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Abstract: 

Background: Hereditary angioedema (HAE) with normal C1 inhibitor (C1Inh) associated with the 

c.983C>A and c.983C>G mutations of the F12 gene (HAE-FXII) is a rare condition, and presents with 

highly variable clinical expression. Based on data gathered from a large carrier cohort, we assessed 

the modifiers affecting the clinical phenotype.  

 

Methods: We analyzed clinical and biological data recorded from 118 mutation carriers (80 

symptomatic and 38 asymptomatic), 58 non-carrier relatives from 40 families, and 200 healthy 

donors. Disease severity was scored in relation to frequency and location of edema, as well as age at 

disease onset. In order to predict HAE-FXII disease severity, we analyzed the biological phenotype 
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(C1Inh, C4, spontaneous amidase, angiotensin-I converting enzyme [ACE], aminopeptidase P [APP], 

and carboxypeptidase N/M [CPN]) by means of logistic regression (Akaike information criterion) and 

odds ratio (OR).  

 

Results: Meaningful variables contributed to HAE-FXII, with the kinin catabolism enzymes ACE and 

CPN exhibiting a significant inverse relationship with disease severity (OR=0.36, 95% CI 0.23-0.59, 

P<0.001; OR=0.58, 95% CI 0.36-0.91, P<0.05, respectively). CPN activities was 37.5 [28.5–41.3] 

nmol•mL-1•min-1 and 38.5 [32.8–45.6] for HAE-FXII asymptomatic and symptomatic carriers 

respectively and 37.9 [30.5–43.7] nmol•mL-1•min-1 for non-carriers. ACE activities was 58 [44–76] 

and 49 [35–59] nmol•mL-1•min-1 for HAE-FXII asymptomatic and symptomatic carriers respectively, 

and 56 [49–66] nmol•mL-1•min-1 for non-carriers. 

 

Conclusions: The HAE-FXII is associated with modifiers, e.g. kinin catabolism enzymes, ACE and CPN, 

different from those recognized in HAE with C1Inh deficiency. 

 

KEY WORDS: angiotensin-I converting enzyme; carboxypeptidase N/M; factor XII mutation; 

hereditary angioedema with normal C1 inhibitor; bradykinin. 

 

Introduction  

Hereditary angioedema (HAE) is a rare disease exhibiting autosomal-dominant inheritance, 

characterized by sudden, episodic, pale and non-itching swellings of the subcutaneous or 

submucosal tissues. Swellings are deforming and disabling phenomena, with gastrointestinal edemas 

being painful, and upper respiratory tract disorders potentially life-threatening (1-3).  
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In 1986, HAE associated with normal C1Inh function (nC1Inh-HAE-) was identified (4) and then 

described  (5-7). In 2006, two causative mutations of nC1Inh-HAE were described within exon 9 of 

the F12 gene encoding the coagulation factor XII (FXII), namely c.983C>A and c.983C>G (FXII-HAE 

[MIM 610618]) (8-9). Other pathogenic mutations also discovered in the F12 gene consist of a 72-bp 

deletion (c.971_1018+24del72) (10) and a duplication (c.892_909dup) (11). Typically, only a few 

individuals presenting with nC1Inh-HAE carry an F12 mutation (12). Vasoactive BK has been 

recognized as potentially the primary mediator responsible for increased vascular permeability in 

HAE pathophysiology (13-16). Once released, BK is rapidly metabolized, principally by angiotensin I–

converting enzyme (ACE) yet also by aminopeptidase P (APP), whereas carboxypeptidase N (CPN) 

transforms BK into its active metabolite: desArg9-BK. The relevance of the BK degradation pathway 

has been demonstrated by reports of angioedema in CPN deficiency or cases involving ACE inhibitor 

treatment (17-18). The desArg9-BK action onto the endothelium has been shown as being short-lived 

by APP and ACE (17). Decreased plasma APP activity was associated with a significantly slower 

degradation of desArg9-BK in vitro (19), and low APP activity has proven a severity risk factor for 

C1Inh-HAE (20). 

 

Diagnosis of FXII-HAE is rendered problematic by its variable and unpredictable expressivity (22-23). 

