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Abstract  

Background. Controlling prekallikrein activation by C1-Inhibitor (C1Inh) represents the most 

essential mechanism for angioedema patient protection. C1Inh function in the plasma is usually 

measured based on the residual activity of the C1s protease not involved in the pathological 

process. We have herby proposed an alternative enzymatic measurement of C1Inh function 

based on contact phase activation and correlation with angioedema diagnostic requirements. 

 

Methods. The contact phase was reconstituted using the purified components, with C1Inh 

standard or plasma sample. The kinetics of the amidase activity were monitored using Pro-Phe-

Arg-pNA, independently of alpha2-Macroglobulin (α2M).We prevented any interference from a 

possible high plasma kininogenase activity by pre-incubating the samples with protease inhibitor. 

Receiver operating characteristics (ROC) were used to calculate the assay’s diagnostic 

performance. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Results. The calibration curve was built using C1Inh standard (threshold limit 0.10 × 10-3U, i.e. 

0.2pmol) and C1Inh function was quantified in the sample, with a reference interval established 

based on healthy individuals (n=281; men: 0.61-1.10U/mL, median: 0.85U/mL; women: 0.42-

1.08U/mL, median: 0.74U/mL). The median values of female donors were lower than those of 

the others due to estrogen, yet C1Inh function remained within the reference interval. The ROC 

curve calculation provided the following optimum diagnostic cut-off values: women 0.36U/mL 

(area under curve [AUC]: 0.99; sensitivity: 93.48%; specificity: 99.37%); men 0.61U/mL (AUC: 

1; sensitivity: 100.0%; specificity: 100.0%).  

 

Conclusion: The performance outcome provided features suitable for angioedema diagnostic or 

follow-up. Established by means of the kinin formation process, this assay should be preferred 

over the method based on a C1s protease target. 

 

Introduction 

C1-Inhibitor (C1Inh), whose gene name is SERPING1, is a plasma glycoprotein that controls the 

activation of the contact phase (1,2), complement (3–5), Factor XI of the intrinsic coagulation (6) 

and fibrinolysis. It is an acute-phase protein that can increase by up to 2.5-fold during 

inflammation (7) or after androgen treatment (8). C1Inh belongs to the Serpin family, which 

consists of Serine protease inhibitors that all share a unique structural architecture despite their 

modest sequence identity (9).  
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Hereditary angioedema (HAE) results from contact phase activation, which is associated with 

kinin production and potentially caused by C1Inh deficiency. This C1Inh-deficiency HAE form 

(C1Inh-HAE) is characterized by episodic local subcutaneous and submucosal swelling, which 

may prove life-threatening when attacks involve the upper airways due to the risk of 

asphyxiation. Kinins, namely bradykinin (BK) and desArg9-BK, are the primary mediators of 

this disease and are generated by contact phase activation. Angioedema could be precipitated by 

estrogens, i.e. estrogen-dependent HAE with exacerbations after puberty and/or with high 

estrogen states. Angioedema could also be associated with anti-C1Inh autoantibodies or 

lymphoproliferation in the contexts of acquired angioedema (AAE) (10). Most of these 

conditions are associated with transient or long-lasting decreased C1Inh function. In cases of 

estrogen-dependent HAE, this occurs during pregnancy or some oral contraception conditions.  

 

The contact phase consists of the zymogens Factor XII (FXII), prekallikrein (pKK), and high-

molecular-weight kininogen (HK). Their contact with negatively charged surfaces induces a 

conformational change in FXII, resulting in its activation (FXIIa) (10,11), which in turn activates 

pKK to generate kallikrein (KK) leading to the subsequent cleavage of HK and BK production. 

KK can develop a positive feedback loop and reciprocally activates FXII.  

 

The contact phase is efficiently controlled by C1Inh, which represents the primary plasma 

control for FXIIa and KK (12,13). Plasminogen-activator inhibitor-1 also possesses a low FXIIa-

blocking activity (14) while α2-Macroglobulin (α2M) non-specifically targets KK proteolytic 

function. 
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When KK is generated in situ, C1Inh contributes to 86% of its control (15). α2M, a large-

spectrum protease inhibitor, does not significantly inhibit FXIIa and has proven only moderately 

efficient in inhibiting KK (reviewed by 10). Compared to pKK, the plasma concentration of 

C1Inh is in excess, approximately 4- to 5-times higher in moles. 

