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Abstract

C1 inhibitor (C1INH) is a multifunctional serine protease inhibitor that functions as a major
negative regulator of several biological pathways, including the contact pathway of blood
coagulation. In humans, congenital C1INH deficiency results in a rare episodic bradykinin-
mediated swelling disorder called hereditary angioedema (HAE). Patients with C1INH
deficiency associated HAE (C1INH-HAE) have increased circulating markers of activation of
coagulation. Further, we recently reported that patients with C1INH-HAE had a moderate but
significant increased risk of venous thromboembolism. To further investigate the impact of
C1INH deficiency on activation of coagulation and thrombosis, we conducted studies using
patient samples and mouse models. Plasmas from patients with C1INH-HAE supported
significantly increased contact pathway-mediated thrombin generation. C1INH-deficient mice,
which have been used as a model of C1INH-HAE, had significantly increased baseline
circulating levels of prothrombin fragment 1+2 and thrombin-antithrombin complexes. In
addition, whole blood from C1INH-deficient mice supported significantly increased contact
pathway-mediated thrombin generation. Importantly, C1INH-deficient mice exhibited
significantly enhanced venous, but not arterial, thrombus formation. Further, purified human
C1INH normalized contact pathway-mediated thrombin generation and venous thrombosis in
C1INH-deficient mice. These findings suggest a key role for endogenous C1INH as a negative
regulator of contact pathway-mediated coagulation in humans and mice. Further, this work
identifies endogenous C1INH as an important negative regulator of venous thrombus formation

in mice complementing the phenotype associated with C1INH-HAE.



Introduction

C1 inhibitor (C1INH) is a multifunctional serine protease inhibitor that serves as an important
endogenous negative regulator of the complement pathway, the contact pathway of
coagulation, and the kallikrein-kinin pathway 2 C1INH prevents excessive activation of the
classical and lectin pathways of complement activation through inhibition of complement
component 1 (C1) and mannose binding lectin associated serine proteases **. Likewise,
C1INH prevents excessive activation of the contact pathway of coagulation by inhibiting
activated factor XII (FXlla) and factor XI (FXla) °>. C1INH is also a key inhibitor of plasma
kallikrein (PKa), that is involved in activation of both the kallikrein-kinin system and the contact
pathway of coagulation °.

Congenital C1INH deficiency is the major cause of hereditary angioedema (HAE), a rare
autosomal dominant disease with a prevalence of roughly 1 in 50,000 individuals ’. The
majority of HAE cases are caused by loss of function mutations in the gene encoding C1INH,
SERPING1, that lead to either quantitative or qualitative C1INH deficiency 2. In rare cases,
HAE can be caused by mutations in other genes, including those that encode FXI,
plasminogen and high molecular weight kininogen (HMWK) ®'!. C1INH-deficiency associated
HAE (C1INH-HAE) presents with recurrent, unpredictable, and potentially life-threatening
episodes of swelling ’. Angioedema may involve the subcutaneous tissue (extremities, trunk,
face, and genitals) and/ or submucosal tissue of the upper airway and gastrointestinal tract ”.
Angioedema observed in patients with C1INH-HAE is driven by uncontrolled kallikrein-
mediated bradykinin generation 12 While C1INH-HAE primarily manifests as a swelling
disorder, recent evidence suggests that it may also be associated with an increased risk of
other comorbidities, including autoimmune and cardiovascular diseases .

Several prior studies have found that, compared to healthy controls, patients with
C1INH-HAE have increased circulating levels of coagulation biomarkers, including prothrombin
fragment 1+2 (F1+2), thrombin-antithrombin (TAT) complexes, and D-dimer '*'°. Patients with
C1INH-HAE also have shortened activated partial thromboplastin times (aPTT) compared to
healthy controls """ Further, we recently reported an association between C1INH-HAE and an
increased risk of venous thromboembolism (VTE) . Together these findings suggest that
endogenous C1INH plays a physiologically-relevant role in regulating coagulation.

To further evaluate the impact of C1INH deficiency on coagulation and thrombosis, we
conducted a series of studies using C1INH-HAE patient plasmas and C1INH-deficient mice.

Loss of C1INH was found to enhance contact pathway-mediated thrombin generation (TG) in



humans and mice. In addition, C1INH deficiency in mice selectively enhanced venous, but not

arterial thrombosis, complementing the phenotype recently described in C1INH-HAE patients.
Methods
Additional methods are available in the supplementary materials.

