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Abstract

Background: Factor (F)XII triggers contact activation by binding to foreign surfaces,

with the epidermal growth factor-like 1 (EGF-1) domain being the primary binding site.

Blocking FXII surface-binding might hold therapeutic value to prevent medical device–

induced thrombosis.

Objectives: To unravel and prevent EGF-1–mediated FXII surface-binding with a

variable domain of heavy chain–only antibody (VHH).

Methods: FXII variants with glutamine substitutions of 2 positively charged amino acid

patches within the EGF-1 domain were created. Their role in FXII contact activation

was assessed using kaolin pull-down experiments, amidolytic activity assays, and

clotting assays. FXII EGF-1 domain–specific VHHs were raised to inhibit EGF-1–medi-

ated FXII contact activation while preserving quiescence.

Results: Two unique, positively charged patches in the EGF-1 domain were identified

(upstream, 73K74K76K78H81K82H; downstream, 87K113K). Neutralizing the charge

of both patches led to a 99% reduction in FXII kaolin binding, subsequent decrease in

autoactivation of 94%, and prolongation of clot formation in activated partial thrombo-

plastin time assays from 36 (±2) to 223 (±13) seconds. Three FXII EGF-1–specific VHHs

were developed that are capable of inhibiting kaolin binding and subsequent contact

system activation in plasma. The most effective VHH “F2” binds the positively charged

patches and thereby dose-dependently extends activated partial thromboplastin time

clotting times from 29 (±2) to 43 (±3) seconds without disrupting FXII quiescence.

Conclusion: The 2 unique, positively charged patches in FXII EGF-1 cooperatively

mediate FXII surface-binding, making both patches crucial for contact activation. Tar-

geting these with FXII EGF-1–specific VHHs can exclusively decrease FXII surface-

binding and subsequent contact activation, while preserving zymogen quiescence.

These patches thus have potential as druggable targets in preventing medical device–

induced thrombosis.
behalf of International Society on Thrombosis and Haemostasis. This is an open access article under the CC BY

0/).

J Thromb Haemost. 2024;22:2562–2575

https://doi.org/10.1016/j.jtha.2024.06.005
https://orcid.org/0000-0001-8283-273X
https://orcid.org/0000-0002-2344-6027
https://orcid.org/0000-0002-3229-7238
https://orcid.org/0000-0001-9614-7135
https://orcid.org/0000-0003-4593-0976
mailto:r.frunt-3@umcutrecht.nl
http://creativecommons.org/licenses/by/4.0/
https://jthjournal.org


FRUNT ET AL. - 2563
K E YWORD S

binding sites, blood coagulation, factor XII, kallikrein–kinin system, single-domain antibodies
1 | INTRODUCTION

Hemostasis is a tightly regulated biological process. Excessive coagu-

lation can lead to thrombosis, resulting in vascular occlusion and sub-

sequent hypoxia in the downstream tissues. Coagulation can be

initiated either by tissue factor (extrinsic pathway) or by blood contact

with negatively charged surfaces (intrinsic pathway). Blood contactwith

thrombogenic surfaces like silica, polyphosphate (polyP), or nucleic

acids causes factor (F)XII binding [1,2]. When bound, FXII undergoes a

conformational change toward an “open” conformation in which the

activation loop is exposed [1,3–7]. In this open conformation, the acti-

vation loop is exposed, thereby enhancing the activation of FXII to

active FXII (FXIIa) through cleavage after R353 by FXIIa (autoactiva-

tion), plasmakallikrein (PKa), or plasmin. Reciprocal activationof plasma

prekallikrein (PK) to PKa by FXIIa is a critical feedback loop in the

contact system. In contact-driven coagulation, FXIIa activates FXI on

the blood-contacting surface. Further activation of the intrinsic

pathway can ultimately lead to thrombin formation [8–10]. Besides

initiation of the intrinsic pathway, FXIIa can initiate the kallikrein–kinin

system. Here, PKa cleaves high-molecular-weight kininogen (HK),

releasing the proinflammatory peptide bradykinin (BK) that mediates

vascular permeability and leukocyte recruitment [2,11–15]. Excessive

BKrelease canbe causedbypathogenicmutations inFXII that introduce

alternative cleavage sites (T309K) or alter FXII conformation (W268R)

[16–18]. Both of these mutations accelerate the activation by PKa,

which could lead to a BK-mediated inflammatory response.

The role of FXII and FXI in blood hemostasis in vivo is very limited,

as patients with deficiencies only exhibit mild bleeding risks

[11,19–21]. Furthermore, mice that are deficient in FXII or FXI are

protected against obstructive thrombi in arterial thrombosis models

[22,23]. However, contact activation on negatively charged surfaces of

medical devices increases the risk of medical device–induced throm-

bosis and triggers an inflammatory reaction against the medical device

[24–28]. Therefore, various strategies targeting FXII are being

researched to prevent contact activation [29,30]. Among others,

multiple monoclonal antibodies (mAbs) were raised to various do-

mains of FXII [28,31–37]. Targeting FXIIa with an mAb can prevent

proteolytic FXIIa activity without increasing the bleeding risk in mice

[20,28,29]. However, the inhibition of FXII proteolytic activity by

these mAbs results in the interference with the kallikrein–kinin sys-

tem [29]. Targeting the FXII heavy chain to inhibit FXII surface-binding

using mAbs has shown no success as these mAbs often trigger

spontaneous FXII autoactivation and enhance the susceptibility of

FXII to activation by PKa in solution [35,36,38–41]. These data sug-

gest that therapeutic interventions to prevent FXII-driven contact

activation require specific targeting of the FXII binding sequence

without affecting FXII zymogen conformation [17,34,38,42,43].
The epidermal growth factor-like 1 (EGF-1) domain was recently