 

The Kon thermodynamic constraints of C1Inh favor plasma KK control (1.7 × 104 M-1•s-1) 

compared to those of FXIIa (3.7 × 104 M-1•s-1) (2) or C1s protease (43 × 104 M-1•s-1) (16), 

suggesting that plasma KK control by C1Inh is more effective than that of FXIIa or C1s 

protease. 

 

The optimal management of HAE depends on early diagnosis especially considering that the 

mortality risk of untreated angioedema is approximately 40% due to asphyxiation (17,18). 

Investigating C1Inh is essential for angioedema diagnosis (19,20), providing a clear distinction 

between different HAE conditions, i.e., C1Inh-HAE vs. HAE with normal C1Inh function 

(nC1Inh-HAE). In some cases, nC1Inh-HAE is found, for example when a C1Inh mutant affects 

FXII or KK control but not C1s, an assay that is specially designed for the contact phase is 

needed, and the common C1s protease is not suitable as target.  

 

Two methods are currently available on the market for measuring C1Inh function: chromogenic 

and immunoenzyme assays (21). Both have been developed using a C1 protease as the analytical 

target, primarily the C1s protease. However, the primary mediator of swelling in angioedema 

patients is BK, whose production is controlled by plasma KK. A recent approach used 

biotinylated active enzymes (FXIIa or KK) and took advantage of the abundance of enzyme-
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C1Inh complex as a readout of the C1Inh function in plasma (22). The authors demonstrated 

high sensitivity using FXIIa, while C1Inh targeted only 60% of the protease when using KK, 

presumably due to it being inhibited by α2M. C1Inh was nevertheless established as more 

efficient in the inactivation of KK (Figure 1). This prompted us to consider a functional 

laboratory assay conducted without the interference of α2M or plasma protease, specially 

designed to decipher pathological angioedema conditions using contact phase proteins, the 

natural target. 

 

Material & Methods  

Samples 

Citrate plasma samples from adult patients and donors were prepared by centrifugation of freshly 

collected blood at 2,000 × g for 10 min to harvest the platelet-free plasma. The samples were 

immediately aliquoted and stored at -80°C until use. Patients had confirmed angioedema 

diagnosis: C1Inh-HAE; AAE; estrogen-dependent angioedema) or were healthy individuals 

(controls). 

Reagents and purified proteins 

Substrate L-2120 (Bachem®, Bubendorf, Switzerland), α2M (BioMac®, Leipzig, Germany), 

contact phase proteins FXIIa, pKK, HK (Enzyme Research®, Swansea, United Kingdom), and 

purified C1Inh (Berinert®, CSL Behring GmbH, Paris, France) were all obtained as indicated 

above. 

Assay procedure 

The contact phase was reconstituted in vitro in a 96-well plate using purified proteins FXIIa, 

pKK and HK. These were contained in eitherC1Inh standard or patient plasma supplemented by 

a Serine protease inhibitor as a source of C1Inh, according to patent application FR1160851 
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(INPI No BR071761/HL/ADA) (23). Briefly, equimolar amounts of purified HK and pKK were 

mixed with FXIIa, then C1Inh standard or protease inhibitor pre-treated plasma was added and 

incubated at 37°C for 10 min. The kinetics of the contact phase activation was monitored at 405 

nm using the substrate L-2120 at pH 7.8 and a spectrophotometer (Multiskan 

Go_ThermoFisher®, Saint Herblain, France). The C1Inh antigenic levels in the plasma samples 

were measured using a laser nephelometer BNII (Dade Behring®, Marburg GmbH, Germany).   

 

Receiving operator characteristics (ROC) and statistics 

The assays diagnostic performance was evaluated by ROC curve analysis (Graphpad® software). 