Human Plasma Samples

Collection of samples was approved by the institutional review board of Semmelweis
University of Budapest and informed written consent was obtained from each participant in
accordance with the Declaration of Helsinki. Fasting citrate anticoagulated blood samples were
collected from patients with a confirmed diagnosis of C1INH-HAE during remission (n=19) and
from age- and sex-matched healthy controls (n=20) (Table S1). Platelet-poor plasma (PPP)
was generated by centrifugation of blood at 2500xg for 15 minutes at room temperature and
aliquots frozen at —80°C. Plasma levels of C1INH antigen were determined using an in-house
radial immunodiffusion assay and C1INH activity was determined using a commercial assay
(MicroVue C1INH Plus, Quidel, CA).

Mice

All procedures were approved by the University of North Carolina at Chapel Hill Institutional
Animal Care and Use Committee and complied with National Institutes of Health guidelines.
C1INH deficient mice (referred to as Clinh™) on a pure C57BI/6J background were obtained
from a commercial vendor (Innovative Research, MI). Heterozygous and homozygous deficient
breeding colonies were established. All studies were conducted in 8-12 week old male and

female mice unless otherwise stated.

Mouse Blood Collection

Whole blood (WB) was collected from the inferior vena cava (IVC) via two methods. For
ELISAs 200 pL of sodium citrate (3.8%, Ricca Chemicals, TX) was injected into the IVC using
a 23-gauge needle and 500 pL of WB withdrawn. For TG experiments 500uL of blood was
collected directly from the IVC using a 23-gauge needle into 50 uL of sodium citrate (3.8%,
Ricca Chemicals, TX) and immediately mixed with corn trypsin inhibitor (CTI, 50ug/mL final



concentration, Haematologic Technologies, VT). PPP was prepared by centrifugation of WB at

4,500xg for 15 minutes at room temperature.

Mouse Plasma Assays

Plasma levels of F1+2 (EKC37706, Biomatik, Canada), TAT complexes (Enzygnost TAT

Micro, Siemens, Germany) and C5a (DY2150, R&D Systems, MN) were measured using
commercial ELISA assays. PT (Stago, NJ) and aPTT (Stago, NJ) assays were conducted
using a Start 4 coagulometer (Stago, NJ).

Thrombin Generation

Human plasma TG was assessed by calibrated automated thrombography as previously
described °. In brief, per reaction 10 pL of silica (1:45000 final dilution, Kontact, Pacific
Hemostasis, MA) or tissue factor (TF) (1 pM or 5 pM, Innovin, Siemens, Germany) trigger with
4 uM lipids (60% PC, 20% PE, 20% PS, Synapse, Netherlands) was added to 40 uL of PPP
and TG initiated by automated dispensing of 10 pL of fluorogenic substrate and calcium
chloride (FluCa, Stago, NJ). For experiments using the TF trigger CTI (50 pg/mL final
concentration, Haematologic Technologies, VT) was added to prevent contact pathway
autoactivation.

Mouse WB TG was assessed by calibrated automated thrombography as previously
described ?°. In brief, per reaction 20 pL of silica (1:120 final dilution, Kontact, Pacific
Hemostasis, MA) or TF (0.05 pM, Innovin, Siemens, Germany) trigger solution containing
calcium chloride (16.7 mM) was mixed with 30 uL of citrated WB and 10uL of fluorogenic
substrate (Z-Gly-Gly-Arg-7-amino-4-methylcoumarin, Bachem, CA). Fluorogenic substrate
cleavage was measured at Aex = 355 nm and Aem = 460 nm using a Fluoroskan Ascent
fluorometer (Thermo Fisher Scientific, MA) with Ascent Software (version 2.6, Thermo Fisher
Scientific, MA) at 37°C. Thirty-six wells were measured with an integration time of 6 seconds
to facilitate continuous mixing '. In some WB TG experiments an inhibitory anti-mouse C5
antibody (10 ug/mL, BB5.1, Antibody Research Corp, MO) or IgG (Antibody Research Corp,
MO) was added to Clinh” mouse WB. In other WB TG experiments purified human C1INH
(0.24-0.96 mg/mL, Berinert, CSL Behring, PA) or vehicle control was added to Clinh™ WB.

