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Multiple pathways have been proposed to generate bradykini (BK)-related peptides
from blood. We applied various forms of activation to fresh lbod obtained from 10
healthy subjects or 10 patients with hereditary angioedemgHAE-1 or 2 only) to
investigate kinin formation. An enzyme immunoassay for BK ag applied to extracts
of citrated blood incubated at 37 C under gentle agitation for 0-2 h in the presence of
activators and/or inhibitory agents. Biologically activkinins in extracts were corroborated
by c-Fos accumulation in HEK 293a cells that express eitherecombinant human B,
or B; receptors (B;R, B1R). Biological evidence of HAE diagnostic and blood cell
activation was also obtained. The angiotensin convertingreyme inhibitor enalaprilat,
without any effectper se, increased immunoreactive BK (iBK) concentration under give
stimulation of blood. Tissue kallikrein (KLK-1) and Kont&@PTT, a particulate material
that activates the contact system, rapidly (5min) and intesely & 100 ng/mL) induced
similar iBK generation in the blood of control or HAE subjest Tissue plasminogen
activator (tPA) slowly (1h) induced iBK generation in control blood, but more rapigi
and intensely so in that of HAE patients. Effects of biotechsiogical inhibitors indicate that
tPA recruits factor Xlla (FXIla) and plasma kallikrein torggrate iBK. KLK-1, independent
of the contact system, is the only stimulus leading to an incesistent B;R stimulation.
Stimulating neutrophils or platelets did not generate iBKIn the HAE patients observed
during remission, iBK formation capability coupled to BR stimulation appears largely
intact. However, a selective hypersensitivity to tPA in thielood of HAE patients suggests
a role of plasmin-activated FXlla in the development of attés. Proposed pathways of
kinin formation dependent on blood cell activation were notorroborated.

Keywords: B2 receptors, bradykinin, hereditary angioedema
plasminogen activator

with C1 inhibitor de ciency, kallikreins, tissue
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INTRODUCTION
plasminogen
The serine protease tissue kallikrein-1 (KLK-1) generaadigdin tPAl ADP? platelet
(Lys-BK) mainly from circulating low-molecular-weight neutrophil
kininogen (LK), whereas plasma kallikrein, a component of the A @ EMAIIEES
contact activation system, generates bradykinin (BK)wesieely o m .
from high-molecular-weight-kininogen (HK) 1 2) (schematic Bl FXllaY ™ Do e FMLP?
representationfFigure 1). Both peptides are equipotent agonists
of the preformed endothelial Breceptor (BR) (3). Lys-des- /\ CLINH
Arg®-BK, a metabolite produced by carboxypeptidases M and/ar prekallikrein e
N, is the optimal agonist of the inducible human Beceptor Pasma PR3
(B1R) (3). KLK-1 is located in cardiovascular tissue; its release
and maturation processes are not fully de ned, but this pretea DX-2300 nactve HK Met-Lys-BK-Ser-Ser
is important in abating the consequences of local ischemia, 1
controlling local blood ow (as in ow-dependent vasodilath), KLK-1 g ACE|———enalapriat. ———| ACE
and promoting angiogenesig)( AP
Decreased expression or function of C1 inhibitor (C1-INH, LK TSSO N Met-Lys-BK

product of theSERPINGXhene) is the molecular basis of type /
1 and 2 hereditary angioedema (HAE-1, HAE-2), respectively, CPl \
with ensuing uncontrolled consumption of HK and massive B.R v atibant
BK generation during attacks5). Neutrophils are known to Lys-des-Arg®-BK —— =
be massively activated during HAE attacks).(The serine
proteinase-3 (PR3) secreted by activated neutrophils, reglgrte
generates Met-Lys-BK-Ser-Ser from HK).(A synthetic form FIGURE 1 | Schematic representation of some of the established or propsed
of this peptide, does not bind to either,Bs or BRs, but pathways offormation of BK-related peptidgs..s'elected séne protea}ses are
can be converted by peptidases such as angiotensin convertjn{§Presened in boldface. Selected enzyme inhibitors are presented in red.

