

investigate whether increased activation of FXII characterizing HAE patients translates into increased 

levels of α-FXIIa:FH complexes. We found increased levels of α-FXIIa:FH complexes in HAE 

patient plasma compared to NHP, upon contact activation induced by DXS. The tendency of 

increased levels of α-FXIIa:FH in plasma models with limited complement inhibition was initially 

thought to be a counter effect of lack of C1-inhibitor. However, when analyzing the formation of 

complexes between FH and α-FXIIa:C1-inhibitor complexes (in vitro) α-FXIIa:FH complexes were 

still able to be formed, suggesting that inhibition may not fully limit the formation of α-FXIIa when a 

potent negatively charged surface is present, and hereby also not prevent complex formation. When 

measuring α-FXIIa:FH complexes in plasma samples from HAE- and RA patients, DXS-activated 

HAE patients showed with increased levels of α-FXIIa:FH complexes compared to DXS-activated 

NHP and RA patients, suggesting that absence of C1-inhibitor may result in increased formation of α-

FXIIa:FH complexes. This notion is in contrast to our binding studies, which were unaffected by the 

presence of C1-inhibitor. Thus, more studies on the effect of C1-inhibitor on the interaction between 

α-FXIIa and FH are needed. 

Furthermore, activation and formation of α-FXIIa is unaffected by pharmacological inhibition 

of α-FXIIa by CTI and arginine. CTI and arginine are known to inhibit the enzymatic activity of α-

FXIIa by binding the light chain and hereby shielding the catalytic domain, preventing generation of 

stable complexes with ligands (38-40). Our findings suggest that inhibition of enzymatic activity in α-

FXIIa does not affect the activation of α-FXIIa or formation of α-FXIIa:FH in the presence of a potent 

FXII activator. These findings can be explained by our initial observation that FH binds α-FXIIa 

through the kringle domain on the heavy chain, and that this interaction is independent of the catalytic 

activity of α-FXIIa.  

Our interaction studies shows that the catalytic domain of α-FXIIa may still be inhibited by C1-

inhibitor or other serine proteases when α-FXIIa is in complex with FH. This cross-talk interaction 

between coagulation and complement may be biologically relevant in the mechanisms of A
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inflammation during contact-activation. It has been shown that α-FXIIa interacts with C1q and 

activates the classical pathway of the complement system (17, 18). It remains to be elucidated 

whether the binding of α-FXIIa towards FH has an effect on the functional and regulatory co-factor 

activity of FH and complement activation. 

To our knowledge, this is the first published work to show the direct interaction between FXII 

and FH, and the existence of circulating complexes of α-FXIIa:FH in contact-activated plasma. We 

show that FH upon contact activation binds to α-FXIIa likely via the kringle domain on the heavy 

chain of FXII. Finally, we demonstrate that the plasma levels of α-FXIIa:FH complexes are elevated 

in HAE patients compared to healthy donors. The biological function of α-FXIIa:FH complex 

formation still remains to be investigated. 

Future studies on α-FXIIa:FH complexes should address possible complex-induced complement 

activation and the functional effect of FH upon binding of α-FXIIa. 
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9 Figures legends 

Figure 1: Direct interaction between FXII and FH in pure systems. (A) ELISA analysis of 

FXII:FH interaction. Three different forms of FXII (α-FXIIa, β-FXII, nFXII) and the α-FXIIa:C1-

inhibitor complex were incubated in two-fold serial dilutions on FH coated plates. A polyclonal sheep A
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anti-FXII was used for detection. The samples were applied in duplicates, and the error bars 

represents SD. (B) SPR analysis of the binding of different FXII forms to immobilized FH. (C) SPR 

monitoring of the binding of α-FXIIa to immobilized FH in the absence or presence of lysine 

analogue (6-AHA). (D) SPR monitoring of the effect of increasing 6-AHA or glycine on binding of α-

FXIIa to immobilized FH. (E) SPR monitoring of the binding of recombinant FXII kringle domain to 

immobilized FH. 

Figure 2: Presence of α-FXIIa:FH complex in contact activated NHP. (A) ELISA: Titration of 

DXS concentrations applied in contact activation of NHP was analyzed using the α-FXIIa:FH ELISA. 

The samples were applied in duplicates, and the error bars represents SD (B) ELISA: DXS activated 

NHP, FH deficient plasma, FXII deficient plasma, NHP, and α-FXIIa:FH in vitro complexes were 

incubated in two-fold serial dilutions on a microtitter plate coated with anti-FXII mAb. Biotinylated 

anti-FH mAb was used for the detection. The samples were applied in duplicates, and the error bars 

represent SD. (C) Co-immunoprecipitation: α-FXIIa:FH complexes were co-immunoprecipitated 

from DXS contact activated and non-activated plasma using anti-FXII mAb. The eluted samples were 

subjected to reducing and non-reducing SDS-PAGE and Western blotting using a biotinylated anti-FH 

mAb. Lanes represent: 1) DXS activated plasma (reduced), 2) DXS activated plasma (non-reduced), 

NHP (reduced), and 4) NHP (non-reduced). (D) ELISA: NHP, DXS-activated NHP, DXS-activated 

NHP pre-incubated with CTI and arginine were incubated on a microtiter plate to detect α-FXIIa:FH. 

Samples were applied in duplicates and the error bars represent SD. 

Figure 3: Measurements of α-FXIIa:FH complexes levels in HAE and RA patients. DXS 

activated HAE plasma (n=27), DXS-activated RA plasma (n=8), and NHP (n=30) was incubated on 

microtitter plates coated with anti-FXII mAb and biotinylated anti-FH mAb was used for the 

detection. The samples were applied in duplicates and DXS activated NHP was used as the calibrator 

of this assay. Data are presented as mean ± SD. Un-paired parametric t-test revealed p=0.0001****.    
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