This was supplemented by calculations of cut-off values, sensitivity and specificity values, 

positive and negative predictive values (PPV and NPV), and the corresponding area under the 

curve (AUC) data, with 95% confidence intervals (CI). Statistical analyses were performed using 

the Mann-Whitney test. Two distinct data sets have been presented, one for women, one for men. 

P-values <0.05 were considered statistically significant. 

 

Ethics 

All procedures were performed in accordance with the principles expressed in the Helsinki 

declaration and French ethical policies governing the use of the biological sample collection 

(Ministry of Health authorization). The Institutional Review Board of Grenoble University 

Hospital (South-East committee V) stated that all sample collection and processing methods 

fulfilled these requirements.  
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Results 

Titration curve of C1Inh 

C1Inh was evaluated for its KK control capacity in in vitro contact phase activation by FXIIa, 

using increasing doses of C1Inh standard (24) and different incubation times. One C1Inh unit 

(U) was defined as the required C1Inh quantity able to reconstitute the Serpin function present in 

1 mL of freshly citrated human plasma, equivalent to 270 mg of antigenic C1Inh. Figure 2A 

illustrates the kinetics of pKK activation (Vmax) in the presence of C1Inh. The Vmax linearly 

decreased from 100% for the control without C1Inh and ranging from 92% to 15% with 

increased doses of C1Inh in line with observations made by Joseph et al (25). As decided based 

on the titration curve, the limit of detection was fixed at 0.10 × 10-3U C1Inh, a lower value than 

that found using the residual C1s activity (26), making this assay nearly 25-times more sensitive 

(0.2pmol vs 5pmol). 

 

Impact of α2M on the C1Inh titration curve 

Overall α2M was found to contribute to 35% of the pKK activation control. Due to its high 

plasma concentration, its impact on the system was tested using double the concentration used 

for C1Inh, corresponding to human plasma concentrations. As shown in Figure 2B, increased 

α2M concentrations did not decrease the Vmax value. The C1Inh titration curves were all found 

to be similar in the presence or absence of increasing α2M concentrations. The α2M impact on 

the contact phase control was found to be negligible in the assay conditions (10- min incubation 

time). This is consistent with its low value of Kon interaction for KK and its inability to control 

the hydrolysis of small peptide substrates. In this context, while Vmax decreased linearly with 

increasing C1Inh doses, increasing α2M concentrations had no effect. These experimental 
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conditions, along with the negligible impact of α2M in the assay, were all recorded for the next 

part of the study. 

 

Normal references 

Normal values were established based on 281 healthy individuals (158 women and 123 men). As 

shown in Figure 3, we recorded distinct data for women and men (0.61-1.10U/mL, median: 0.85 

U/mL for men; 0.42-1.08U/mL, median: 0.74U/mL for women). The titration curve linearity 

enabled us to calculate function in relation to the antigenic level, i.e., the Serpin specific activity 

(in U/mg or U/pmol, normal values: 3.2U/mg or 0.34U/nmol), as well asto estimate the 

abundance of functional Serpin (% of the whole C1Inh protein). 

 

ROC analysis and assay performance  

The assay’s performance was evaluated using ROC analysis on C1Inh-deficient patients (n=93; 

69 with Type I HAE, 11 with Type II HAE, and 13 with AAE). By means of ROC analysis, we 

defined the optimum diagnostic cut-off value for C1Inh function assay for women as 0.36U/mL 

(AUC: 0.99, sensitivity: 93.48%, specificity: 99.37%), and that for men as 0.61U/mL (AUC: 1, 

sensitivity: 100%, specificity: 100%) (Figure 4).  

 

Reproducibility, repeatability, and limits of detection  

By testing the reproducibility on pathological and control samples, we obtained average of 

0.41U/mL and 1.10U/mL (coefficient of variation [CV]:4% and 17%), respectively. We next 

tested repeatability, applying the average values of 0.33U/mL and 0.96U/mL (CV:4% and 18%), 

respectively. The detection limit was 0.11U/mL, corresponding to the value obtained from the 
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titration curve and the 1μL testing volume. Predictive values for the evaluation of C1Inh function 

and HAE diagnosis are presented in Figure 4B. Both indicators of performance for HAE 

diagnosis are consistent with high excellence in terms of AUC, sensitivity, and specificity. 