For mouse PPP TG, 10 uL of silica (1:120 final dilution, Kontact, Pacific Hemostasis,
MA) or TF (0.5pM, Innovin, Siemens, Germany) with 4 uM lipids (60% PC, 20% PE, 20% PS,
Synapse, Netherlands) was added to 40 uL of 1:3 (plasma:buffer) diluted mouse PPP collected
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in the presence of CTI (50 ug/mL, Haematologic Technologies, VT). TG was initiated by
automated dispensing of 10 uL of fluorogenic substrate and calcium chloride (FluCa, Stago,
NJ). Substrate cleavage was measured using a fluorescence plate reader (Fluoroscan Ascent,
Thermo Fisher Scientific, MA). Data was analyzed using Thrombinoscope software (v5,

Thrombinoscope, Netherlands).

IVC Stenosis Model

The murine IVC stenosis model of venous thrombosis (VT) was conducted in male mice as
previously described %2. In brief, a midline laparotomy was made and the bowel externalized
onto wetted gauze. IVC side branches were first ligated using 4-0 silk suture. The IVC was
then ligated at the level of the left renal vein using 4-0 silk suture with a piece 5-0 prolene
suture used as a spacer. The 5-0 prolene suture was removed resulting in stenosis of the IVC.
In rescue experiments, Clinh™ mice were administered human purified C1INH (Berninert, CSL
Behring) by intravenous injection at a dose of 15 ug/g or vehicle control 5 minutes before
stenosis of the IVC. Thrombus formation was assessed at 24 and 48 hours after induction. The

operator was blinded with respect to the genotype and treatment of mice.

Carotid Artery Ferric Chloride Model
The murine carotid artery ferric chloride (FeCls) model was conducted as previously described

23 Additional details are provided in the supplementary materials.

Tail Tip Amputation Bleeding Model

Mice were anesthetized with a ketamine xylazine cocktail. The distal 4mm section of tail was
amputated using a scalpel and the tail immediately immersed in prewarmed 37°C normal
saline (Mckesson, TX) in a 50 mL conical centrifuge tube. Bleeding was monitored over a 20
minute period and active bleeding time recorded. Blood collected in the 50mL conical
centrifuge tube was mixed 1:1 with ACK lysis buffer (Gibco, MA) to lyse erythrocytes.
Absorbance was measured at 490nm (Spectramax M5, Molecular Devices, CA) and blood loss
estimated by interpolation from a standard curve generated from known volumes of WB. The

operator was blinded with respect to the genotype of mice.



Statistics

Normality of data was assessed Shapiro-Wilk tests and parametric or non-parametric data
selected as appropriate. For two-group analyses either parametric unpaired Student’s t-tests or
non-parametric Mann-Whitney U tests were used. For multi-group analyses either parametric
one-way analysis of variance with post-hoc Bonferroni tests or non-parametric Kruskal-Wallis
with post-hoc Dunn’s tests were used. Correlations were assessed using Spearman rank tests.
For survival analyses Log Rank tests were used. Differences in thrombus incidence were
analyzed using Fischer’s exact test. P<0.05 were considered significant. Data was analyzed

using Prism software (Version 9.4, GraphPad, CA).

Results

Increased contact pathway-initiated coagulation in human C1INH-deficient plasma

To determine the effect of C1INH deficiency on coagulation in human PPP, TG was measured
in samples from patients with C1INH-HAE and matched healthy controls (Table S1) using
calibrated automated thrombography initiated with either silica or TF.

Median silica-initiated TG curves did not differ markedly between C1INH-HAE patient
plasmas and healthy control plasmas (Figure 1A). There was a non-significant trend toward
shorter lag time in C1INH-HAE plasma (Figure 1B). However, peak TG was significantly
increased in C1INH-HAE patient plasmas compared to healthy controls (Figure 1C). Residual
plasma levels of C1INH activity varied markedly in C1INH-HAE samples (Range: 1-54% of
normal). We therefore subdivided C1INH-HAE samples into those with 225% C1INH activity
(Range: 27-54% of normal) or those with <25% C1INH activity (Range: 1-24% of normal)
resulting in two similarly sized subgroups. Subdivision of samples in this manner revealed
differences in median curves of silica-initiated TG between C1INH-HAE and healthy control
plasmas (Figure 1D). Lag time was significantly reduced (Figure 1E) and peak significantly
increased (Figure 1F) in C1INH-HAE plasmas with <25% C1INH activity compared to healthy
controls. A trend towards increased endogenous thrombin potential (ETP) in C1INH-HAE
plasmas with <25% C1INH activity compared to healthy controls was also observed (Table
S2). C1INH-HAE plasmas with 225% activity had a trend towards increased peak TG
compared to healthy control plasma (Figure 1F). When C1INH activity was considered as a
continuous variable a significant positive correlation was observed for lag time (Figure 1G) and

a significant negative correlation was observed for peak TG (Figure 1H).



