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Background: Hereditary angioedema (HAE) is a rare autosomal dominant disease; the
most well understood forms concern the haplodeficiency of C1 esterase inhibitor (C1INH)
and a gain of function mutation of factor Xl (FXIl). The acute forms of these conditions
are mediated by an excessive bradykinin (BK) formation by plasma kallikrein.

Methods: A validated LC-MS/MS platform of picomolar sensitivity developed for the
analysis of eleven bradykinin-related peptides was applied to the plasma of HAE-C1INH
and HAE-FXII sampled during remission.

Results: In HAE-C1INH plasma, the concentrations of the relatively stable BKy_5
fragment (mean + S.E.M.: 12.0 £+ 4.2 pmol/L), of BKo_g (0.7 4+ 0.2 pmol/L) and of the
sums of BK and its tested fragments (18.0 4+ 6.4 pmol/L) are significantly greater than
those recorded in the plasma of healthy volunteers (1.9 4 0.6, 0.03 4 0.03 and 4.3 +
0.8 pmol/L, respectively), consistent with the previous evidence of permanent plasma
kallikrein activity in this disease. Kinin levels in the plasma of HAE-FXII patients did not
differ from controls, suggesting that triggering factors for contact system activation are
not active during remission.

Conclusion: BK;_5, BKo_g and the sum of BK and its fragments determined by the
sensitive LC-MS/MS technique are proposed as potential biomarkers of HAE-C1INH in
remission while this was not applicable to HAE-FXII patients.

Keywords: hereditary angioedema, bradykinin, F12 variant, SERPING1 variants, LC-MS/MS

Frontiers in Allergy | www.frontiersin.org

1 February 2022 | Volume 3 | Article 837463


https://www.frontiersin.org/journals/allergy
https://www.frontiersin.org/journals/allergy#editorial-board
https://www.frontiersin.org/journals/allergy#editorial-board
https://www.frontiersin.org/journals/allergy#editorial-board
https://www.frontiersin.org/journals/allergy#editorial-board
https://doi.org/10.3389/falgy.2022.837463
http://crossmark.crossref.org/dialog/?doi=10.3389/falgy.2022.837463&domain=pdf&date_stamp=2022-02-11
https://www.frontiersin.org/journals/allergy
https://www.frontiersin.org
https://www.frontiersin.org/journals/allergy#articles
https://creativecommons.org/licenses/by/4.0/
mailto:francois.marceau@crchudequebec.ulaval.ca
mailto:francois.marceau@crchudequebec.ulaval.ca
https://doi.org/10.3389/falgy.2022.837463
https://www.frontiersin.org/articles/10.3389/falgy.2022.837463/full

Marceau et al.

Kinins in HAE Plasma

INTRODUCTION

Hereditary angioedema (HAE) is an autosomal dominant group
of disorders that are determined by several gene variants proven
or postulated to be permissive for bradykinin (BK) production,
and possibly repressive for its degradation, with ensuing action
on the endothelial BK B, receptors and localized edema of
subcutaneous and submucosal tissues (1, 2). Many variants of the
SERPINGI gene encoding Cl esterase inhibitor (C1INH) with
impaired expression or function cause the most common form
of HAE (types 1 and 2, respectively). A rarer form of HAE with
normal C1-INH levels is caused by mutation of genes encoding
coagulation factor XII (FXII, FI2 gene) (3); further, several
other causal gene variants have been identified, some plausibly
associated with the kallikrein-kinin system (plasminogen PLG
and kininogen KNGI) (1). The most common variants of FXII
causing HAE-FXII introduce new sites of cleavage by plasmin
that accelerate cleavage by this protease, a basis for a gain of
function in the contact system (4). However, for many patients,
no mutation or abnormalities have been yet found and they may
differ in several aspects including gender distribution, genetics,
symptoms, and impact of estrogens.