X . imuli applied in this work to trigger kinin formation in wle blood are named
enzyme (ACE) that remove the Ser-Ser C-terminal eXtenSlonwith a shaded background. ACE, angiotensin converting enaye; AP,
(8), thus generating peptides that can potentially bindRB and aminopeptidase; B R, By receptor; BoR, B, receptor; BK, bradykinin; CP,
B1R (Figure 1). Further, neutrophils and monocytes reportedly| carboxypeptidase; FMLP, N-formyl-methionyl-leucyl-pheylalanine; FXII, factor
contain KLK-1 that can be secreted?, (10). Alternatively, XII;.HK, high_mo.lecularweight kininogen; IL-8,_ ipterleukin;—iKLK—l, ka!likreinl
the neutrophil extracellular trap (NET) formation by actbeal or tissue kalllkre|.n; LK, low molecular wgght kininogen; BT, neutrophil .

X X A |_extracellular trap; PMA, phorbol 12-myristate 13-acetatePR3, neutrophil

neutrophils may also activate the contact system since NETSgteinase-3; tPA, tissue plasminogen activator.

represent an extracellular surface of histone bound to DN
(11). Other genetic determinants of angioedema states include
mutations of factor Xl (FXII) and plasminogen geneB1@
PLG (12 13), presumably leading to brinolysis activation
(14). The activation of plateletsLg) and complement through
the lectin pathway 16) may trigger kinin generation as
well. Further, drug-induced angioedema/anaphylactoidtesta
including those associated with ACE inhibitor or recomhina
tissue plasminogen activator (tPA) administration, mayadtvwe
kinin generation and kinin receptor stimulatiorLg, 18). While METHODS
ACE is the major kinin-destroying peptidase in the extradaliu
uid ( 19, 20), ACE inhibitor-induced angioedema is reportedly Human Subjects
resistant to the plasma kallikrein inhibitor ecallantidedato the ~ The local ethical review board (Comité d'éthique de la reche,
B2R antagonist icatibant(l, 22). CHU de Québec-Université Laval) granted ethical approval to
Drug-induced, hereditary, acquired, or idiopathic angieeth  carry out the study involving blood donations from adult Higdssy
attacks may result from various kinin formation pathwaysttha volunteers and unrelated HAE patients with C1-INH de ciency
are perhaps additive, interacting or that have lost inhibjtor (les no. 2016-2263 and 2018-3857). Patient charactesistic
control. While plasma kallikrein has a central role in HAE-1,are listed inTable 1 and their blood donation was obtained
HAE-2, and angioedema due to acquired C1-INH de ciency, theduring a remission period. Most HAE patients received a
role of KLK-1 and cellular elements (leukocytes, platelats) prophylactic treatment of plasma-derived C1-INH (Berinert,
not been ruled out in the initiation of kinin-mediated vadan CLS Behring, Ottawa, Canada), which was not interrupted
disorders. We addressed the formation of BK in whole bloodor the study. Biological evidence of C1-INH de ciency was
from healthy subjects or HAE patients (HAE-1 or2 only, obtained in the form of antigenic complement C4 levels in
sampled during remission) in response to a standardized set phtient serum (kinetic nephelometric assay, Dimension Vista
stimuli to validate several of the proposed pathways of kinirsystem, Siemens, Munich, Germany) and functional C1-INH

formation. An enzyme immunoassay of BK-like peptides was
complemented by cell signaling through recombinantRBor
B;1R for con rmation of the generation of active agonist(s). The
mechanism of kinin formation was also addressed using modern
biotechnological inhibitors of serine proteases.
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measurements (based on the inhibitory activity on C1s usingein (31) and also from preliminary experiments addressing iBK
a chromogenic substrate, Technochrom C1-INH, Diapharmarelease from blood. The usual concentration of Kontact-APTT

West Chester, OH). (20%) is a fraction of that recommended for the coagulatist te
(50% v/v); that of tPA is taken from Molinaro et all§). The
Enzyme Immunoassay (EIA) of BK tubes were incubated under mild rotary agitation (60~70 rpm)

Venous blood was collected without contact with glass ihegit in a 37 C water bath for 0-120 min. At the end of incubation,
plastic blood collection tubes with 0.11 M sodium citrate (BD4 ml of cold ( 20 C) absolute ethanol was added to each tube;
Vacutainer Plus, BD Biosciences, Franklin Lake, NJ) or imdlo this procedure precipitates most proteins, stops kinin genenatio
collection bags containing the same amount of sodium airat and catabolism and allows full recovery of kinins in solatio
Fresh blood was kept at room temperature under gentle agitatio(82, 33). The tubes were centrifuged (2,400 g, 20 mirC} the

for 1 h or less. Most BK measurements were performed in wholelear supernatant recovered and evaporated overnight toeyn
blood extracts. Each experimental point was obtained usiflg 80n a SpeedVac apparatus. The extracts were stored8&tC