When TG was initiated via the extrinsic pathway using high (5pM) or low (1pM) dose TF
in the presence of the FXlla inhibitor CTI, no significant difference in lag time, peak or ETP
was observed between C1INH-HAE and healthy control plasmas (Figure S1 and Table S2).
The lack of a significant difference was maintained when C1INH-HAE samples were
subdivided into those with 225% C1INH activity or <25% C1INH activity. However, a non-
significant trend towards increased peak TG and ETP was noted (Figure S1 and Table S2). No
significant correlations were observed between C1INH activity and TG lag time or peak TG
initiated with either 5pM or 1pM TF (Figure S1).

Characterization of C1INH-deficient mice

C1INH-deficient mice have been developed as a model to study C1INH-HAE demonstrating
significantly increased bradykinin-mediated vascular permeability ?*?°. Here, C1INH-deficient
mice were used to further investigate the effect of C1INH deficiency on basal coagulation and
thrombosis. Consistent with prior reports, heterozygous breeding resulted in the generation of
Clinh**, C1inh*" and Clinh” mice at the expected mendelian frequencies (Table S3) 2*?°. As

expected, levels of C1INH protein were markedly reduced in plasma from Clinh*" mice

+/+

compared to plasma from C1linh** mice and undetectable in Clinh” mouse plasma (Figure

2A) 24?5 Semi-quantitative densitometric analysis demonstrated that Clinh*" mice had a

+/+

disproportionate ~80% reduction in plasma C1INH protein compared to C1linh™" controls

(Figure 2B). Further, at baseline, the ratio of cleaved to total high molecular weight kininogen

+/+

was significantly increased in the plasma of C1linh” mice compared to Clinh** controls

(Figure 2C, Figure S2), consistent with increased basal in vivo bradykinin generation ’.

Circulating blood cell counts were not significantly different in C1linh™" and Clinh™ mice

++

compared to Clinh*"* controls (Table S4). Histological assessment of organs from Clinh™ and

+/+

C1linh*" mice demonstrated no overt organ pathology compared to Clinh
S3).

controls (Figure

Increased basal and contact pathway-initiated coagulation in C1INH-deficient mice
To evaluate basal activation of coagulation in C1INH-deficient mice, levels of plasma markers
were measured. Both TAT complexes and F1+2 were significantly increased in the plasma of

+/+

Clinh™ mice, but not Clinh*" mice, compared to C1inh** littermate controls (Figure 2D and
2E). By contrast, aPTT and PT clotting times did not differ significantly between plasmas from

Clinh”, Clinh*", and C1linh*"* mice (Figure 2F and 2G). To evaluate the effect of C1INH



deficiency on contact pathway and extrinsic pathway-mediated coagulation in a more sensitive
manner, a WB TG assay was used *°. Representative curves indicated that C1INH-deficient
WB supported enhanced silica-initiated TG (Figure 3A). A non-significant trend towards
shortened TG lag time and a significant increase in peak TG was observed in Clinh™ mice

+/+

compared to Clinh™" controls (Figure 3B-C). No significant effect of C1INH deficiency on TF-
initiated mouse WB TG was observed (Figure 3D-F, Table S5). Further, C1INH deficiency had
no significant effect on silica-initiated or TF-initiated TG in mouse PPP (Figure S4, Table S6).
Antibody mediated inhibition of C5a generation had no significant effect on silica-initiated TG in

Clinh™ WB (Figure S5, Table S7).

Increased venous thrombosis in C1INH-deficient mice

To determine the effect of C1INH deficiency on VT, Clinh**, Clinh*", and Clinh™ littermate
mice were subjected to the IVC stenosis model of VT. Median thrombus weight was
significantly increased in Clinh” mice compared to Clinh** controls at both 24 hours and 48
hours after induction (Figure 4A and 4B). A non-significant trend towards increased thrombus
weight was observed for C1inh*" mice (Figure 4A and 4B). Thrombus incidence was not
significantly different between C1inh**, C1inh*", and Clinh” mice at 24 hours (6/8 vs 5/9 vs
6/7, respectively) or 48 hours (8/10 vs 9/10 vs 8/9, respectively).