identified as the main surface-binding domain using truncated FXII

variants or chimeras of FXII and its nonbinding homolog hepatocyte

growth factor activator (HGFA) [7,38,39]. Furthermore, specific amino

acids that are required for surface binding of FXII were also identified

more recently [40]. Based on the tertiary structure of FXII predicted

by AlphaFold (Google DeepMind), we here designed and produced

FXII variants to elucidate EGF-1 domain–mediated FXII surface-

binding [41,42]. The predicted orientation and intramolecular

interactions of domains in the heavy chain of FXII explain various

biological mechanisms of these domains [43]. The EGF-1 domain in the

predicted FXII structure is oriented outward and does not have in-

teractions with other domains in the protein. Therefore, llama-derived

variable domain of heavy chain–only antibodies (VHHs) specifically

targeting the EGF-1 domain of FXII were raised in this study. This

targeted approach holds therapeutic promise, as it would prevent FXII

surface-binding and contact activation without rendering FXII more

susceptible to activation by PKa (as has been the case in previous

attempts in which the heavy chain of FXII was targeted using anti-

bodies), or affecting the role of FXIIa in the kallikrein–kinin system.
2 | MATERIALS AND METHODS

An extensive description of the experimental procedures can be found

in the Supplementary Materials and Methods.
2.1 | Comparison of the EGF-1 domain structures of

FXII and HGFA

The EGF-1 domains of the 3-dimensional structures of FXII predicted

by AlphaFold (AF-P00748-F1-model_v4) and HGFA (AF-Q04756-

F1_v4) were compared using PyMOL Molecular Graphics System

(Schrödinger) [44]. Two unique positively charged patches in the FXII

EGF-1 domain were identified, hereafter called upstream patch or

downstream patch. In mature protein numbering, the upstream patch

or downstream patch consists of FXII residues K73, K74, K76, H78,

K81, and H82 or residues K87 and K113, respectively.
2.2 | Molecular cloning, protein expression, and

purification

Glutamine substitution variants of either (FXII Δupstream and FXII

Δdownstream) or both patches (FXII Δcombined) were designed

(Table 1). Briefly, BsmBI restriction sites were introduced in the



T AB L E 1 Amino acid sequences of factor XII epidermal growth
factor-like 1 glutamine substitution variants.

FXII variant Mature FXII amino acid sequence (P72-K113)

WT PKKVKDHCSKHSPCQKGGTCVNMPSGPHCL

CPQHLTGNHCQK

Δupstream PQQVQDQCSQQSPCQKGGTCVNMPSGPHCL

CPQHLTGNHCQK

Δdownstream PKKVKDHCSKHSPCQQGGTCVNMPSGPHCLC

PQHLTGNHCQQ

Δcombined PQQVQDQCSQQSPCQQGGTCVNMPSGPHCLC

PQHLTGNHCQQ

The sequence covers the FXII epidermal growth factor-like 1 domain and

adjacent linker sequences. At physiological pH, this sequence contains 11

positively charged amino acids (in green). FXII-specific positively charged

amino acid patches were substituted for glutamine residues (Q, in red).

F, factor; WT, wild type.
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complementary DNA of FXII wild type (WT) to substitute the posi-

tively charged amino acids in the upstream patch for glutamine resi-

dues using Golden Gate cloning. Long oligoduplexes were inserted

upon restriction with XhoI at L70 to E71 and BbvCI at L121 to R123

to replace the positively charged amino acids in the downstream patch

or both patches. These sequences were transiently transfected in

Expi293F cells (Gibco) were transfected via ExpiFectamine 293

(Gibco) according to the manufacturer’s instructions. At day 6 after

transfection, supernatant was collected from which recombinant FXII

variants were purified.
2.3 | FXII kaolin binding assay

The kaolin binding capacity of the FXII variants (67.5 nM final con-

centration) in Freestyle 293 expression medium was investigated by

incubation with kaolin (400 μg/mL final concentration) for 15 minutes

at 37 ◦C. Samples were vortexed every 5 minutes to resuspend the

kaolin, as previously described [38]. FXII autoactivation was prevented

by the small-molecular protease inhibitor PPACK (50 nM final con-

centration). Next, kaolin was pelleted by centrifugation at 5000g for 5

minutes. Pellets and supernatants were analyzed by Western blotting

under reducing conditions. FXII quantities were determined using

band densitometry and expressed as a percentage of the input sample.
2.4 | Activation of FXII glutamine substitution

variants

The ability of purified FXII glutamine substitution variants to be

activated by activating surfaces was assessed in chromogenic sub-

strate assays. Polyvinyl chloride microplates were blocked with 1%

bovine serum albunin (BSA) weight per volume in HEPES-buffered

saline (HBS-BSA; 10 mM HEPES, 150 mM NaCl, pH 7.4) and filtered

(0.20 μm syringe filter [Sartorius]) for 30 minutes at 37 ◦C.
For activation by kaolin or dextran sulfate (DXS), FXII glutamine

substitution variants (37.5 nM final concentration) were first mixed

with plasma prekallikrein (PK; 5 μg/mL final concentration) and the

chromogenic substrate H-D-Pro-Phe-Arg-pNA⋅2 HCl (L2120; 0.5 mM)

in 0.2% HBS-BSA. Next, kaolin (20 μg/mL), DXS (2 μg/mL; Mr = 500

000), or HBS as a control was added, after which measurements were

immediately started. Measurements were performed every minute at

405 nm and 37 ◦C for 60 minutes.

For activation by kaolin, polyP, silica, and ellagic acid, FXII gluta-

mine substitution variants (150 nM final concentration) were recon-

stituted in FXII-deficient plasma and subsequently mixed with

substrate L2120 (0.5 mM). Substrate conversion was measured at 405

nm, starting immediately after addition of either kaolin (40 μg/mL),

polyP (0.5 mg/mL), silica (5% volume per volume [v/v]), ellagic acid

(10% [v/v]), or 0.2% HBS-BSA as a control.

To investigate whether the glutamine substitutions affect the

conformation of zymogen FXII, FXII variants (22.5 nM) were incubated

with PKa (5 μg/mL) for 60 minutes at 37 ◦C. PKa was inhibited by

aprotinin (2600 KIU/mL) in 0.2% BSA-HBS for 60 minutes at 37 ◦C.
After addition of L2120 (0.5 mM), kallikrein-like activity was

measured at 37 ◦C and 405 nm every minute for 120 minutes. Re-

sidual PKa-mediated background signal was subtracted from the FXII-

containing samples to quantify FXIIa activity.