ml of fresh citrated blood transferred to a polypropylene testu  until used for BK determination; then, they were reconsit
activators or inhibitors were added to test various pathwalys with 800 m of distilled water, further diluted 100-fold (1,000-
kinin generation Tables 2 3); one parallel set of tubes contained fold for selected samples) with the supplied EIA buer and
the ACE inhibitor enalaprilat ( nal concentration 130nM) to directly applied in duplicate to the BK EIA as recommended
protect BK from rapid inactivation 30) since ACE is by far by the manufacturer (Phoenix Pharmaceuticals, Burlingame,
the major kinin-destroying peptidase in the extracellulardin ~ CA; cat. no. EK-009-01; 96-well plate format). According to
plasma andn vivo (19, 20). The concentration of KLK-1 used the manufacturer, the antibodies used to detect BK fully sros
in most experiments (10 nM) is derived from the concentration-react with Lys-BK, but not with des-APgBK. We extended this
response for its contractile e ect of the isolated human undaili  veri cation to additional sequences (see Results). Wholedlo

TABLE 1 | Characteristics of patients with HAE with C1-INH de ciency (3nales, 7 females).

No. Age range (year) HAE type Approximate Prophylactic C4 (g/l) C1-inh (%)

frequency of attacks: treatment

every
1 65-69 1 1 week Berinert 0.11 30.5
2 25-29 2 6 months None 0.09 14.1
3 20-24 1 4 months Berinert 0.12 28.5
4 25-29 1 2 weeks Berinert 0.15 33.7
5 60-64 1 1 month None 0.09 12.4
6 55-59 1 4 months Berinert 0.17 38.5
7 50-54 2 Few days Berinert 0.20 7.4
8 50-54 2 Few months Berinert 0.14 46.9
9 15-19 1 Few months Berinert 0.11 11.4
10 40-44 1 Frequent before Berinert 0.10 3.9

prophylaxis

TABLE 2 | Tested stimuli or potentiator of BK formation.

Stimulus Final concentration in whole Postulated site of activation Source
blood or plasma

Recombinant KLK-1 1-10nM LK cleavage Donated by DiaMedica, Inc.

Paci ¢ Hemostasis Kontact-APTT 4-20% v/v without the calcium Contact system activation ThermoFisher Scienti c
supplement

Cytochalasin BC f-Met-Leu-Phe 5mg/ml C 1 mM, respectively Secretion of PR3 from neutrophil2@) Sigma-Aldrich

Phorbol 12-myristate 13-acetate (PMA) M NETosis in neutrophils{1) Sigma-Aldrich

Recombinant interleukin-8 (IL-8) 25ng/ml NETosis in neutrdyls ¢4) Sigma-Aldrich

Recombinant tPA (alteplase, Cath ow) 169nM Fibrinolysis Rine

Adenosine Sdiphosphate, sodium salt (ADP) 50-60nM Platelet aggregation/secretion Z5) Sigma-Aldrich

Collagen 4 mg/ml Platelet aggregation/secretion Chrono-Log

Thrombin receptor-activating peptide (TRAP-6) 16M Platelet aggregation/secretion Bachem AG

kaolin suspension (CK-Prest Stago reagent) 20% viv Contactystem activation Stago

Enalaprilat 130nM ACE inhibition Kemprotec Ltd. (Maltby, UK)
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TABLE 3 | Tested inhibitors of BK formation/effects.

Inhibitor Final concentration in Postulated site of inhibition Source
whole blood or
plasma
M202-H03: human mAb; close analog of 1mM Inhibitor of plasma kallikreinZ6) Donated by Shire Intl. GmbH
lanadelumab
EPI-KAL2: recombinant Kunitz inhibitor; 1mM Inhibitor of plasma kallikreinA7) Donated by Shire Intl. GmbH
close analog of ecallantide
DX-2300: human mAb 1mM Inhibitor of KLK-1 ¢8) Donated by Shire Intl. GmbH
DX-4012: human mAb 1mM Inhibitor of factor XI129) Donated by Shire Intl. GmbH
Corn trypsin inhibitor 4mM Inhibitor of factor Xlla Enzyme Research Laboratories, Souend,
IN, USA
C1-inh (Berinert) 1 U/ml Inhibitor of plasma kallikrein, factor CSL Behring Canada, Ottawa, Canada
Xlla
icatibant 0.1-1mM BK B,R antagonist Donated by Shire Intl. GmbH

samples stimulated with neutrophil or platelet agonists werat 100C and then centrifuged at 12,000x g for 10 min. Total
submitted to the veri cation of cellular secretion, NET foation  protein concentrations in supernatants were then determined

or platelet aggregation (see below). using the bicinchoninic acid protein assay (Pierce, Rockford,
IL, USA). Twenty- ve micrograms of total proteins were run
Immunoblots for c-Fos Signaling on a 9% SDS-polyacrylamide gel electrophoresis and trandferre