 

Estrogen intake impact on C1Inh function  

C1Inh function was investigated in healthy women taking estrogen-containing oral contraception 

(+OC, n=59). The data was compared with that taken from healthy women not taking oral 

contraception (-OC, n=51). We found a significant difference between the two group medians 

(p<0.01; Figure 5A). However, the reference intervals remained nearly identical. The difference 

between the median values of the OC group (n=59) and the healthy females during the genital 

period (-OC and + OC groups, n=110) was not significant (Figure 5A). This suggests that even if 

the median value was low compared to that of the -OC group, these women’s estrogen intake did 

not modify the biological indication of C1Inh function value in the healthy group. C1Inh protein 

was revealed to be cleaved during the active period of estrogen-dependent angioedema 

conditions (+OC), with associated low function (27). Samples from +OC patients identified as 

nC1Inh-HAE were investigated for C1Inh function and anti-C1Inh immunoblotting (n=39), 

including +OC patients with active disease (n=23) and +OC patients after withdrawal of the OC 

pill (n=16) (Figure 5B). We examined the relationship between a cleaved C1Inh species (inactive 

C1Inh) in the sample and a loss of function revealed by the two protease targets, namely contact 

phase and C1s. Figure 5C presents three illustrative examples of the association of a decreased 

C1Inh function with C1Inh cleavage. The data demonstrates that C1Inh function when using 

contact phase as the target and when it is detected to be within the normal range, was associated 

with a native species. In some instances the C1Inh function assay using C1s protease as target 
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was unable to really discriminate between different forms. An additional advantage of this assay 

is its ability to distinguish between the OC-dependent angioedema and the non-induced 

condition, which it does much better than the former method using C1s protease as target.  

 

Discussion 

This study sought to evaluate a new C1Inh function assay and its performance on patient plasma 

samples for diagnosis. C1Inh function was the primary test conducted for the biological 

diagnosis of angioedema (20). pKK activation and BK generation were the reported causes for 

the angioedema attacks observed in C1Inh-deficient cases. One definite advantage of our assay 

was the use of C1Inh natural target, namely the natively-produced KK protease, the major 

enzyme involved in the physiopathology of angioedema. We implemented specific experimental 

conditions rendering the method independent of α2M control (Figure 2B), in line with the slower 

inhibition of KK by α2M than by C1Inh, which could explain why the presence of this inhibitor 

is not sufficient to prevent attacks in HAE patients (28). The assay’s efficient performance was 

demonstrated by ROC curves, including patients with C1Inh-HAE and AAE, revealing excellent 

markers and signifying this test’s suitability for establishing a biological diagnosis of 

angioedema. This feature was valuable in its ability to distinguish between the two principal 

angioedema conditions, with or without C1Inh function decrease.  

 

The units used to define C1Inh function were based on the international standard (24), the same 

as that used for C1Inh concentrates. In this way we could work with unambiguous information 

on the actual Serpin function, contributing also to applications in patient follow-up during 

replacement therapy using plasma or recombinant C1Inh concentrates (29). Alternatively, the 

function could be expressed with reference to C1Inh antigenic level, i.e., Serpin specific activity 
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(U/mg or U/pmol). This calculation provides the biologist with a useful indication of the 

circulating species (native and functional, cleaved and non-functional), along with an estimate of 

the abundance of functional Serpin (%). Anti-C1Inh immunoblotting confirmed this estimate for 

us, with a stronger correlation achieved when using contact phase activation as the target rather 

than C1s protease (Figure 5D).  

 

Moreover, the detection limit was lower than that obtained using the former assays based on 

residual C1s esterase or amidase activity. The advantage of a low detection limit offers a unique 

opportunity to develop a high-throughput analysis of patient-specific applications of 

C1Inhconcentrates in some contexts of severe kinin-dependent diseases.  