The composition of venous thrombi was assessed by western blotting of lysates
generated from thrombi collected at 48 hours. We analyzed levels of fibrin(ogen), the platelet
marker CD41, the neutrophil marker Ly6G, the cellular marker 8 actin, the nucleated cell
marker histone H3 and the neutrophil extracellular trap marker citrullinated histone H3 (Figure
S6). Semi-quantitative densitometric analysis revealed that while there was no significant
difference in the relative abundance of these markers in thrombi from Clinh™ and Clinh*"

+/+

mice compared to Clinh™" controls, there were non-significant trends towards increased
neutrophil content and reduced neutrophil extracellular trap formation in Clinh™ mice (Figure
S6). A non-significant trend towards increased C5a in the plasma of C1linh” mice subject to
the IVC stenosis model compared to controls was also observed at 48 hours after induction

(Figure S7).

Arterial thrombosis is not altered in C1INH-deficient mice
To determine the effect of C1INH deficiency on arterial thrombosis, Clinh**, Clinh*" and

Clinh™ littermate mice were subjected to mild and severe carotid artery FeCls injury models. In
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the severe injury model (8% FeCls for 3 minutes), occlusion times in Clinh™ and Clinh*" mice

+/+

did not differ significantly compared to C1linh™" controls (Figure 5A). Further, no significant
difference in carotid artery patency over time was observed between Clinh**, Clinh*" and
Clinh™ mice (Figure 5B). In the mild injury model (2.5% FeCls for 5 minutes), occlusion times

+/+

in Clinh” and Clinh*" mice did not differ significantly compared to C1inh** controls (Figure
5C). Concordantly, carotid artery patency did not differ significantly between C1inh**, Clinh*"

and Clinh” mice over time (Figure 5D).

Tail bleeding is not altered in C1INH-deficient mice

To evaluate the effect of C1INH deficiency on the response to vascular injury Clinh™*, C1inh*"
and Clinh” littermate mice were subject to the tail tip amputation model of hemostasis. No
significant difference in the proportion of C1inh**, C1inh*" and C1inh” mice actively bleeding
over time was observed (Figure 6A). Further, no significant difference in tail bleeding time

(Figure 6B) or blood loss (Figure 6C) was observed.

Purified human C1INH rescues the procoagulant phenotype in C1INH-deficient mice
The effect of exogenous purified human C1INH on the procoagulant phenotype observed in
C1INH-deficient mice was evaluated. Addition of purified human C1INH to Clinh” WB ex vivo
reduced silica-initiated TG in a dose-dependent manner (Figure 7A). Human purified C1INH
significantly prolonged lag time (Figure 7B) and decreased peak (Figure 7C) at final
concentrations of 0.24mg/mL and above with a non-significant trend towards decreased ETP
also observed (Table S8). Addition of purified human C1INH to Clinh”™ WB at concentrations
between 0.24 and 0.48 mg/mL resulted in peak TG comparable to that observed in Clinh*"*
mice. Finally, we found that administration of human purified C1INH at a dose of 15 ug/g
significantly reduced venous thrombus formation in C1inh” mice compared to vehicle control
(Figure 7D-F). Thrombus weight in C1inh™ mice administered human purified C1INH was

similar to that observed in C1linh** mice.
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Discussion

The contact pathway has been shown to play an important role in pathological activation of
coagulation and thrombosis 23!, However, the role of C1INH, the major endogenous inhibitor
of the contact pathway, in these processes has been incompletely understood. Here, we
demonstrate a key role for endogenous C1INH as a negative regulator of contact pathway-
mediated coagulation and VT.

Using plasma samples from patients with C1INH-HAE we found that C1INH deficiency
in humans results in enhanced contact pathway-mediated TG. This phenotype was most
apparent in C1INH-HAE patient samples with severe C1INH deficiency. It is possible that
residual C1INH in patients with more modest C1INH deficiency may have been sufficient to
prevent excess contact pathway-mediated coagulation in this assay. This would be consistent
our finding that contact pathway-mediated TG parameters correlated significantly with residual
C1INH activity. It would also be consistent with the reported ability of C1INH to dose-
dependently inhibit FXII autoactivation *2. The majority of prior studies demonstrating
increased plasma markers of activation of coagulation in C1INH-HAE samples have not
considered the effect of residual C1INH. However, one study found that plasma levels of F1+2
were inversely correlated with residual C1INH activity during acute attacks °.