Like other antibody-based assays for BK, the ElA is likehgwt  © @ polyvinylidene di uoride membrane. The blots were then
with C-terminal BK fragments that have no biological acgvit incubated 1h at room temperature in blocking bu er [washing
(e.g., des-ArBK) (32). Therefore, verifying the agonist status of PU €7 (10mM Tris pH 7.5, 100mM NaCl, 0.1% Tween 20)
the extracts is necessary. A subclone of HEK 293 cellgj ¢4l containing 5% skimmed milk]. The primary antibody was
293a, originally obtained from Sigma-Aldrich (St. Louis, MO added for |ncupat|on overnight at £ in fresh blocklng bu er.

was used in all signaling experiments; these cells do not espré-F0S expression was assessed using K-25 rabbit polyclonal
signi cant endogenous populations of eitherfs or BRs. Cells antibodies (Santa Cruz Biotechnology; dilution 1:50,000p
were grown in Dulbelcco's modi ed Eagle's medium (DMEM) rabbit monqclonal antibody (mAD) (clone 9F6, dilution 1000,
supplemented with 10% fetal bovine serum, 1% L-glutaminés€!l Signaling Technology). The membranes were washed for
and penicillin-streptomycin. The agonist action of syntgeti >0 Min in washing bu er at room temperature before adding
peptides and blood extracts on recombinant kinin receptordN® appropriate secondary antibody (horseradish peroxidase-
was investigated in HEK 293a cells using the accumulatiofi?™ugated, preadsorbed grade; Jackson ImmunoResearch Labs
of the transcription factor c-Fos, a distal signaling resgonsWest Grove, PA) for 1h at room temperature in blocking bu er.

to the stimulation of various receptor-ligand systems, iithg |1 "€ membranes were washed in washing bu er for another
the BR (34). Cells stably expressing the human myc-tagge§0 min and then the antibodies were revealed using the Western

B;R (myc-BR) were useddl), whereas the expression vector Blot Chemoluminescence Reagent Plys (NEN Life. Science
encoding human BR (construction and validation reported Prodl_Jcts)_, as directed. Eq_ual track loading was further egr

in Figure S1 and its legend,Supplementary material was py m|grat|ng_ and transfgrnng the same samples_ sepa_rat_ely and
transfected in other pre-plated HEK 293a cells as describdgmunoblotting forb-actin (mAb from Sigma-Aldrich; dilution
(395. Cells generally plated 6-well plates (occasionally in 24:50,000).

c? asks) were maintained in 2ml of culture medium (3 ml

for asks) containing 10% heat-inactivated serum. 48 h rafte .

the transfection (for BRs) or as soon as the cells covered th&sLISA of Proteins Secreted From

surface (for myc-BRs) the adherent cells were stimulated Phagocytic Leukocytes or Platelets

situ for 1 h at 37C with diluted blood extracts or synthetic To document the secretion of granule contents by neutrophils
kinins. For the analysis of c-Fos in total cell lysates, thieuce  or platelets in stimulated blood samples, we measured
medium was removed and adherent cells were washed onoeyeloperoxidase (MPO) and platelet factor-4 (PF4), respegtivel
with ice-cold PBS. Then, boiling lysis bu er containing 10 mM Tubes containing 800m of citrated blood were stimulated
Tris pH 7.4, 1.0mM NgVO4, 1mM PMSF, one tablet of for 60 min (MPO) or 5min (PF4) at 37T with cytochalasin
Complete Mini protease inhibitor cocktail per 10ml (RocheB C f-Met-Leu-Phe, ADP or IL-8 (same concentrations as in
Diagnostics, Mannheim, Germany) and 1.0% SDS was appliekperiments dealing with iBK measurements, Baae 2). Then,