 

This method is able to detect the angioedema conditions presenting with a SERPING1 mutation, 

which differentially controls the protease C1s as opposed to KK, the latter corresponding to the 

pathological situation. Mutation positions were reported to be of great strategic importance for 

C1Inh control of kinin formation (30), which commonly-used testing methods with C1s target 

are unable to effectively evaluate , as shown in Table I. C1Inh function has often been 

considered as a marker of estrogen-dependent angioedema during the active period of disease, 

e.g., conditions with FXII gain-of-function (27,31). Owing to the high analytical sensitivity of 

this assay, our results emphasized this concept (Figure 5B), demonstrating good discrimination 

between conditions within the active period and after inducer withdrawal, in line with circulating 

C1Inh species. In contrast, the assay using C1s as the target exhibited less discriminatory power 

in patients after inducer withdrawal. This emphasizes the hypothesis that C1Inh function could 

be proposed as a metabolic criterion for estrogen-dependent angioedema, including FXII gain-of-
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function (27). With its high analytical sensitivity, the assay conducted in our study achieved this 

goal.  

 

Methods using contact phase proteins had already been introduced in the literature. Recently, an 

assay took advantage of an ELISA method using biotinylated active enzymes (FXIIa or KK) 

(22). Its rationale was founded on the formation of FXIIa-C1Inh and KK-C1Inh complexes after 

incubation with plasma and detection of bound C1Inh. Prior reports have also demonstrated the 

possibility of analyzing C1Inh function using C1Inh-protease complexes (32,33). The levels of 

FXIIa-ClInh and KK-ClInh complexes may not, however, be proportionate to HK cleavage by 

KK and concomitantly to the extent of BK release () in vivo (32). Furthermore, the impaired 

formation of FXIIa-C1Inh and KK-C1Inh complexes following contact phase activation due to 

low C1Inh function, as well as the rapid clearance of protease-C1Inh complexes, could explain 

why these complexes cannot monitor contact activation in HAE (32–35). This is the reason why 

our described method, based on the residual enzyme activity after contact phase activation, is a 

promising tool for biological diagnosis due to its independence from the protease-C1Inh 

complexes. 

 

We hereby present a new C1Inh function assay providing an enzymatic readout, applicable to 

patient samples tested for the purposes of angioedema diagnosis and follow-up, offering the 

advantage of targeting all contact phase proteases responsible for HK cleavage and BK 

production. After considering all the benefits of this new method, as outlined above, we are 

convinced of its value and thus to invite biologists to adopt a technical concept using the contact 

phase protease as C1Inh target and help physicians set up an improved diagnostic process.  
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Figure legends  

Figure 1. Schematic representation of contact phase and its control. Contact phase consists 

of 3 plasma proteins that assemble when blood comes into contact with triggers, for example, 

negatively charged surfaces: FXII, plasma prekallikrein (pKK), and the nonenzymatic cofactor 

high-molecular-weight kininogen (HK); 80% of blood HK-pKK association is bound onto the 

endothelium. FXII and HK directly bind to polyanions; surface binding induces a conformational 

change in FXII, leading to limited proteolytic activity. Consecutively, activated FXII (FXIIa) 

cleaves pKK, generating plasma kallikrein (KK). In an amplified reaction, KK efficiently 

activates further FXII proenzyme molecules and cleaves its cofactor HK to yield bradykinin. 
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Proenzyme activation and protease activities are under C1-Inhibitor (C1Inh) and alpha-2 

Macroglobulin (α2M) control; the percentage of the participant to the control is indicated in the 

context of in situ contact phase generation.  

Figure 2. C1-Inhibitor titration curve. (A) Kinetics (% of Vmax without C1-Inhibitor, C1Inh) 

of prekallikrein (pKK) activation with increased doses of C1Inh (n=4). Two scales are shown for 

C1Inh: pmol, (solid line and squares) and U × 10-3, (dashed line and circles). (B) Impact of 

alpha2-Macroglobulin (α2M) on C1Inh titration curve: kinetics of pKK activation with increased 

doses of C1Inh, α2M or C1Inh and α2M together (n=2). Results ± standard error of the mean 

(SEM).  