The nonapeptide BK, formed by plasma kallikrein from
high molecular kininogen (HK), is inherently unstable in
blood plasma with a half-life in the order of 30 sec (5, 6).
Several peptidases located in plasma or expressed at the surface
of endothelial cells hydrolyze BK in live rats: in decreasing
order of importance, angiotensin-I converting enzyme (ACE),
aminopeptidase P, and neutral endopeptidase (7). Dipeptidyl
peptidase IV and arginine carboxypeptidases have only marginal
roles in the inactivation of BK in vivo. Single, repeated, or
combined actions of these peptidases potentially generate many
BK fragments, some of which were identified by high pressure
liquid chromatography (HPLC) from concentrated synthetic
BK incubated in plasma, serum or other peptidase sources (8,
9). Notably, the BK;_s fragment, generated by 2 successive
hydrolytic reactions catalyzed by ACE, is relatively stable and
reportedly accumulates, notably after the infusion of synthetic
BK in humans (10). Plasma BK;_5 also increases in acquired
angioedema associated with therapeutic ACE inhibition (11), as
BK breakdown inhibition may also result in angioedema.

Using a validated liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS) platform of picomolar
sensitivity developed for the analysis of eleven bradykinin-
related peptides (12-16), we addressed the presence of BK-related
peptides in the plasma of patients with HAE-C1INH and HAE-
FXII during remission. We hypothesized that some of these
peptides, including BK;_5, might be biomarkers of these forms
of the disease, even if the buffering activity of kininases kept
the patients symptom-free (kinin levels below a pharmacologic
threshold for vascular effects).

MATERIALS AND METHODS

Human Subjects
The local ethical review board (Comité d’éthique de la recherche,
CHU de Québec-Université Laval) granted ethical approval

to carry out the study involving blood donations from adult
healthy volunteers and HAE patients 16 years old or older from
the Province of Quebec, Canada (file no. 2022-6044). Locally
recruited healthy volunteers also participated under the same
ethical approval. All subjects gave written informed consent.
Patient characteristics are listed in Tables 1, 2 and their blood
was withdrawn when in remission. HAE patients received various
prophylactic treatments that were not interrupted during the
study (Table 2). Six female and one male patients heterozygotes
for p.Thr328Lys in FXII (also known as T309K in reference
to mature FXII sequence; 1032C>A in FI2) were recruited.
They were of Mediterranean descent. All HAE-FXII subjects,
except the completely asymptomatic young male (subject F2),
were included in a previous study (6); the molecular diagnostic
procedures were described in that report. All HAE-FXII female
patients, except one (subject F6), suffered from an essentially
estrogen-dependent form of the disease, during pregnancies,
oral contraception, or estrogen administration for menopausal
symptoms. None of these conditions were present at the
time of blood sampling. HAE related to SERPINGI variants
(haplodeficiency of CIINH) concerned well characterized
patients diagnosed using low antigenic C4 levels, functional C1-
INH measurements and familial history.

Blood Sampling for Kinin Analysis

Blood of adult healthy volunteers and HAE patients was sampled
in protease-inhibitor prespiked EDTA S-Monovettes®) (Sarstedt,
Niimbrecht, Germany). The applied seven-component protease
inhibitor was previously shown to efficiently stabilize kinin levels
ex vivo (14). In addition, a standardized procedure was applied
for blood sampling to control impacts of blood sampling on
generation of BK levels (16). In short, blood was sampled via
butterfly needles with the aspiration technique. After blood
sampling, kinins were centrifuged within 30 min and plasma was
frozen and stored at —80 °C until analysis.

LC-MS/MS Determination of Kinins

Kinins were measured based on a validated LC-MS/MS platform
(15) being extended specifically for the present study. In
comparison, an enhanced lower limit of quantification was
achieved and the extend of measured kinins was increased to
eleven (BK, BKj_g, BK,_9, BK;_7, BKj_s, Hyp>-BK, Hyp’-
BK;_s, KD, KD;_g, Hyp*-KD, Hyp*-KD; ). To prove the
validity and collection of high-quality data, all measurements
were handled within a quality control system. The determination
was conducted according to Good Clinical Laboratory Practice.
Concentrations of unknown samples were reported up to the
detection limit; values below this threshold were set to zero.