The contribution of the unique positively charged patches in the

FXII EGF-1 domain to plasma clotting was assessed in an activated

partial thromboplastin time (APTT) assay. FXII-deficient plasma was

reconstituted to physiological levels with the FXII glutamine substi-

tution variants (375 nM). Samples were incubated with the activator

Dade Actin FS Activated PTT Reagent (50 μL, Siemens Healthineers)

for 3 minutes at 37 ◦C. Finally, CaCl2 (8.33 mM final concentration)

was added and clotting times were measured on an MC10plus coa-

gulometer (Merlin Medical).
2.5 | FXII EGF-1–specific VHH selection

For selecting FXII EGF-1 domain–specific VHHs, a Lama glama was

immunized with recombinant zymogen FXII, and phage display was

performed. Briefly, a negative selection was performed with the FXII

truncation variant Δ1-112, which lacks the EGF-1 domain. This was

followed by a positive selection to find VHHs that were able to bind the

FXII truncation variant Δ1-71, which does contain the EGF-1 domain.
2.6 | Effects of EGF-1–specific VHHs on FXII and HK

binding to kaolin

Kaolin binding was examined for both FXII and HK to demonstrate that

the selected VHHs can prevent FXII surface-binding while still allowing

other protein interactions. FXII EGF-1–specific VHHs (625 nM final

concentration) were added to normal pooled plasma (NPP) supple-

mented with PPACK (2.5 mM final concentration). The VHH “R2” raised

against the exogenous azo-dye Reactive Red 6 was used as a negative
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control. Upon addition of kaolin (150 μg/mL final concentration), the

samples were incubated for 15 minutes at 37 ◦C. To resuspend the

kaolin, samples were vortexed every 5 minutes as previously described

[38]. Kaolin was spun down for 5 minutes at 5000g, and pellets were

analyzed for kaolin binding of FXII and HK by Western blotting.
2.7 | Effects of EGF-1–specific VHHs on contact

activation in plasma

To demonstrate that the EGF-1–specific VHHs can prevent contact

activation in plasma, NPP (final FXII concentration, 150 nM) was

supplemented with VHH (15 nM, 30 nM, 75 nM, 150 nM, 300 nM, 750

nM, and 3000 nM final concentrations) or 0.2% HBS-BSA as a buffer

control in a preblocked microtiter plate (1% BSA in HBS) and L2120

(0.5 mM final concentration). After incubation for 5 minutes at 37 ◦C,
kaolin (5 μg/mL final concentration) or 0.2% HBS-BSA were added.

Substrate conversion was measured for 60 minutes at 37 ◦C at 405

nm. The half maximal inhibitory concentration (IC50) of the selected

EGF-1–specific VHHs was determined by plotting the substrate con-

version rate of the first 30 minutes and subsequent analysis using a

nonlinear regression with a variables slope.
2.8 | Effect of EGF-1–specific VHHs on FXII

activation by PKa in solution

To investigate whether the EGF-1–specific VHHs affect FXII zymogen

conformation, the sensitivity of FXII for activation by PKa in 0.2%

HBS-BSA buffer was examined. For this, FXII WT or W268R (62.5 nM

final concentration) was preincubated with a 20-fold molar excess of

VHH (1250 nM final concentration) or buffer for 30 minutes at 37 ◦C,
respectively. Next, FXII was exposed to PKa (1 μg/mL final concen-

tration) for 60 minutes at 37 ◦C after which PKa was inhibited by

aprotinin (1000 KIU/mL) for 30 minutes at 37 ◦C. L2120 substrate

was added (0.5 mM final concentration) to determine FXIIa activity at

405 nm for 60 minutes at 37 ◦C. To quantify the generated FXIIa

activity, the slopes of the substrate conversions were determined for

the initial 30 minutes. These were fitted to a standard curve of alpha

FXIIa in 0.2% HBS-BSA (0-150 nM).
2.9 | Effect of EGF-1–specific VHHs on prothrombin

time and APTT

Potential effects of the EGF-1–specific VHHs on the extrinsic coagu-

lation pathway were analyzed in a prothrombin time (PT) assay. For

this, NPP (final FXII concentration 125 nM) was incubated with the

selected VHHs or control VHH “R2” in various concentrations (62.5

nM, 125 nM, 250 nM, and 625 nM) or HBS as a control for 5 minutes

at 37 ◦C. Upon addition of Dade Innovin PT reagent (Siemens

Healthineers), plasma clotting times were measured on an MC10plus

coagulometer.
The inhibitory effect of the EGF-1–specific VHHs on contact

activation was demonstrated using APTT assays. Citrated plasma from

8 healthy donors (final FXII concentration, 125 nM) was preincubated

for 3 minutes with various concentrations of VHHs (62.5 nM, 125 nM,

250 nM, and 625 nM) or HBS as a control. The intrinsic coagulation

was initiated by addition of activator Dade Actin FS Activated PTT

Reagent, kaolin (final concentration, 150 μg/mL), or HBS as a control.

After incubation for 5 minutes, CaCl2 (8.33 mM) was added and

coagulation times were recorded.
2.10 | Binding characteristics of the EGF-1–specific

VHHs

Surface plasmon resonance (SPR) technology (Biacore T100, Cytiva

Life Sciences) was used to determine binding parameters of all VHHs

with FXII WT. Furthermore, binding characteristics of the most potent

inhibitory VHH with FXII glutamine substitution variants were

assessed. Anti-myc antibody (50 μg/mL) was immobilized on flow cell

(fc)1 and fc2 of a CM5 sensor chip (Cytiva). An EGF-1–specific VHH

(200 nM in flow buffer; 10 mM HEPES, 150 mM NaCl, and 0.005% (v/

v) Tween-20; pH 7.4) was captured in fc2. FXII variants (0 nM, 12.5

nM, 25 nM, 50 nM, and 100 nM) were injected in fc1 and fc2 at a flow

rate of 30 μL/min for 90 seconds, followed by dissociation for 600

seconds. The chip was regenerated after each analyte injection with

100 mM glycine, pH 2.5, for 60 seconds at 30 μL/mL. Sensorgrams

were adjusted for background signal, and data were fitted to a

Langmuir 1:1 binding model with Biacore T100 evaluation software.