Biological testing of HAE patients typically includes the complement parameters C1Inh and C4. HAE-

associated kinin accumulation is a consequence of a kinin production-degradation imbalance. For 

this reason, we chose to investigate the enzymes involved in kinin metabolism (amidase, APP, CPN, 

and ACE activities). Recent reports have argued for modifiers of strategic importance for the 

phenotype (11, 22-23). This prompted us to investigate biochemical markers of individuals from 40 

mutation-carrier families in order to predict disease severity. Based on clinical and biological 

phenotypes, we found that disease severity was associated with a decrease in kinin catabolism.  
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Materials and Methods 

Ethics and consent 

All procedures were performed in accordance with the Helsinki declaration and French ethical 

policy, and data was obtained from the biological sample collection (with Ministry of Health 

authorization). Informed consent was obtained from all patients and healthy blood donors. 

 

Study design 

Our analysis was based on exhaustive case reports on members of carrier families of the c.983C>A 

missense mutation on the F12 gene.  

 

Sampling procedures and laboratory methods  

The mutation was established from DNA extracted through direct sequencing of exon 9 of the F12 

gene (8). Citrated plasma samples were analyzed for enzymatic parameters, and serum samples 

were used for measuring C1Inh and C4 antigenic levels quantified by nephelometry (BN2 Siemens, 

Munich, Germany). Samples were harvested out of ACE inhibitor intake, and whenever possible, 

during attacks. Spontaneous amidase activity was measured in line with Defendi et al. (24) study 

methods. APP and CPN activities were assessed by means of fluorometric assays, as previously 

described (17, 25). ACE activity was measured with the commercial ACE kinetic® kit (Bühlmann 

Laboratories AG, Allschwil, Switzerland). C1Inh function was quantified by means of a chromogenic 

assay (26). 
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Severity score 

Clinical data were collected by physicians. Angioedema phenotypes were classified into four groups 

(asymptomatic, mild, intermediate, and severe) according to the frequency and location of attacks 

and the patient’s age at symptom onset, as per the methods of Cumming et al. (27) and Freiberger 

et al. (28). Classification was determined following adaptation to the specificity of nC1Inh-HAE 

clinical phenotype (attack frequency and age at symptom onset). 

 

 Statistical analysis 

Qualitative data was reported as numbers and frequencies. Quantitative variables were 

expressed as a median and interquartile range (IQ25- IQ75), distributions tested by means of 

the Shapiro-Wilk test and compared using the Mann-Whitney test (two group 

comparisons),or the Kruskal-Wallis test (three or more groups). P-values < 0.05 were 

considered statistically significant. 

 

Prior to conducting logistic regression, we verified the independence of paired variables by 

means of the Pearson’s chi-squared test, the variables then being standardized and reduced to 

remove the impact of variable weight. Then, the data was submitted to logistic regression 

with backward, forward, and both developments. The best model was selected by applying 

the lowest Akaike Information Criterion (AIC) (29) and lowest Bayesian Information 

Criterion (BIC) (30). 

 

Statistical analyses were performed with R 2.15.1 software programs (R Foundation for Statistical 

Computing, Vienna, Austria). 
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Results 

 Population description 

This study involved 40 unrelated families and 176 individuals (Supp. Table S1), 118 of whom were 

carriers of the c.983C>A mutation on the F12 gene. Non-carriers (n=58) were included as controls 

within the families. These subjects were compared with 200 healthy blood donors. 

 

A total of 80 carriers were symptomatic, and the disease was more commonly found in women 

(n=72) than men (n=8; Fig. 1). At the time of examination, 38 carriers (32%) were still asymptomatic. 

Family history was not reported in 12 families, and the proportion of symptomatic individuals varied 

from 0.17 to 1.00 (mean 0.67 ± 0.25; Supp. Table S1). Disease severity was determined according to 

edema location, age at onset, and attack frequency (see Supp. Tables S1). Patient disease severity 

was then classified as mild for 22 (19%), intermediate for 42 (35%), and severe for 14 (12%). The 

disease severity of two carriers could not be determined (2%; Fig. 1).  

 

Biological phenotype of the families 

Kinin production-degradation is imbalance in HAE-associated kinin accumulation. For this reason, we 

chose to investigate the enzymes involved in kinin metabolism (amidase, APP, CPN, and ACE 

activities) in order to compare patients with healthy donors or between FXII-HAE patient groups. 