Figure 3. Distribution of normal values. C1-Inhibitor (C1Inh) function in 280 healthy subjects 

(123 men and 158 women): solid line: median; dashed line: interquartile range; **: P<0.01;***: 

P<0.001 

Figure 4. Diagnostic outcomes of C1-Inhibitor (C1Inh) function assay for the diagnosis of 

C1Inh deficiency. (A) Receiving operator characteristics (ROC) curves for male (left panel) and 

female (right panel) individuals carrying a SERPING1 mutation or presenting with acquired 

angioedema (AAE) versus blood donors. (B) Diagnostic values for C1-Inhibitor (C1Inh) 

function. The data was collected from women (healthy: n=158; C1Inh deficient: n=46, HAE 

Type I: n=39; HAE Type II: n=2; and AAE: n=5) and men (healthy, n=123, C1Inh deficient: 

n=47; HAE Type I: n=30; HAE Type II: n=9; and AAE: n=8). (C) Healthy/patient subject 

distribution for males shown in the left panel (healthy, n=123, patients, n=47), and for females in 

the right panel (healthy, n=158, patients, n= 46), ****: P<0.0001. 

Figure 5. Distribution of C1-Inhibitor function (U/mL) in different situations. (A) Healthy 

females: C1-Inhibitor (C1Inh) function in female blood donors (n-110), not taking estrogen-
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containing contraception (healthy -OC: n=51) or taking estrogen contraception (healthy +OC: 

n=59), the horizontal bars show the median values. (B) Estrogen-dependent angioedema patients: 

distribution of C1Inh function using our test, between patients with active disease (n=23) and 

patients after OC pill withdrawal (n=16). (C) Estrogen-dependent angioedema patients: 

distribution of C1Inh function using C1s as target, between patients with active disease (n=23) 

and patients after OC pill withdrawal (n=16). (D) Anti-C1Inh immunoblotting of plasma and 

corresponding C1Inh function: illustration of three examples: one control, one patient during 

active disease under estrogen intake (+OC), and one patient undergoing withdrawal from OC pill 

(-OC); the Table shows C1Inh function using C1s or kallikrein (KK) as target. **: P<0.01; ****: 

P<0.0001. 

 

 

 

Table I. Distinct C1Inh control function: testing using contact phase and C1s protease as targets. 

Samples from patients carrying three SERPING1 mutations (14 heterozygous, 1 homozygous) 

and belonging to 6 families are tested for C1Inh function using the presently described and the 

conventional testing (% of median in brackets). Normal references: contact phase proteases 

(0.61-1.10 U/mL, median: 0.85U/mL for men; 0.42-1.08U/mL, median 0.74U/mL for women) 

and C1s protease (17.2-27.4 AU/mL; median 22.1 AU/mL). Mutation positions are according to 

hae.enzim.hu. Bold figures correspond to nearly normal C1Inh function of an individual with an 

exceptionally normal amidase activity as biological phenotype. 
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Patient ID Gender C1-Inhibitor function SERPING1 
mutation 

Contact phase 
proteases 
(U/mL) 

C1s protease 
(AU/mL) 

59K male <0.11 (<12.9%) 5.4 (24.3%) I271T 

59B1 male <0.11 (<12.9%) 5.4 (24.3%) I271T 

59B2 female <0.11 (<12.9%) 8.4 (37.8%) I271T 

59S female <0.11 (<12.9%) 9.6 (43.2%) I271T 

59C female <0.11 (<12.9%) 3.4 (15.3%) I271T 

179D1 male <0.11 (<12.9%) 8.5 (38.25%) R378C 

179D2 female 0.20 (27.0%) 13.5 (60.7%) R378C 

193J female 0.45 (60.8%) 5.5 (24.7%) L107R 

202C female 0.11 (12.9%) 13.2 (59.4%) R378C 

120J female 0.14 (18.9%) 11.4 (51.3%) R378C 

120N male 0.23 (27.0%) 15.6 (70.2%) R378C 

120R male 0.11 (12.9%) 12.8 (57.6%) R378C 

203GZ male <0.11 (<12.9%) 4 (18.2%) R378C/R378C 

203GZ5 female <0.11 (<12.9%) 10.9 (49%) R378C 

203GZ6 male 0.11 (12.9%) 12.4 (56%) R378C 
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