To exclude nonspecific binding to FXI, FX, FIX, PK, HGFA, tissue

plasminogen activator (tPA), or urokinase plasminogen activator

(uPA), analytes were injected at a concentration of 100 nM in flow

buffer. ε-Aminocaproic acid (10 mM) was added to the flow buffer to

prevent nonspecific binding of tPA to the CM5 chip without affecting

the binding parameters to FXII. Background-corrected binding was

evaluated to determine VHH specificity.
2.11 | Statistical analysis

All data were reported as mean ± SD. The groups were compared

using the Dunnett’s multiple comparison test, and P values <.05 were

considered significant. Statistical analysis was performed using

GraphPad Prism 9.3.0 (GraphPad Software).
3 | RESULTS

3.1 | Prediction-based design and generation of FXII

variants

The EGF-1 domain and its adjacent linker regions of FXII stretch from

P72 to K113 (mature protein numbering) and contain 11 positively

charged amino acids (Figure 1A, B and Table 1). In contrast, only 3



F I GUR E 1 Comparison of the hepatocyte growth factor activator (HGFA) epidermal growth factor-like 1 (EGF-1) and factor (F)XII EGF-1

domains reveals 2 positively charged amino acid patches unique to the FXII EGF-1 domain. (A) A linear representation of domains and regions

of wild-type (WT) FXII with mature protein numbering. The amino acids of the EGF-1 domain and its adjacent linker regions (P72, K73 and K74

N-terminal, and K113 C-terminal) are displayed with the positively charged amino acids in green. (B) The AlphaFold-predicted 3-dimensional

structure (AF-P00748-F1-model_v4) of mature FXII residues P72 to K113, corresponding to the EGF-1 domain and adjacent linker regions, is

displayed. This stretch in WT FXII contains 11 positively charged amino acids at physiological pH (indicated in green). Two positively charged

patches are unique for FXII EGF-1 compared with HGFA EGF-1, while H99, H105, and H110 are conserved in HGFA EGF-1. The upstream

patch consists of residues K73, K74, K76, H78, K81, and H82, and the downstream patch consists of residues K87 and K113. (C) Glutamine-

substitution strategy of the upstream patch in which the residues of the positively charged upstream patch are substituted for glutamine

residues (indicated in gray) resulting in the EGF-1 domain of the FXII Δupstream variant. (D) Glutamine-substitution strategy of the

downstream patch composing the EGF-1 domain of the FXII Δdownstream variant or (E) glutamine-substitution strategy of both patches

forming the EGF-1 domain of the FXII Δcombined variant. FnI, fibronectin type 1; FnII, fibronectin type 2; PRR, proline-rich region.
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positively charged amino acids are situated in the EGF-1 domain of

HGFA. Superimposition of the predicted EGF-1 structure of FXII and

the predicted EGF-1 structure of HGFA displays 2 unique, distinct

positively charged patches. The first, most N-terminal patch consists

of K73, K74, K76, H78, K81, and H82 (hereafter referred to as the

upstream patch). Two lysine residues, situated on 87 and 113, form

the second, more C-terminal patch (hereafter referred to as the

downstream patch). Three charged residues (H99, H105, and H110) in

FXII EGF-1 were conserved in HGFA EGF-1. To elucidate the role of

these positively charged patches, glutamine substitution of the up-

stream patch (Figure 1C), downstream patch (Figure 1D), or both

patches combined (Figure 1E) was performed. The FXII variants were

effectively expressed by Expi293F cells and remained in zymogen

state after purification (Supplementary Figure S1).
3.2 | Neutralization of positively charged unique

patches in FXII EGF-1 disturbs kaolin binding

FXII residues K73, K74, K76, and K81 (all present in the upstream

patch) were recently identified to be necessary for FXII binding to

polyP by Shamanaev et al. [40]. In kaolin binding assays, we have

previously found that the FXII truncation variant lacking the EGF-1

domain (FXII Δ1-112) no longer possesses surface-binding ability

[38]. Kaolin binding assays were performed to examine the kaolin

binding capacities of the generated FXII variants (Figure 2A). The FXII

Δupstream variant shows a 65% reduction in surface binding

compared with FXII WT in kaolin binding assays (Figure 2B). The

surface-binding capacity of the FXII Δdownstream variant was not

affected by glutamine substitution. While glutamine substitution of



F I GUR E 2 Factor (F)XII surface-binding is cooperatively affected by neutralization of the upstream patch in combination with the

downstream patch. (A) FXII variants (Δ1-112, wild type (WT), Δupstream, Δdownstream, and Δcombined; 67.5 nM) in cell culture expression

medium supplemented with PPACK (50 nM; to prevent FXII autoactivation) were exposed to kaolin (400 μg/mL). FXII in the kaolin fraction and

supernatant was detected on Western blot (reducing conditions). Data shown here are representative for 3 independent experiments. (B)

Densitometric quantification of kaolin binding of FXII variants. The bars represent the mean + SD of the relative FXII antigens in each fraction.