A non-significant increase in extrinsic pathway-initiated TG was also observed in
samples from C1INH-HAE patients with severe deficiency. Given that we observed no
association between residual C1INH activity and extrinsic pathway-mediated TG parameters, it
appears unlikely that C1INH is a significant negative regulator of extrinsic pathway-initiated
TG. By contrast, a previous study reported that C1INH-HAE patient plasmas supported
significantly increased extrinsic pathway-initiated TG **. It should be noted, however, that
unlike our study the previous report evaluated extrinsic pathway-initiated TG in the absence of
a contact pathway inhibitor, such as CTI ***. A potential contribution of enhanced thrombin-
mediated activation of FXI to the observed trend cannot be discounted given that FXla is a
target of C1INH *°. Consistent with involvement of thrombin-mediated activation of FXI the
trend towards enhanced extrinsic pathway-mediated TG was only apparent at a low TF
concentration *.

Our observation of enhanced contact pathway-initiated TG in C1INH-HAE samples,
when considered in the context of previous findings demonstrating increased plasma levels of
F1+2, TAT complexes and D-dimer, further supports the notion that C1INH deficiency is
associated with a procoagulant state '*'°. High plasma levels of F1+2, TAT complexes, D-
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dimer and plasma TG have all independently been associated with an increased risk of VTE in
other populations **'. However, despite evidence of a procoagulant state C1INH-HAE has not
classically been associated with an increased risk of thrombotic pathologies.

In a recent retrospective case-control study, we reported that patients with C1INH-HAE
had an increased risk of composite VTE, but not of composite arterial thromboembolism 8.
The observed odds ratio for the association between C1INH-HAE and VTE of 3.6 is in line with
bottom end estimates of other classical hereditary thrombophilias, such as heterozygous factor
V Leiden or prothrombin gene mutation G20210A, which confer an approximately 2 to 10-fold
increased risk of VTE “>*°. Further supporting a role for plasma C1INH as a modulator of VTE
risk, low plasma levels in the general population were associated with a significantly increased
risk of VTE in a recent plasma proteomics biomarker discovery study *’. Taken together with
our observations, these data suggest that C1INH deficiency is likely to be a moderate risk
factor for VTE.

To further investigate the role of endogenous C1INH as a negative regulator of
coagulation we conducted additional experiments in C1INH-deficient mice. Complete C1INH
deficiency in mice resulted in elevated basal and contact pathway-mediated activation of
coagulation complementing findings in C1INH-HAE samples. In addition, mice completely
deficient for C1INH also demonstrated enhanced VT formation in the IVC stenosis model. This
model is physiologically relevant as stenosis results in pathological low blood flow through the
vessel but does not cause overt vessel injury 8. We and others have shown that this model is
sensitive to deficiencies in C1INH targets PKa, FXlla and FXla ?***°', While thrombus
formation in this model occurs in a contact pathway-dependent manner, its relevance to VTE in
humans is not clear. Patients with FXI deficiency have a reduced risk of VTE while elevated
plasma levels of FXI have been associated with increased risk °>°°. However, there is no
human evidence to date that PK or FXII deficiency is associated with a reduced risk of VTE %6
% |t is possible that there are species-dependent differences in the contribution of the contact
pathway to venous thrombus formation.

While no significant difference in thrombus composition was observed in C1INH
deficient mice, a non-significant trend towards increased thrombus neutrophil content was
apparent. Components of contact pathway and complement system, including PKa and C5a,
have been identified as potent neutrophil chemoattractants °*°". It is possible that loss of
C1INH could support increased PKa activity and C5a generation contributing to increased

neutrophil recruitment. The non-significant trend towards increased plasma C5a observed in
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C1INH deficient mice could also indicate a minor contribution of complement activation to the
observed phenotype. Activation of the complement pathway has been implicated in the
pathogenesis of VT in both humans and mice °>%°. Further, C5a has been shown to induce
platelet activation by direct and indirect mechanisms and could provide increased surface for
coagulation reactions °%8. Although, we did not observe any effect of inhibiting C5a generation
on TG in C1INH deficient mice the role of other proximal complement factors cannot be
discounted ®¥"2. Crosstalk between the complement and coagulation systems may also play a
role ">, Further work is required to determine the full extent to which modulation of
complement activation by C1INH might affect TG and VT.