to adherent cells after the removal of PBS. The lysates wettee samples were rapidly centrifuged (12,0009, 1min), the
removed, transferred to Eppendorf tubes, homogenized by plasma harvested and stored a80 C. Thawed plasma samples
passes through a 27-gauge needle, further incubated for 5 mimere diluted 1:100-1:1,000 in the assay bu ers and applied to
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ELISA determination of MPO and PF4 (separate kits from R&
Systems, cat. no. DMYE 00B and DPF40, respectively). A 0.25 l
Aggregometer Studies of Citrated Blood T 02- l
Whole blood aggregometry and lumiaggregometry were 2 P=10*
performed using two 2-channel Chrono-Log 700 aggregometers E 0.154
(Havertown, PA). Citrated venous blood (8610)) was introduced 3 I
in plastic cuvettes and pre-incubated for 5min at @7with . l
130 nM enalaprilat, then stimulated in stirring conditions,200 | 2 0-17
rev/min) with 60mM ADP or 4mg/mL collagen (Chrono-Log) ©
for 5, 15 or 30min. Luciferase was added to each sample togy 0.05-
monitor ATP release (nal total volume: 1ml) and platelet
aggregation was recorded by impedance measurement. The 0
reaction was stopped by adding 4 mL of cold ethanol. Samples healthy volunteers HAE patients
were then centrifuged for 15min at 1,000g and supernatants n=7(5f)45.1 n=10(7f)42.4
were stored at 80 C until analysis. Alternatively, citrated whole
blood was preincubated with higher concentrations of enalapr B 100-
(1 or 10mM) and stimulated with 20% v/v of Kaolin (CK-Prest S T
reagent, Stago, Asnieres sur Seine, Francelp/ml collagen, 5 l
10mM of thrombin receptor PAR-1 activating peptide (TRAP-6,| & 801
Bachem AG, Bubendorf, Germany) orm§j/mL collagenC %
10mM TRAP-6. X 60
c
Detection of NETs in Whole Blood £ L0 P<10*
Stimulated With PMA 5 I
One milliliter citrated blood samples from a healthy donor € 20
were plated in multiple 35 mm petri dishes to which the DNA| & l
stain Sytox green was added (100nM nal concentration, from ©
Molecular Probes-Invitrogen) to detect NETs as cotton-like g healthy volunteers HAE patients
structures larger than cells and anchored or not to cell§).( n=10(7f)43.0 n=10(7f)42.4
PMA (1mM) was also added in some of the dishes. They were
incubated at 37C for 30 min, and then part of the blood was | FIGURE 2 | Evidence of biochemical abnormalities in the plasma or sem of
removed to keep a thin sedimented |ayer of blood cells. TheHAE patients with C1-INH de.ciency included in the study, as canpared to
cells were then observed at 400x magni cation and photogrdphe 552 P EeI 8 et 02 o e e e
in transmission and epluorescence using an Olympus BX51 normal plasma). Values are means S.D. Student’s t-test indicated a
microscope coupled to a CoolSnap HQ digital camera ( Iters for signi cant difference between groups for both C4 and C1-inh P-values
Sytox green: excitation 460—-500 nm, emission 510-560 nm). reported in Figure). The number of replicates from differénlonors is indicated
by “n,” followed by the number of female donors between parenthess (f) and
Data AnaIySiS by the average age of donors (years).

Numerical values are reported as meansstandard deviation

(S.D.). Sets of values were compared with ANOVA followe . . L

by Dunnetts test when values were compared to a commoi;eneratlon of Immunoreactive Bradykinin
control group. Pairs of values were compared with Studénts (IBK) in Whole Citrated Blood Exposed to

test, or occasionally with Mann-Whitney test if the vari@sc Various Stimulants

signi cantly diered (Prism 5.0, GraphPad Software Inc., SanThe concentration of iBK remained low (Lng/ml) in

Diego, CA). unstimulated blood samples from either healthy volunteers
or HAE patients incubated up to 2h at 32, whether or
RESULTS not the ACE inhibitor enalaprilat was addedFigure 3).
. . . L This applies equally to HAE patients who did not receive
Evidence of Biochemical Abnormalities in Berinert prophylaxis (not shown), despite previous evidence of
HAE Patients continuous HK cleavage during remission periods in patients

Some characteristics of the patients with HAE are displayed iwith HAE due to C1-INH de ciency 87). Active recombinant
Table 1 While they were seen in the Immunology/Allergy clinic KLK-1 (10 nM) rapidly increased iBK concentration in control
during a remission period and despite the fact that most resetiv blood ( 200 ng/ml, maximal e ect for the earliest recorded
Berinert (exogenous C1-INH) prophylaxis, their serum C4 Isve incubation period of 5min), but the concentration fell to
and C1-INH functions were signi cantly lower than those of background level at time 10minF{gure 3. However, the
healthy volunteer blood donorg-{gures 2A, B. ACE blocker enalaprilat increased the e ect of KLK-1 both
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Mann-Whitney test).