Dots represent individual quantifications. A Dunnett’s multiple comparison test was performed to compare the effect of neutralization of the

unique patches in epidermal growth factor-like 1 on kaolin binding with FXII WT. ns, nonsignificant; pellet, kaolin pellet; sup, supernatant.***P <

.001; ****P < .0001.
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the positively charged amino acids in the downstream patch on its

own does not affect FXII surface-binding capacity, neutralization of

the downstream patch in combination with the upstream patch

heavily reduces FXII binding capacity. For FXII Δcombined, FXII

binding capacity is decreased by 99% compared with that of FXII WT,

indicating a cooperative binding mechanism of both patches.
3.3 | Neutralization of both unique patches reduces

surface binding and subsequent contact activation

causing delayed APTT clotting times, while the

susceptibility to activation PKa is unchanged

Upon binding to an activating surface, zymogen FXII undergoes a

conformational change to an “open” state in which R353 in the acti-

vation loop is available for cleavage [7,45]. To investigate the effects

of the abrogated kaolin binding of the FXII variants on activation, FXII

variants were incubated with kaolin or DXS (Mr = 500 000). PK was

added to enhance measured substrate conversion, which is expressed

as kallikrein-like activity. Upon exposure to an activating surface, WT
FXII displays rapid activation, whereas FXII Δupstream and FXII

Δdownstream display reduced FXII activation, and FXII Δcombined,

which does not bind to kaolin, displays very limited FXII activation

(Figure 3A, B).

Next, it was investigated whether the reduced FXII surface-

binding capacity would inhibit contact system activation in plasma

when triggered through the addition of an activating surface. Hereto,

FXII-deficient plasma was supplemented with WT FXII or the FXII

glutamine substitution variants. No kallikrein-like activity was

observed without the presence of a foreign surface (Supplementary

Figure S2). However, after the addition of kaolin, polyP, silica, or

ellagic acid, kallikrein-like activity was developed (Figure 3C–F).

Compared with supplementation with WT FXII, all FXII variants dis-

played less activity upon activation by any thrombogenic surface. The

Δcombined FXII variant developed the least kallikrein-like activity in a

plasma environment upon exposure to any foreign surface.

In the absence of a surface, FXII WT is in zymogen conformation

and thus naturally resistant against activating cleavage by PKa. Trun-

cations and mutations in the heavy chain enhance susceptibility of FXII

to PKa cleavage [7,16–18,38]. To exclude conformational changes in



F I GUR E 3 Neutralization of either upstream or downstream or both positively charged patches in epidermal growth factor-like 1 reduces

surface-induced factor (F)XII activation and subsequent clot formation without affecting plasma kallikrein (PKa) cleavage in solution. (A) FXII

variants (37.5 nM) in buffer with PK (5 μg/mL) were activated by (A) kaolin (20 μg/mL) or (B) dextran sulfate (2 μg/mL; Mr = 500 000).

Kallikrein-like activity of FXII variants (150 nM) supplemented in FXII-deficient plasma was measured over time upon addition of (C) kaolin (40

μg/mL), (D) polyphosphate (0.5 mg/mL), (E) silica (5% volume per volume [v/v]), or (F) ellagic acid (10% [v/v]). (G) FXII variant (22.5 nM) cleavage

by PKa (5 μg/mL) in solution. The data points represent the mean ± SD of 3 independent experiments, all performed in duplicate. (H) Activated

partial thromboplastin time clotting times of normal pooled plasma (NPP), FXII-deficient plasma, or FXII-deficient plasma reconstituted with a

FXII variant to physiological concentrations. Shown are average clotting times ± SD, and the dots represent the individual clotting times. A

Dunnett’s multiple comparisons test was performed to compare the clotting times of NPP with those of the FXII variants. def., deficient; ns,

nonsignificant; WT, wild type. *P < .05; ****P < .0001.
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FXII due to the glutamine substitutions, the generated FXII variants

were mixed with PKa in buffer. The FXII Δupstream, Δdownstream, and

Δcombined variants display equal susceptibility toward activation by

PKa compared with WT FXII (Figure 3G). Since cleavage by PKa in

solution is not enhanced by the glutamine substitutions in the EGF-1

domain, the activation loop remains properly shielded.
The potency of the FXII glutamine substitution variants to limit

triggered contact activation in plasma was quantified in a modified

APTT assay (Figure 3F). In this assay, FXII-deficient plasma recon-

stituted with WT FXII will clot after 36 seconds on average, whereas

reconstitution with FXII Δupstream and FXII Δdownstream leads to a

modest prolongation; reconstitution of FXII Δcombined prolongs the
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clotting time to an average of 222 seconds (Figure 3F). Thus, the

neutralization of the unique positively charged residues in the FXII

EGF-1 domain cooperatively mediates FXII surface-binding and sub-

sequent FXII autoactivation and contact system activation.
3.4 | FXII EGF-1–specific VHH selection to interfere

with FXII surface-binding

Although contact activation is not essential for hemostasis, it plays a

crucial role in medical device–induced thrombosis and its prevention

therefore has potential therapeutic value. The glutamine substitution

FXII variants confirm the importance of FXII EGF-1 for FXII surface-

binding. Therefore, 3 VHHs (F2, G2, and B1) were raised that are

specific for the EGF-1 domain of FXII WT and could therefore

potentially affect interaction of FXII with thrombogenic surfaces

(Supplementary Figure S3). Since the VHHs were selected against the

FXII EGF-1 domain, binding of FXII or HGFA in NPP to immobilized

VHH was examined. All selected VHHs are able to bind FXII, but not

HGFA, in NPP, indicating that the selected VHHs are specific for FXII

EGF-1 (Supplementary Figure S4).
3.5 | VHHs targeting the EGF-1 domain of FXII

interfere with FXII surface-binding exclusively

To investigate the effects of the selected VHHs on protein binding to

thrombogenic surfaces, kaolin pull-down assays were performed in

NPP with 625 nM EGF-1–specific VHH or “R2” as a control VHH. The

interaction of the EGF-1–specific VHH F2 with FXII reduced kaolin

binding of FXII in NPP with 73.6% compared with R2 (Figure 4A, B).