Data Analysis

Numerical values are reported as means =+ standard errors of
the mean (S.E.M.), a distribution-free assessment of mean value
uncertainty. Sets of values were compared with Kruskall-Wallis
test (non-parametric ANOVA) followed by Dunn’s multiple
comparison test to compare selected pairs of values (Prism 5.0,
GraphPad Software Inc., San Diego, CA).
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TABLE 1 | Summary of the pilot study (all HAE patients seen in remission).

Group Age + S.E.M. Number of subjects Number of female subjects Sum of BK and fragments + S.E.M. (pmol/L) *
Healthy volunteers 53.8 +4.7 9 7 43+0.8
HAE-FXII 37.6 4.7 7 6 74 +15
HAE-C1INH 50.1 +£ 6.4 9 7 18.0+6.3

*Statistics reported in Figure 1.

TABLE 2 | Characteristics of patients with HAE.

No. Sex, age range HAE type* Prophylactic treatment** Last dose of prophylaxis before sampling Sum of BK and fragments (pmol/L)
H1 F, 61-65 1 Berinert 2 weeks 16.46
H2 F, 66-70 2 None 1.70
H3 F, 21-25 1 Haegarda 1 day 8.28
H4 M, 71-75 1 Berotralstat 14h 64.39
H5 F, 26-30 1 Haergarda 1 day 3.54
H6 F, 51-55 1 Haegarda + Berinert 2 days 8.56
H7 M, 61-65 1 Berotralstat 14h 27.56
H8 F 41-45 1 None 16.20
H9 F, 31-35 1 Berinert 2 days 16.17
F1 F, 46-50 F12 T328K Tranexamic acid 2h 11.82
For M, 16-20 F12 T328K None 1.60
F3 F, 41-45 F12 T328K None 10.88
F4 F, 26-30 F12 T328K None 9.72
F5 F, 36-40 F12 T328K None 8.62
FE* " F, 51-565 F12 T328K None 6.23
F7 F, 36-40 F12 T328K None 3.05

*Types 1 and 2 are variants of C1INH haplodeficiencies. **Berinert and Haegarda are C1INH concentrates. ***Son of F1. ****mother of F4, F5, F7.

RESULTS

Three groups of subjects were included in this pilot study:
healthy volunteers and patients with HAE-FXII or HAE-C1INH
(demographic data reported in Table 1). The concentrations of
kinin peptides measured in the plasma of venous blood samples
are illustrated in Figure1 for the 3 groups of subjects. The
physiopathology of both forms of HAE involves plasma kallikrein
that directly releases BK from HK (2). BK concentrations in all
three groups are extremely low in the samples (<10 pmol/L,
Figure 1), consistent with its short half life and catabolism
by multiple peptidases. This finding is in line with measured
values in a larger cohort of 24 healthy adults using the same
LC-MS/MS method (data not yet published). Low levels were
further observed for the primary BK metabolite generated by
ACE, BK;_7. However, BK| _5, produced by a further reaction of
BK;_7 with ACE, has a better stability (8-10) and is a potential
biomarker of HAE-C1INH, as its concentration is significantly
higher in this group than in controls (Figure 1). On the other
hand, BK;_s5 concentrations in HAE-FXII plasma did not differ
significantly from those of healthy volunteers.

The metabolites of BK generated by alternate peptidases
were examined. Arginine carboxypeptidases (carboxypeptidases
N, M) produce BKj_g; this peptide was not informative in the

present study (Figure 1). Aminopeptidase P is the second-most
important BK clearing peptidase in vivo, after ACE (7). The
concentration of the resulting BK,_o fragment, itself biologically
inactive (17), is nevertheless the most discriminative biomarker
of HAE-CI1INH in the present study despite its very low
concentration (Figure 1). BK,_9 remains mostly undetectable
in the plasma of HAE-FXII patients. A further analysis was
attempted by adding up the non-overlapping concentrations of
BK, BK;_7, BK;_5, BK;_g and BK;_g, based on the assumption
that their sum may represent the minimal kinin concentration
generated by plasma kallikrein, despite their different half-life
and the limited selection of peptides. The sums are significantly
higher in the HAE-C1INH patients than in healthy volunteers,
the values from HAE-FXII patients remaining similar to those of
controls (Figure 1, Table 1).