C1Inh and C4 antigenic levels and C1Inh function were within normal range in all groups (data not 

shown). Nevertheless, C1Inh function was lower in symptomatic patients (20.7 [18.1–23.3] U•mL-1; 

n=58) compared to the asymptomatic carriers (25.2 [22.3–27.6] U•mL-1; n=21 P < 0.001). Increased 

spontaneous amidase activity was observed in all groups in contrast to that of blood donors (2.4 

[1.9–3.0] nmol•mL-1•min-1; P < 0.001, Fig. 2A). Spontaneous amidase activity was 8.6 [4.1–21.7] 
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nmol•mL-1•min-1 in carriers (n=100) and was 6.6 [4.0–11.2] nmol•mL-1•min-1 in non-carriers (n=45), 

with significantly higher levels reported in symptomatic carriers (10.1 [4.3–28.8] nmol•mL-1•min-1 

n=72) compared to the asymptomatic non carriers (6.1 [4.0–12.0] nmol•mL-1•min-1 n=28; P < 0.01; 

Fig. 2A). APP activity was higher in the carrier group (1.24 [0.63–2.02] nmol•mL-1•min-1 n=101) 

compared to the control (0.83 [0.40–1.33] nmol•mL-1•min-1; P < 0.001), with the same increase also 

observed in symptomatic carriers (1.25 [0.63–2.02] nmol•mL-1•min-1 n=73; P < 0.001) and 

asymptomatic carriers (1.18 [0.55–1.96] nmol•mL-1•min-1 n=28; P < 0.05) when compared to the 

control (Fig. 2B). CPN activities proved significantly lower in both carriers (37.8 [31.6–45.0] nmol•mL-

1•min-1 n=102) and non-carriers (37.9 [30.5–43.7] nmol•mL-1•min-1 n=45), as well as in both 

symptomatic (38.5 [32.8–45.6] nmol•mL-1•min-1 n=74) and asymptomatic (37.5 [28.5–41.3] 

nmol•mL-1•min-1 n=28) carriers, compared to healthy donors (46.6 [41.7–50.4] nmol•mL-1•min-1 P < 

0.001; Fig. 2C). ACE activities proved also significantly lower in both carriers (50 [39–65] nmol•mL-

1•min-1 n=101) and non-carriers (56 [49–66] nmol•mL-1•min-1 n=44), as well as in both symptomatic 

(49 [35–59] nmol•mL-1•min-1 n=73) and asymptomatic (58 [44–76] nmol•mL-1•min-1 n=28) carriers, 

compared to healthy donors (P < 0.001). In addition, ACE activity was decreased in symptomatic 

individuals with regard to that of asymptomatic subjects (P < 0.01; Fig. 2D).  

 

 Biology and disease severity groups 

Our study then proceeded to decipher the biological phenotype among different FXII-HAE severity 

phenotypes. Complement parameters and kinin metabolism activities were then investigated for a 

possible association between biological phenotype and disease severity. C1Inh and C4 antigenic 

levels and C1Inh function were similar in all four disease severity groups (data not shown; Kruskal-

Wallis test, P > 0.05). Spontaneous amidase activity was significantly increased in the symptomatic 

patients, irrespective of disease severity, with 2.6 (2.0–4.3) nmol•mL-1•min-1 recorded for 

asymptomatic individuals, 8.3 (5.2-46.2) nmol•mL-1•min-1 for the mild severity group, 9.2 (3.4–28.1) 
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nmol•mL-1•min-1 for the intermediate severity group, and 12.5 (6.9–23.8) nmol•mL-1•min-1 for the 

severe phenotype group (P < 0.001, Kruskal-Wallis test; P < 0.001, Mann-Whitney test for 

asymptomatic vs. mild, asymptomatic vs. intermediate, and asymptomatic vs. severe). APP activity 

was significantly increased in the mild (1.43 [0.70–2.19] nmol•mL-1•min-1), intermediate (1.23 [0.70–

1.62] nmol•mL-1•min-1), and severe disease (1.35 [0.69–2.20] nmol•mL-1•min-1) groups, compared to 

the controls (0.87 [0.41-1.44] nmol•mL-1•min-1; P < 0.01, Kruskal-Wallis test; P < 0.05, Mann-