[immunoreactive BK] ng/ml

-o-control

-e-enalaprilat 130 nM

healthy HAE
volunteers
2. control 2. control
n=10(5f) 413 n=10(71) 424
15 15
10 10
5 5
b0 o & 25 & & %
0 20 40 60 80 100 120 N 2‘0 40 60 80 100 120
KLK-1 10 nM KLK-1 10 nM
n=10(61)44.0 n=10(7f)42.4
2000 2000
1500 1500
1000 1000
500 500
0 L\ D >
0 5 10 15 20 0 5 10 15 20

1200

1000:

800

600

400

200

Kontact-APTT 20% viv
n=10(6f)45.0

1200

1000

800

600

400

200

Kontact-APTT 20% viv
n=10(7f)42.4

0 5 10 15 20 0 5 Y 15 20

600 tPA 169 nM 600 tPA 169 nM 0o
n=10(5f)43.1 n=10(7f)424
40 40 0.03t
500 20 500- 20 P
s 04 0,021
- 0 5 10 oo 0 5 10
200 - 0.005
200 200
0.001t,
100 100
/“('\l 0.002F 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120

incubation time (min)

FIGURE 3 | Immunoreactive BK measured in extracts of fresh human citratl blood from healthy subjects or HAE patients with C1-INH de @ncy incubated at 37 C
under mild agitation in the presence of the indicated stimuk, with optional addition of enalaprilat at130 nM (both apled at time zero). Note the different abscissa and
ordinate scales in the various panels, but theses axes are dhtical on the same lines. Values are means S.D. Some errors bars below the average values have beel
omitted for clarity. The number of replicates from differérdonors is indicated by 'h,” followed by the number of female donors between parenthess (f) and by the
average age of donors (years). For each experimental conitih and time point, Student'st-test was applied to isolate the effect of the disease; if vaances signi cantly
differed, the Mann-Whitney was applied instead. tPA was thélood stimulus that produced the only statistically diffeant iBK concentrations (signi cantP values for
the comparison of normal volunteers with HAE patients repted in the tPA graph applicable to HAE donorsP-values followed byTare derived from the
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in amplitude ( 3-fold at 5min) and duration (iBK still signicantly dierent from those of control blood donors
detectable after 20min of incubation). Kontact-APTT is a(Figure 3).

0.03% magnesium aluminum silica particulate suspension Fibrinolytic enzymes are suspected to generate kinins in
in 1.2% rabbit brain phospholipid solution. It was usedspeci c clinical circumstances, such as HAE with F12 mutaio
here as a contact system activator. The production of iBKh a pathway called contact-independent FXII activaticGi®)(