A fair proportion of kininogen molecules in the circulation
are affected by a post-translational hydroxylation of the proline
residue that coincide with Pro® in the BK sequence (Pro*
in kallidin = Lys-BK) (18, 19). Whether the hydroxyproline
(Hyp)-containing kinin are preferentially released from either
form of kininogens by either form of kallikreins is not
clear at present, but the pharmacology of Hyp>-BK does not
quantitatively differ from that of BK for interaction with the
human B, receptor (20, 21). However, the applied LC-MS/MS
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FIGURE 1 | Top rows: concentration of various BK-related peptides determined in the plasma of venous blood from healthy volunteers or patients with HAE-FXII or
HAE-C1INH in remission (demographic data in Table 1). An additional panel (second row, right) shows the sum of BK and its fragments for each individual, presumed
to represent the minimal concentration of kinins derived from plasma kallikrein activity. Bottom row: concentration of additional kinins. Individual values are shown.
Horizontal bars are the mean, and the intervals the S.E.M. The Kruskall-Wallis test was applied to compare the effect of diagnostic categories. When significant,
Dunn’s multiple comparison test was applied to compare the values from each type of HAE patients to those of the healthy controls. *P < 0.05; **P < 0.001. Arrows
indicate metabolic derivation of peptides from BK or Hyp®-BK via the action of peptidases. ACE, angiotensin-I converting enzyme; APP, aminopeptidase P; Arg-CP,
arginine carboxypeptidases; BK, bradykinin; Hyp, hydroxyproline; KD, kallidin (= Lys-BK); S.E.M., standard errors of the mean.

technique readily differentiate kinins possessing the Hyp residue
owing to a different molecular weight. Validated tests for
Hyp®-BK and Hyp>-BK;_g showed no differences between
the 3 groups of subjects (Figure 1). Measurements of Hyp>-
BK;_s or Hyp’-BK,_g, possibly more discriminative, were
not available.

Kallidin (KD Lys-BK) is formed by the action of
tissue kallikrein, mostly on low molecular weight kininogen
(22). It is not believed that HAE-FXII or HAE-CIINH
involve tissue kallikrein; rather, plasma kallikrein is a validated
target for the development of prophylactic drugs such as
lanadelumab, berotralstat and ecallantide for the prophylaxis
of classical HAE attacks (23, 24). KD, Hyp*-KD and their
1-9 fragments (with Arg!® removed) were measured in
the plasma of the 3 groups of subjects. Concentrations

generally remained very low and independent of the diagnostic
category (the sums of the 4 peptides are illustrated in
Figure 1).

Examination of sex or prophylactic treatments did not provide
obvious explanations for extreme values of kinin concentrations
in the patients with HAE group (Table 2 reports individual values
of the sum of BK and fragments).

DISCUSSION

Technological developments based on LC-MS/MS now supports
the detection of several kinins with picomolar sensitivity and
high reproducibility in biological fluids (12-16). The inclusion
of biologically inactive fragments allows addressing the relative
effects of various peptidases known to hydrolyze BK-related
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peptides. The presence of cleaved HK in the blood of HAE-
C1INH is well established during remission (25, 26) as well
as a spontaneous plasma kallikrein activity (measured as the
hydrolysis of synthetic HD-Pro-Phe-Arg-pNA) (27, 28). These
results suggest a continuous formation of BK during remission in
HAE-CI1INH. While kinins are short-lived mediators in vivo, we
hypothesized that the exquisitely sensitive LC-MS/MS detection
of kinins might pick up bioactive kinins and their metabolites
during remission of HAE-C1INH in a small sample of patients
mostly under pharmacologic attack prophylaxis. It is a tribute
to the detoxifying of multiple catabolic pathways that kinin
concentrations in the venous blood were exceedingly small in
all groups; even in the HAE-C1INH patients, the sum of BK
and its fragments remained below a threshold for a biological
activity mediated by the BK B, receptors. The concentration
of the relatively stable metabolite BK;_s5 generated from BK by
ACE was significantly higher in these patients than that recorded
in healthy volunteers, albeit with some overlap. The summed
concentration of BK and its fragments was also significantly
higher (Figure 1). An unexpected result was that the BK; o
fragment, generated from BK by aminopeptidase P in a single
step, behaved as a potential discriminative biomarker of HAE-
C1INH, although the concentrations of BK; ¢ were low in
absolute values.