Targeting FXII with EGF-1–specific VHHs G2 and B1 decreases kaolin

binding of FXII with 55.9% and 40.2%, respectively. This indicates that

the selected EGF-1–specific VHHs hinder FXII surface-binding through

their interaction with the EGF-1 domain. To avoid side effects, the

selected VHHs must exclusively hinder surface interaction with FXII

EGF-1 and must not affect binding of other proteins to foreign sur-

faces. To investigate the effect of the FXII EGF-1–specific VHHs on HK

binding to kaolin, HK was visualized in the same kaolin pull-down

experiments. In all conditions, HK is able to bind kaolin equally well,

indicating that the selected VHHs do not have an effect on the binding

capacities of HK to bind to kaolin (Figure 4C, D).
3.6 | FXII EGF-1–targeting VHHs can prevent

contact activation without affecting FXII zymogen

conformation

As the FXII EGF-1–specific VHHs affect FXII surface-binding, we next

examined the effect of the selected VHHs on surface-induced FXII acti-

vation in plasma. For this, NPP (in an assay final concentration of 150 nM

FXII) was supplemented with multiple concentration FXII EGF-1–tar-

geting VHH (final concentration, 0-3000 nM) or “R2”. Kaolin-induced
contact system activation (kallikrein-like activity; L2120 conversion by

FXIIa and PKa) in NPP and contact activation were measured for 120

minutes at 37 ◦C. The EGF-1–targeting VHHs F2 and G2 already

decreased kallikrein-like activity at a molar ratio of 1:2 (VHH:FXII; final

VHH concentration, 75 nM; Figure 5A). When F2 and G2 were admin-

istered at equimolar concentrations to FXII (150 nM), these VHHs

decreased kallikrein-like activity by 70.9% and 51.6%, respectively, in

comparison with addition of R2 (Figure 5B). B1 did not affect kaolin-

induced FXIIa activity in NPP at equimolar concentrations. Only at a

VHH to FXII molar ratio of 20 (final VHH concentration, 3000 nM), B1

exhibited a 33.9% inhibition of contact activation in NPP (Figure 5C).

Upon addition of F2 or G2 at this concentration to NPP, contact acti-

vation was inhibited with 85.3% or 70.6%, respectively. Based on the

inhibitory effects on kaolin-induced FXII activation in NPP, the IC50 was

determined for F2 (72.91 ± 5.26 nM) and G2 (70.18 ± 3.61 nM).

Previous attempts using mAbs directed against the heavy chain of

FXII were done before to selectively prevent FXII-driven contact

activation. The mAbs in these attempts induced conformational

changes in FXII zymogen and thereby enhanced FXII activation

through cleavage at R353 by PKa [17,27,35]. It is therefore important

that therapeutically targeting FXII does not alter FXII zymogen

conformation. To assess the initiation of kallikrein-like activity in NPP

upon addition of the selected FXII EGF-1–specific VHHs, multiple

doses of a FXII EGF-1–targeting VHH or R2 were administered to

NPP. None of these VHHs induce generation of kallikrein-like activity

in NPP (Figure 5D–F). Furthermore, the effects of the EGF-1–tar-

geting VHHs on FXII zymogen conformation in buffer were investi-

gated. For this, FXII WT (final concentration, 62.5 nM) in buffer was

incubated with one of the VHHs (final concentration, 1250 nM, 20

times higher than FXII WT). Subsequently, PKa-initiated FXIIa activity

was measured and compared with that of the pathogenic FXII muta-

tion W268R, which disturbs zymogen quiescence and thereby acti-

vates the kallikrein–kinin system [46]. None of the selected FXII

EGF-1–specific VHHs abolish proteolytic FXIIa activity (Figure 5G, H).

FXIIa activity of FXII WT in the absence of a VHH was similar to that

of FXII WT supplemented with R2 or F2. This suggests that the FXII

EGF-1–specific VHH F2 does not affect FXII zymogen conformation

and, as such, does not induce activation of the kallikrein–kinin system.

Increased FXIIa activity was observed when FXII WT was incubated

with G2 or B1. Interaction with FXII WT to one of these VHHs ac-

celerates PKa-induced FXIIa activity and alters FXII zymogen

conformation, albeit not to the extent of FXII W268R.
3.7 | Plasma clotting times can be prolonged with

selective EGF-1 targeting VHHs

Since the selected EGF-1–specific VHHs decrease FXII binding but do

not initiate FXII activation in plasma, the downstream effects of these

VHHs on plasma clotting were assessed in PT and APTT assays. The

FXII EGF-1–specific VHHs (final concentration, 0-625 nM in HBS) or

“R2” was administered to NPP (final FXII concentration, 125 nM).

None of the FXII EGF-1 specific VHHs had an effect on the clotting



F I GUR E 4 Factor (F)XII epidermal

growth factor-like 1 (EGF-1)–specific

variable domains of a heavy chain–only

antibody (VHHs) specifically decrease FXII

binding to kaolin but do not affect high-

molecular-weight kininogen (HK) binding to

kaolin. (A, C) Normal pooled plasma (final

concentration FXII was 125 nM)

supplemented with PPACK (final

concentration, 2.5 mM) and 625 nM FXII

EGF-1–specific VHHs or R2 (negative

control) were incubated with kaolin. After

30 minutes, the kaolin was pelleted by

centrifugation to analyze kaolin binding of

(A) FXII at 700 nm and (C) HK at 800 nm on

the same Western blot. The Western blot is

representative for 3 independent

experiments. (B, D) Densitometric

quantification of kaolin binding of (B) FXII

or (D) HK. Shown are FXII and HK antigen

quantities relative to R2 (±SD) on the kaolin

pellet, and the dots represent the individual

quantifications. A Dunnett’s multiple

comparison test was performed to compare

the effect of the EGF-1–specific VHHs with

R2 on kaolin binding of FXII and HK. ns,

nonsignificant. ****P < .0001.
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time in a PT assay setup (Figure 6A). For APTT assays, the VHHs were

administered to plasma of 8 healthy donors. Without addition of a

surface and VHHs, an average plasma clotting time of 392.1 seconds

was observed in 7 donors (Figure 6B). Addition of one of the VHHs

does not decrease APTT clotting times. Contrarily, in the presence of

high concentrations of F2 or G2, the clotting time of some donors was

prolonged to the point of exceeding the detection limit of 995

seconds.