in control blood treated with Kontact-APTT (20% v/v) was Recombinant tPA (alteplase) very slowly increased iBK in
also very important, but sustained over 20min, and alsdlood samples from healthy volunteers (maximal concentratio
further increased by enalaprilat co-treatmeriiqure 3). iBK  reached at 60 min), and enalaprilat addition did not hastea th
concentrations in extracts of HAE patient blood samplegeneration, but increased the magnitude and duration of iBK
stimulated with either KLK-1 or Kontact-APTT were not accumulation Figure 3). The observed kinetics and e ect of
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FIGURE 4 | Immunoreactive BK measured in extracts of fresh citrated btmd from healthy donors or HAE patients with C1-INH de ciency inubated at 37 C under
mild agitation in the presence of the indicated cellular stiulus, with optional addition of enalaprilat 130 nM (both aplied at time zero). Values are means S.D. and
are all similar to the controls reported irfFigure 3. Presentation as inFigure 3.
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ACE blockade are consistent with those previously reported isecretion and/or membrane expression of the serine protease
comparable experiments performed with citrated human plasm&R3: cytochalasin B f-Met-Leu-Phe 23). This combination
(same tPA concentration)1@). The downstream brinolytic produced no iBK over the control levels in blood from healthy
e ector, plasmin, may activate the contact system via FXf)(  volunteers or HAE patients with C1-INH de ciencyF{gure 4).
tPA stimulation in HAE patient blood signi cantly increased An alternate form of neutrophil stimulation is the relatiyel
iBK formation (Figure 3); the amplitude of kinin formation slow formation of NETs; f-Met-Leu-Phe is inactive in this
was greater than in healthy volunteers, but the slow kiseticrespect, but IL-8 reportedly induces NETosis in neutrophils
was also hasted. The presence of enalaprilat allowed evauatif24) following which the histone-containing DNA NETs may
the formation of iBK with decreased interference from peptideactivate the contact systemi1). A more vigorous version of
degradation. NETosis is induced by phorbol 12-myristate 13-acetate (PMA,
Additional proposed pathways of kinin formation involve 1mM) in human neutrophils (1); however, either PMA or IL-
speci c blood cells; we stimulated phagocytic cells (mainly8 stimulation of whole blood from healthy volunteers alsdefdi
neutrophils) in fresh blood with a combination optimal for the to produce iBK Figure 4andFigure S3. PMA was also inactive
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FIGURE 5 | Validation of the secretion of phagocytic cells and platets in blood samples stimulated as for test of iBK generationFresh human citrated blood from
healthy donors was incubated at 37 C under mild agitation in the presence of the indicated stimus (concentrations as inFigure 4 and Figure S2); then the plasma
was rapidly obtained and was applied to separate EIAs for myeperoxidase after 1:100-1:1,000 dilution(A) and platelet factor-4 (PF4) after 1:100 dilutiorfB). Values
are means S.D. of the number of replicates indicated by fi.” In (A), values signi cantly differed between them (ANOVAR < 10 4 *p < 0.001 for comparison with
the common control value, Dunnett's test). In(B), values also signi cantly differed between them @ < 0.001, Student's t-test). (C) Morphological evidence for NET
formation from dispersed leukocytes in whole human blood ém healthy treated for 30 min with PMA (InM, 37 C). Matched elds show transmission and Sytox
green epi uorescence (400 ).
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on the blood of HAE patientsKigure 4). Interestingly, PMA is
reportedly a secretagogue of preformed KLK-1 in neutrophils
and monocytes{0). Secretion of anionic polyphosphates from

platelets may also activate the contact system under specic

experimental conditions 1(5); a large concentration of ADP
(50mM), theoretically capable of inducing the release of all
platelet granule types, failed to increase iBK over basefine |
control human blood or that obtained from HAE subjects
(Figure 4).

We veri ed that typical granule contents were secreted in
experiments dealing with stimulants of neutrophils and plete!
added to whole blood from healthy subjectsiqure 5. Thus,

a very large secretion of MPO into the plasma was recorded

in blood samples stimulated for 60 min with cytochalasirCB
f-Met-Leu-Phe, but not under IL-8, PMA or ADP stimulation
(Figure 5A). ADP stimulated a signi cant secretion into the
plasma of PF4, a plasma marker of platelet activatid, during

a 5-min incubation period Figure 5B). Morphological evidence
of NET formation has been obtained in control blood treated
with PMA for 30 min (Sytox green staining of extracellular DNA,
Figure 50). Fluorescent cotton-like structures, anchored or not
to isolated cells and much larger than individual cells, aver
observed only in blood dishes treated with PMA, not in control
dishes. While red blood cells are much more numerous than
leukocytes and the identity of the cellular source of the BIET
is not established in this experiment performed using whole
blood, PMA is a highly e ective NETosis inducer in neutrophils
(11, 24).

Additional experiments have been performed in whole
citrated blood from healthy volunteers maintained in an
aggregometer chamber where a shear stress was applied
whole citrated blood sample$igure 6). ADP (60mM) or the
alternate platelet stimulus collagen rapidly aggregatedlsvho
blood via platelets as previously suggestés)( A further proof
of platelet activation was ATP secretion detected by luatfer
mediated luminescence. Under these controlled conditions,
iBK concentrations measured after various incubation pisio
essentially remained close to background levéigure 6),
further excluding that platelet stimulation generates kmiin
normal blood. Additional iBK measurements performed in
blood samples submitted to alternate forms of stimulation in
the aggregometer are reported ifable S1 In the presence
of very high enalaprilat concentrations (mM), iBK
concentrations remained close to baseline following platele
aggregation with thrombin receptor-activating peptide (TRAP

alternate activator of the contact system, produced me&deira
iBK in agitated blood samplesTgble S}, but no platelet
aggregation.
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FIGURE 6 | Combined measurement of aggregation, ATP secretion (via
luciferase-mediated luminescence) and immunoreactive BEoncentration in
> whole blood samples from healthy donors exposed to stimuli bplatelets @:
collagen 4mg/ml; B: ADP 60mM) in an impedance aggremometer. Stirring
6), co||a_gen or a combination of both. A kaolin suspension, amn conditions: 1,200 rev/min. ATP secretion is estimated at appximately 3nM in
both illustrated tracings. The longest recordings are il&irated; others dealing
with shorter incubation periods were stopped by the additio of 4 volumes of
cold ethanol for the extraction and EIA of iBK. The iBK concerdtions, shown
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Time (min)

on top of each panel, are close to background.