Interestingly, no significant difference in arterial thrombus formation was evident in the
carotid artery ferric chloride model under conditions of mild injury used to evaluate
prothrombotic phenotypes. The lack of an arterial thrombosis phenotype was surprising given
that this model is sensitive to C1INH targets PKa, FXIla and FXla "®"°. However, this
phenotype does recapitulate the findings of our study in which C1INH-HAE was associated
with an increased risk of VTE but not arterial thromboembolism '®. It is possible that the
absence of an arterial thrombosis phenotype in C1INH deficient mice is indicative of
redundancy, with other endogenous inhibitors such as antithrombin providing compensation in
this model.

Our studies indicate that there are some important differences between the phenotypes
associated with C1INH deficiency in humans compared to mice. In C1INH-HAE complete
C1INH deficiency is rare given that the vast majority of cases are associated with a single
variant SEPRING1 allele 8. However, our findings indicate that partial C1INH deficiency in
patients with C1INH-HAE is sufficient to increase contact pathway-mediated activation of
coagulation and VTE risk. By contrast, in mice, complete deficiency was required to
demonstrate subtle but significant enhancements in contact pathway-mediated activation of
coagulation and VT. It is possible that species dependent differences in C1INH function or
species dependent differences in assay sensitivity may have contributed to this discordant
phenotype. For example, plasma TG in mice, but not humans, requires predilution owing to
high endogenous anticoagulant activity 22", Further studies are required to better understand
the differential effect of C1INH deficiency in humans and mice. However, it remains important
that complete C1INH deficiency in mice results in a procoagulant and prothrombotic

phenotype.
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Development of C1INH replacement therapy represented a significant advance in the
management of patients with C1INH-HAE 2. Although initially developed as an acute
treatment for swelling attacks, C1INH replacement therapy has increasingly been used as a
long-term prophylactic therapy in C1INH-HAE patients 2°. We sought to determine if human
purified C1INH could reverse the procoagulant phenotype seen in C1INH deficient mice. The
mean plasma concentration of C1INH in humans is 0.24 mg/mL while the corresponding value
for mice is not known owing to the lack of robust assays 2*. Reconstitution of C1INH-deficient
mouse WB with human purified C1INH to 0.24 mg/mL corrected the enhanced contact
pathway-mediated TG. Interestingly, although TG lag time was not significantly altered by
C1INH deficiency in mouse WB human purified C1INH dose-dependently prolonged this
parameter. It is possible that human and mouse C1INH possess different anticoagulant
activities. Indeed, there is little cross-species amino acid conservation in the reactive center
loop of C1INH, which drives substrate selectivity .

Administration of human purified C1INH was previously found to rescue the enhanced
vascular permeability observed in C1INH deficient mice 2*. Importantly, infusion of purified
human C1INH reduced VT formation in C1INH-deficient mice to levels observed in C1INH
sufficient mice. This indicates that the enhanced VT associated with C1INH-deficiency in mice
is a gene specific effect and not the result of off-targets effects induced during gene deletion.
Moreover, it suggests that C1INH replacement therapy could have additional beneficial
anticoagulant effects in C1INH-HAE. Indeed, C1INH replacement therapy has been associated
with a significant reduction in the incidence of VTE in C1INH-HAE patients °. It will be valuable
to determine if newer therapies targeting PKa and FXlla have similar protective effects on VT.

To conclude, this work demonstrates that C1INH deficiency is associated with selective
enhancement of contact pathway-mediated coagulation in both humans and mice. Further,
C1INH deficiency in mice results in a selective enhancement of VT, modelling the phenotype
recently described in humans with C1INH-HAE.
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Figures