FXII activation was triggered using Dade Actin FS Activated PTT

Reagent or kaolin to initiate plasma clotting. Addition of Dade Actin

FS Activated PTT Reagent to plasma of 8 donors results in a mean

plasma clotting time of 29.1 seconds in the absence of VHHs

(Figure 6C). Significantly prolonged plasma clotting times were

detected when F2 or G2 was administered at equimolar concentra-

tions to FXII in NPP (final concentrations of 125 nM). With increasing

concentrations, the plasma clotting times prolonged to circa 43.0 and

41.0 seconds for F2 and G2, respectively. Yet, the FXII EGF-1–specific

VHH B1 only significantly prolongs the clotting time to 33.6 seconds

with a final in-assay concentration of 625 nM, which is 5 times higher

than the final in-assay concentration of physiological FXII. Plasma
clotting times upon addition of kaolin display basal clotting times of

58.7 seconds and only F2 prolongs the clotting time significantly

(Figure 6D). Significant prolonged clotting times of 72.9 or 73.7 sec-

onds were observed upon addition of F2 with final concentrations of

250 nM and 625 nM. Kaolin-induced plasma clotting was not signifi-

cantly prolonged by G2 or B1.
3.8 | Binding affinity of EGF-1–targeting VHHs to

plasma proteins and FXII variants

Using SPR technology, nonspecific interactions with FXI, FX, FIX, PK,

HGFA, tPA, or uPA were excluded for all selected VHHs

(Supplementary Figure S5). To explain the unique characteristics of

the most potent VHHs, F2, its affinity with FXII WT, FXII Δupstream,

FXII Δdownstream, and FXII Δcombined was examined using SPR

technology (Supplementary Figure S6). F2 binding to FXII WT was

observed with a KD of 1.11 nM. Binding affinity was reduced to 26.78

nM for the FXII Δcombined variant, indicating that F2 binds to the

unique, positively charged patches of FXII EGF-1 (see Table 2).



F I GUR E 5 Factor (F)XII epidermal growth factor-like 1–specific variable domains of a heavy chain–only antibody (VHHs) have the potency

to prevent kaolin-induced contact activation without altering the FXII zymogen conformation. (A–C) Kaolin-induced contact system activation

(kallikrein-like activity; L2120 conversion by FXIIa and plasma kallikrein [PKa]) in normal pooled plasma (NPP) was measured in the presence of

R2 (black; negative control), F2 (blue), G2 (green), or B1 (magenta) at (A) ratio 1:2 (VHH:FXII; 75 nM final VHH concentration), (B) equimolar

concentration (150 nM final VHH concentration), and (C) at ratio 20:1 (3000 nM final VHH concentration). (D–F) Spontaneous kallikrein-like

activity was measured in NPP supplemented with increasing doses of R2, F2, G2, or B1. (G) The susceptibility of FXII activation by PKa was

measured in FXII wild type (WT) in buffer supplemented with buffer; a 20 times higher dose of R2, F2, G2, or B1 (final concentration, 1250 nM);

or in FXII W268R supplemented with buffer. (H) FXIIa activity upon cleavage by PKa was quantified. Enzymatic activity in NPP and the effect

of FXII epidermal growth factor-like 1–specific VHHs on FXIIa activity were measured for 2 hours at 37 ◦C. The data points represent the

mean ± SD of 3 independent experiments, all performed in duplicate. The linear part of the slopes of the measured FXIIa activity was compared

using simple regression. A Dunnett’s multiple comparison test was performed to compare the effect of addition of any VHH to FXII WT with

FXII WT without addition of a VHH. ns, nonsignificant. **P < .01; ****P < .0001.

FRUNT ET AL. - 2571
4 | DISCUSSION

FXII contact activation upon binding to blood-contacting surfaces of

medical devices can cause serious adverse events [24–27]. Specific in-

hibitionof FXII contact activationmight hold therapeutic value as FXII is

not indispensable for blood coagulation [30]. Previous studies describe

several mAbs that were raised against various domains of FXII. So far,

the most successful strategy with mAbs to prevent contact activation

was through targeting the protease domain of FXII with 3F7 or 5C12

[28,34]. By targeting this domain, FXIIa enzymatic activity is prevented.
Aside from the intrinsic pathway, the activation of the kallikrein–kinin

system and thus BK release are also prevented [47,48]. An improved

version of 3F7, garadacimab, was therefore used in a phase III trial for

the prevention of hereditary angioedema attacks [49].

To specifically prevent clot formation while maintaining FXII-

mediated BK generation, FXII binding to foreign surfaces must be

prevented without affecting FXII enzymatic capacity. Therapeutic in-

terventions to prevent FXII surface-binding must therefore target FXII

binding site in the heavy chain of FXII. In previous work of Citarella

et al. [36], residues 39 to 47 in the fibronectin type 2 (FnII) domain



F I GUR E 6 Factor XII epidermal growth

factor-like 1(EGF-1)–specific variable

domains of a heavy chain–only antibody

(VHHs) do not initiate plasma clotting but

prolong the activated partial

thromboplastin time clotting times of

healthy donor plasmas. Normal pooled

plasma or citrated plasma of healthy donors

(n = 8) was incubated with EGF-1–specific

VHHs in final concentrations of 0, 62.5, 125,

250, or 625 nM. Plasma clotting times were

assessed in (A) prothrombin time (PT)

assays or in (B–D) activated partial

thromboplastin time assays upon addition

of (B) HEPES-buffered saline (HBS), (C)

Dade Actin FS Activated PTT Reagent, or

(D) kaolin (final concentration, 150 μg/mL).