A relatively common form of HAE with normal C1INH
involves a mutated FXII; the T328K or T329R substitutions
introduce a new cleavage site for plasmin (4) and perhaps
thrombin (29). Uncontrolled activation of plasma kallikrein is
the consequence of this unconventional FXII cleavage. Although
spontaneous cleavage of HK was anecdotally reported in HAE-
FXII during remission (30), the plasma kallikrein enzymatic
activity generally remained low; however, this activity definitely
increased during attacks of HAE-FXII (27). We did not evidence
increased concentration of kinin peptides in HAE-FXII patients
in remission (Figure 1) and this must reflect the absence of
triggering factors for the activation of the kallikrein-kinin system.
The activation of the T328K mutant of FXII is postulated to occur
during coagulation and fibrinolysis (4, 29), irrelevant processes
in our patient sample, as well as the influence of estrogens.
Indeed, attacks of HAE-FXII are particularly determined by
the hormonal status, very rare in males and associated with
estrogens as in pregnancies, oral contraception, and hormonal
supplement for menopausal symptoms (31). On note, one of
our female patients (subject F6) was never affected by attacks,
although her 3 daughters were symptomatic in an estrogen-
dependent manner in the past. These patients were included in a
previous study where the patients’ citrated plasma was incubated
ex vivo and stimulated with recombinant tissue plasminogen
activator to activate plasmin. Relative to control plasma, an
explosive and rapid production of BK was observed in plasmas
from all HAE-FXII patients including F6 (enzyme immunoassay
of BK corroborated with signaling measurements in cells that
expressed the human B, receptors) (6). These sharp differences in
laboratory findings suggest that assessing ex vivo kinin formation
is a promising complementary approach to investigate HAE with
normal level of C1INH, especially if the very nuanced LC-MS/MS
technique is exploited to quantify multiple kinin peptides.

KD is generated by tissue kallikrein (22); this form of
secreted kallikrein is not relevant to the contact system and,
therefore, to the physiopathology of the examined types of
HAE. Of interest, the metabolite of KD generated by arginine
carboxypeptidases, KD;_g (or Lys-des-Arg’-BK) is the optimal
agonist of the human kinin B; receptor (32). The sum of KD
and its fragments remained low and uninfluenced by HAE
(Figure 1); such peptides may derive from alternate physiological
or pathological processes. KD and KD _g were identified in nasal
lavage fluid collected in healthy volunteers (13). However, the
removal of the N-terminal Lys residue from these peptides by
aminopeptidase N (CD13) (33) could potentially “contaminate”
the concentration values of BK and its fragments to a small extent.

The limitations of the present pilot study are that the number
of subjects is small, that the HAE patients were not seen during
attacks and that many were under prophylactic treatments.
Further, the detection of the most relevant fragments of Hyp?-BK
were not presently clinically validated.

In conclusion, the concentrations of BK;_s5, BK,_g and the
sum of BK and its fragments determined by a sensitive LC-
MS/MS technique are proposed as potential biomarkers of
HAE-CI1INH in remission. This was not applicable to HAE-
FXII, although excessive stimulated ex vivo BK generation was
previously demonstrated. Future work based on the LC-MS/MS
technique applied to ex vivo generation of multiple kinin peptides
by standardized stimuli (6, 34, 35) is warranted to address the
physiopathology of other HAE forms with normal C1INH level,
especially because the spontaneous activity of tissue kallikrein
is often low in these patients (27). The detection of multiple
kinin metabolites is also ideal to address the effect of genetically
determined deficiencies in kininase expression, postulated to
interact with other causal genes for the severity of HAE states
(1, 36).
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