Figure 1: Increased contact pathway-initiated TG in C1INH-HAE plasma

(A) Median silica-initiated TG curves in C1INH-HAE patient plasma (n=19) or matched controls
(n=20) with quantification of (B)TG lag time and (C) peak TG. (D) Median silica-initiated TG
curves in C1INH-HAE patient plasma with 225% C1INH activity (n=9), <25% C1INH activity
(n=10) and in matched controls (n=20) with quantification of TG (E) lag time and (F) peak.
Data represented as individual values with median and interquartile range and analyzed by
Kruskal-Wallis with post-hoc Dunn’s. Plots of TG (G) lag time and (H) peak versus C1INH
activity in plasma from C1INH-HAE patients and matched controls. Data represented as
individual values with linear regression line. Correlations analyzed using Spearman’s rank
tests. *P<0.05,

Figure 2: Characterization of C1INH-deficient mice

(A) Western blot of C1INH protein and transferrin with corresponding (B) densitometric
analysis in plasma from C1inh™*, C1linh*"and C1inh” mice. (C) Ratio of cleaved to total high
molecular weight kininogen in plasma from C1inh**, C1inh*" and Clinh” mice. Data
represented as mean + standard deviation and analyzed by one-way ANOVA with post-hoc
Bonferroni. Levels of (D) F1+2 and (E) TAT complexes in plasma from C1inh**, C1inh*" and
Clinh” mice. (F) Activated partial thromboplastin time and (G) prothrombin time assays in
plasma from C1inh**, Clinh*" and C1inh” mice. Data represented as individual values with
median and interquartile range and analyzed by Kruskal-Wallis with post-hoc Dunn’s. *P<0.05,
**P<0.01, ***P<0.001 ****P<0.0001.

Figure 3: C1INH deficiency enhances contact pathway-initiated mouse WB TG

(A) Representative silica-initiated TG curves in WB collected from Clinh*"*, C1inh*" and C1linh"
" mice with quantification of (B) lag time and (C) peak. (D) Representative TF-initiated TG
curves in WB collected from C1inh**, C1linh*"and Clinh™ mice with quantification of TG (E)
lag time and (F) peak. Data represented as individual values with median and interquartile

range and analyzed by Kruskal-Wallis with post-hoc Dunn’s. *P<0.05.
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Figure 4: C1INH deficiency enhances venous thrombosis in mice

Venous thrombosis was assessed in Clinh**, Clinh*""and Clinh™ mice using the IVC stenosis
model. Thrombus weight was assessed at (A) 24 hours and (B) 48 hours after IVC stenosis.
Data represented as individual values with median and analyzed by Kruskal-Wallis with post-
hoc Dunn’s. *P<0.05.

Figure 5: C1INH deficiency does not enhance arterial thrombosis in mice

Arterial thrombosis was assessed in Clinh**, Clinh*~and Clinh™ mice using the carotid artery
FeCl; model under conditions resulting in either severe or mild injury. In the severe model
induced with application of 8% FeCl; for 3 mins (A) occlusion time and (B) carotid artery
patency was evaluated. Similarly, in the mild model induced with application of 2.5% FeCls for
5mins (C) occlusion time and (D) carotid artery patency was evaluated. Data represented as
individual values with median and analyzed using Kruskal-Wallis with post-hoc Dunn’s or Log

Rank tests.

Figure 6: C1INH deficiency does not alter hemostasis in mice

Hemostasis was assessed in Clinh**, Clinh*"and Clinh” mice in the tail tip amputation
model. (A) The proportion of mice with active bleeding over time, (B) tail bleeding time and (C)
tail bleeding blood loss was assessed. Data represented as individual values with median and

analyzed using Kruskal-Wallis with post-hoc Dunn’s or Log Rank tests.

Figure 7: Human purified C1INH dose dependently reduces WB TG and normalizes
venous thrombus formation in C1INH-deficient mice

Purified human C1INH was added to WB from C1linh” mice at increasing concentrations ex
vivo and the effect on silica-initiated WB TG compared to vehicle control. (A) Representative
thrombin silica-initiated WB TG curves were plotted and (B) TG lag time and (C) peak TG
quantified. Data represented as individual values with mean + standard error of the mean and
analyzed by one-way ANOVA with post-hoc Bonferroni. (D) Clinh” mice were administered
purified human C1INH or vehicle control and venous thrombosis induced using the IVC
stenosis model. Schematic of C1INH venous thrombosis rescue experiment. (E) Thrombus
weight and (F) thrombus incidence was assessed 24 hours after induction. Thrombus weight
data represented as individual values with median and analyzed using Kruskal-Wallis with
post-hoc Dunn’s and thrombus incidence data analyzed using Fischer’s exact test. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001.
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