Whitney test for asymptomatic vs. mild, asymptomatic vs. intermediate, and asymptomatic vs. 

severe). CPN activity was significantly decreased in patients presenting with intermediate (36.3 

[32.9–44.5] nmol•mL-1•min-1) and severe disease (37.9 [31.8–42.6] nmol•mL-1•min-1), in comparison 

with asymptomatic subjects (44.7 [38.5–49.4] nmol•mL-1•min-1; P < 0.001, Kruskal-Wallis test; P < 

0.001, Mann-Whitney test for asymptomatic vs. intermediate, and P < 0.01 for asymptomatic vs. 

severe). No differences, however, were observed between the mild severity and asymptomatic 

groups (data not shown). ACE activity was decreased in all three disease severity groups, with values 

of 54 [46–62] nmol•mL-1•min-1 for the mild severity group, 47 [32–58] nmol•mL-1•min-1 for 

intermediate severity, and 44 [29–61] nmol•mL-1•min-1 for the severe clinical phenotype, in 

comparison with the controls : 64 [53–76] nmol•mL-1•min-1 (P < 0.001, Kruskal-Wallis test; P < 0.01, 

Mann-Whitney for asymptomatic vs. mild and asymptomatic vs. severe and P < 0.001 for 

asymptomatic vs. intermediate). These results suggest that distinct biological phenotypes of FXII-

HAE correlated with disease severity. 

 

 Identification of risk factors for the severe FXII-HAE phenotype 

We tested the recorded differences in biological phenotypes for their relevance to severity groups. 

Risk factors for disease severity were analyzed using logistic regression, initially designed based on 

the observations described in Fig. 2. The most apt model was subsequently selected using the AIC 

and BIC. Model D, which associated C1Inh antigenic level with spontaneous amidase, CPN, and ACE 
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activities, was selected for its capacity to best explain disease severity (likelihood ratio < 0.001). 

From this model, we calculated the odds ratio for the mild, intermediate, and severe phenotypes 

(Fig. 3). Increased spontaneous amidase activity significantly correlated with all three phenotypes, 

with odds ratio values of 1.95 ([95% CI, 1.33–2.86], P < 0.001), 2.15 ([95% CI, 1.48–3.11], P < 0.001), 

and 1.92 ([95% CI, 1.15–3.21], P < 0.05), respectively. Decreased CPN activity was shown to 

constitute a risk factor for disease severity (odds ratio of 0.58 [95% CI, 0.36–0.91]) as regards the 

intermediate phenotype (P < 0.05; Fig. 3). Furthermore, decreased ACE activity was also found to be 

a risk factor for the intermediate and severe phenotypes (odds ratio of 0.36 [95% CI, 0.23–0.59]; P < 

0.001 and 0.34 [95% CI, 0.17–0.69]; P < 0.001, respectively; Fig. 3), with the increased severity index 

in correlation with decreased ACE activity, indicating that ACE activity strongly impacted the disease 

severity. C1Inh antigenic levels did not correlate to any severity index (Fig. 3). As expected from the 

AIC- and BIC-based analysis, APP activity did not correlate with severity (data not shown). In 

conclusion, low kinin catabolism with decreased ACE and CPN was revealed to correlate with a 

severe phenotype of FXII-HAE, a condition favorable to BK accumulation. 

 

Discussion 

This report describes an extended study of FXII-HAE families displaying high inter-individual 

variability of clinical and biological phenotypes. The remarkable variability in carriers observable in 

this group includes both the severity (location and frequency) of attacks and age at symptom onset, 

suggesting the influence of modifying factors. Although FXII-HAE exhibits an autosomal dominant 

transmission, family history is not currently recognized in a third of the cases (12/40 families), and 

there thus remains the possibility that this factor has been overlooked or has gone unrecognized. 

This is consistent with recent reports that advise not defining absence of family history as an 

exclusion criterion for FXII-HAE diagnosis (22, 23). 
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The clinical manifestations were quite similar for both FXII-HAE and C1Inh-HAE (31) . A large 

proportion of FXII-HAE patients (66%) developed severe edemas (laryngeal or abdominal). 