Shown are average clotting times (±SD)

with a dot representing 1 measurable

donor. Dunnett’s multiple comparison tests

were performed to compare the effect of

the EGF-1–specific VHH with that of the

control VHH R2 with the same dose. ND,

not detected. *P < .05; ****P < .0001.
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were identified as surface-binding sites in FXII. They developed the

mAb KOK5 that targets these residues and thereby prevents FXII

surface-binding. However, this mAb simultaneously induced FXII

autoactivation, thereby mimicking surface binding. The FnII domain

was later found to interact with the complement C1q receptor on

endothelial cells [50,51]. Similar to KOK5, Matafonov et al. [33] raised

mAb 15H8 that binds to the epidermal growth factor-like 2 and

kringle domains of FXII to delay FXII activation upon addition of a
surface. Yet, by exposing R353 in the activation loop upon addition of

15H8 to plasma, PKa-mediated FXII activation in solution and sub-

sequent HK cleavage were enhanced [37,52]. It remains unclear how

FXII interacts with uPA receptor on neutrophils and dendritic cells,

but based on the above studies, the FnII, the epidermal growth factor-

like 2, or the kringle might be involved [53,54].

Inhibiting FXII surface-binding upon blood contact with foreign

materials, without affecting FXII zymogen quiescence, would be an



T AB L E 2 The most potent variable domain of a heavy chain–only antibody binds to the unique, positively charged patches of epidermal
growth factor-like 1 factor XII.

Ka, 1/Ms (±SD) Kd, 1/s (±SD) KD, M (±SD)

FXII WT 124 590 (±410.1) 9.87 × 10−5 (±1.25 × 10−4) 1.11 × 10−9 (±5.62 × 10−10)

FXII Δupstream 64 387 (±23 760) 2.82 × 10−4 (±4.65 × 10−5) 4.62 × 10−9 (±9.62 × 10−10)

FXII Δdownstream 79 863 (±6709) 1.11 × 10−4 (±1.50 × 10−5) 1.44 × 10−9 (±3.00 × 10−10)

FXII Δcombined 19 957 (±5055) 5.27 × 10−4 (±1.02 × 10−4) 2.68 × 10−8 (±3.10 × 10−9)

Binding parameters of F2 to FXII variants were assessed using surface plasmon resonance technology with immobilized F2 on a CM5 chip. F2 was

selected to recognize epidermal growth factor-like 1 in FXII WT and therefore has the highest association constant and lowest dissociation constant for

WT. Binding affinity of F2 for FXII Δupstream or FXII Δdownstream was slightly reduced. Its binding affinity for Δcombined was decreased over 24 times.

F, factor; WT, wild type.
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elegant strategy to prevent contact activation and thus medical

device–induced thrombosis. Recent studies demonstrate a crucial role

of the EGF-1 domain for FXII binding to negatively charged surfaces

[38,39]. Moreover, some crucial amino acids in the EGF-1 domain

were identified last year by Shamanaev et al. [40]. However, the

AlphaFold predicted FXII tertiary structure highlights some novel in-

formation that has not been described before, but does have critical

importance for FXII binding and therapeutic target discovery. Using

the predicted 3-dimensional structure of FXII and its nonbinding ho-

molog HGFA, we identified differences in the EGF-1 domain. When

comparing the EGF-1 domains, 2 positively charged patches were

found to be unique for FXII. Shamanaev et al. [40] identified some

amino acids that are found in the upstream patch, which consists of

K73, K74, K76, H78, K81, and H82. The second unique patch of

positively charged amino acids, here called the downstream patch, was

not identified previously. Here, we studied the importance of both

unique positively charged patches for FXII binding to negatively

charged surfaces, following activation and subsequently FXII-

dependent plasma clotting. Glutamine substitution variants were

made to neutralize 1 or both charged patches in EGF-1. We found that

the patches have a cooperative effect on FXII surface-binding and

subsequent contact activation. The cellular interactions with FXII

EGF-1 remain unknown. In the FXII Δcombined variant, contact

activation on negatively charged surfaces is not abolished entirely,

suggesting a secondary binding role for the FnII or kringle domain.

Contrary to these domains, the identified patches in EGF-1 do not

have intramolecular interactions. Mutagenesis in these domains

therefore did not induce conformational changes that affect FXII

function, which was confirmed by similar PKa-mediated activation of

the FXII variants compared with FXII WT. We cannot entirely exclude

conformational changes within the EGF-1 domain caused by neutral-

ization of the unique positively charged patches.

For therapeutically blocking FXII-driven contact activation, spe-

cific targeting of the EGF-1 domain is required as this is its main

surface-binding domain and is predicted to have no intramolecular

interactions with domains other than its flanking domains [43]. Pre-

viously described mAbs targeting various domains of the FXII heavy

chain do not target the EGF-1 domain [32,33,35]. Therefore, 3 FXII

EGF-1 specific VHHs were raised in this study. All selected VHHs

decrease FXII binding to thrombogenic surfaces and inhibit FXII
contact activation at high concentrations without inducing FXIIa ac-

tivity in plasma. Furthermore, there were no nonspecific binding

partners found for all selected VHHs and none of the FXII EGF-1

specific VHHs initiate plasma clotting or affect the PT assay. At high

concentrations, all selected VHHs decreased kaolin-induced FXIIa ac-

tivity. Two of the selected EGF-1–specific VHHs have a dose-

dependent prolonging effect on plasma clotting times initiated with

Dade Actin FS Activated PTT Reagent. The most potent of these, F2,

does not affect FXII conformation of FXII and thus does not induce

FXII autoactivation or enhance susceptibility for activation. F2 is

therefore our lead candidate. This VHH binds to the unique positively

charged patches in FXII EGF-1; it has a decreased binding affinity for

the FXII variants. This FXII EGF-1–specific VHH therefore may have

antithrombotic effects, without affecting the kallikrein–kinin system,

proving that selective inhibition of FXII contact activity is possible.

Taken together, 2 unique positively charged patches in the EGF-1

domain of FXII cooperatively mediate FXII binding to foreign surfaces.

Blocking this interaction by targeting the EGF-1 domain with

EGF-1–targeting VHHs can reduce FXII surface-binding and contact

activation. In the presence of a FXII EGF-1–specific VHH, time to clot

formation in vitro is prolonged while FXII proteolytic activity and

zymogen conformation are not affected. This suggests that targeting

FXII with EGF-1–specific VHHs could prevent blood coagulation upon

contact with foreign surfaces, while its potential to initiate the

kallikrein–kinin system remains unaffected.
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