Nevertheless, the frequency of attacks was lower, with 13% and 58% of patients developing more 

than 12 attacks per year for FXII-HAE and C1Inh-HAE, respectively. In addition, the first attacks 

occurred later in the FXII-HAE group than the C1Inh-HAE, with symptoms developing after aged 12 in 

82.5% of FXII-HAE patients (Table. S1) and 62% of those with C1Inh-HAE (28). Consequently, these 

considerations required the severity scaling of Freiberger et al. (28) to be modified for this study . 

nC1Inh-HAE was initially described as preferentially affecting women (22) several affected males 

were included. The family data was consistent with monogenic inheritance of FXII-HAE, with only 

slightly reduced penetrance observed in females and very small penetrance in males. 

 

Complement parameters (C1Inh and C4) were within the normal range, reinforcing the disease’s 

designation as being HAE with normal C1Inh (1). Early observations of nC1Inh-HAE reported that 

C1Inh function transiently decreased during the disease’s active period and remained normal during 

asymptomatic periods (32), associated with the emerging cleaved C1Inh 95-kDa species (33). We 

hypothesized that this C1Inh 95-kDa species could have resulted from the high proteolytic activity 

during active periods. This underlines the relevance of the exact time samples are collected in terms 

of allowing us the opportunity to detect these transient modifications. 

 

Spontaneous amidase activity was increased while ACE and CPN activities were decreased for all four 

severity groups, including both non-carriers and asymptomatic individuals, in comparison with 

healthy donors. This would indicate that BK accumulation in families carrying an F12 mutation is 

emphasized by enzymes influencing kinin formation and degradation. This is consistent with a 

monogenic disease associated with modifying gene effects that is shared within the family. The 
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influence of BK metabolism parameters in clinical phenotype severity provides further support for 

the concurrent argument of kinin metabolism with genetic identification. 

 

A higher APP activity in the intermediate and severe phenotype groups, which was expected 

to reduce the kinin half-life (mainly desArg9-BK), was not identified by logistic regression as 

a protective parameter for FXII-HAE. This directly contrasted to a prior observation where 

low APP activity was retained as a risk factor for C1Inh-HAE severity (20). A significant 

observation made was that ACE activity inversely correlated with severity scores and a 

decrease in CPN in the intermediate and severe groups. These parameters, implemented into 

the logistic regression model (Fig. 3), confer a possible decision for clinical phenotype 

prediction. Even if two first decisional parameters have been identified, the high deviation of 

values in all groups as seen in Figure 2 suggests that other factors could protect from or 

amplify the bradykinin accumulation process.  

 

CPN and ACE are the main catabolic proteases involved in degrading BK, the B2 receptor agonist, 

while desArg9-BK, the B1 receptor agonist, primarily involves APP for its catabolism. Based on the 

present results with FXII-HAE, along with those found with C1Inh-HAE (20), the two following 

hypotheses for the edema etiopathogenesis can be distinguished: FXII-HAE is potentially more 

closely associated with BK and B2 receptors, and C1Inh-HAE with desArg9-BK and B1 receptors, with a 

putative impact observed for the treatment option using an appropriate kinin receptor antagonist 

(34). In conclusion, an F12 mutation is the principal FXII-HAE predictor, with the disease expression 

influenced by individual variations in kinin degradation enzyme activities. 
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Figure Legends 

Figure 1. Symptoms and severity distribution by gender. Male and female carriers (n=118) of the 

c.983C>A mutation were distributed for their asymptomatic phenotype or severity grades. Number 

(percentage). 

 

Figure 2. Biological phenotype. A: spontaneous amidase activity, B: aminopeptidase P, C: 

carboxypeptidase N, D: angiotensin-I converting enzyme. Presentation of data from healthy donors, 

non-carriers (F12 C/C) and carriers (F12 A/C), and asymptomatic and symptomatic carriers. : 

median; : normal range; *: P < 0.05; **: P < 0.01; ***: P < 0.001. 

 

Figure 3. Risk estimate for disease severity with biological phenotype. Odds ratios were calculated 

from the logistic regression model explaining the severity using C1 inhibitor (C1Inh) antigenic level 

and carboxypeptidase N (CPN), angiotensin-I converting enzyme (ACE) and spontaneous amidase 

activity data. The vertical bar represents the odds-ratio. : 95% CIs. The Wald test was used to 

calculate P value. 
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