Pharmacological Validation of Biologically This reactivity is similar to that of a previously reported
Active Kinins in Extracts of Blood antibody-based BK EIA ). Further, we have established
According to the manufacturer, the BK EIA exhibits no crossthat des-Arg-BK, a fragment devoid of biological activity
reactivity with des-Ar§-BK, but full reaction with Lys-BK, via either BR or BiR (41), has full cross-reactivity with the
indicating a high discrimination of the C-terminal part of commercial EIA Figure S3. This indicates a major limitation
kinins, but little or no selectivity for the N-terminal staiure. of the assay: a proof of biological activity was necessary to

Frontiers in Immunology | www.frontiersin.org 9 October 2018 | Volume 9 | Article 2183


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Charest-Morin et al. Bradykinin Formation in Whole Blood

corroborate the e ective presence of an active kinin. Wethe BR responds to synthetic BK and Lys-BK (10-100 nM),
also showed that Lys-des-A@K, the optimal stimulant but not to their respective des-Afgfragments; des-AfgBK
of the human BR (3), does not cross-react in the EIA also failed to stimulate BR signaling Figure S4A. In the
(Figure S3. set of synthetic peptides, only Lys-des-ABK convincingly
c-Fos accumulation in cells is a slow and distal response ttimulated BR signaling at 10-100 nM~gure S4B. The assays
the stimulation of many receptors, including the Bk (34).  were applied to diluted extracts from healthy volunteer blood
Using HEK 293a cells expressing either human recombinargtimulated with KLK-1. As a function of incubation time,
B2R or BiR, we investigated the presence of biologically activihey showed a biological activity on recombinantR3 that
kinins in whole blood extracts in a semi-quantitative manne paralleled the iBK concentrationg-iure 3) measured in the
(Figures 710 and Figure S4. Firstly, it was conrmed that EIA (Figure 7A). In the absence of enalaprilat, only diluted
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FIGURE 7 | c-Fos accumulation in HEK 293a cells expressing recombinarB,Rs (A) or By Rs (B) and stimulated for 60 min with diluted extracts from healthygubject
blood samples incubated in the presence of KLK-1 with or witbut enalaprilat (blood processed as irFigure 3). Histograms show the c-Fos quanti cation in

0
replicated experiments (values are means S.D., replicate number from separate donors indicated by). In(A), densitometry values signi cantly differed between
them (ANOVAP < 10 4 %P < 0.05; **P < 0.001 for comparison with the common control value, Dunnets test). In (B), densitometry values signi cantly differed
between them (ANOVAP < 0.01, *P < 0.01 for comparison with the common control value, Dunnets$ test).
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FIGURE 8 | c-Fos accumulation in HEK 293a cells expressing recombinarB,Rs (A) or By Rs (B) and stimulated for 60 min with diluted extracts from healthgubject
blood samples incubated in the presence of Kontact-APTT wiit or without enalaprilat (blood processed as irFigure 3). Presentation as inFigure 7. In (A),
densitometry values signi cantly differed between them (ARVAP < 10 4 %P < 0.05; **P < 0.01; ***P < 0.001 for comparison with the common control value,
Dunnetts test). In(B), densitometry values signi cantly differed between them (NOVAP < 10 4, *P < 0.001 for comparison with the common control value,
Dunnett's test).

extracts corresponding to a 5-min incubation period gave gFigure 8A). However, human BR signaling was not induced
positive signal, whereas the 3 blood samples co-treated witly the same extracts in experiments where synthetic Lys-des-
enalaprilat and KLK-1 were positive, but declining from 5Arg®-BK was highly activeHigure 8B). The slow e ect of tPA

to 20min of incubation. Extracts from blood samples treatedn iBK formation in healthy volunteer blood sampldsdure 3

with KLK-1 at a 1:25 dilution induced inconsistent, but was conrmed by c-Fos accumulation, both in the amplitude
occasionally clear#®-mediated c-Fos accumulation, comparedand duration when co-treating with enalaprilaFigure 9A).

to the positive control stimulation using synthetic Lys-d&s)®-  B;R-mediated c-Fos accumulation was not observed in cells
BK (Figure 7B). Diluted extracts from Kontact-APTT-stimulated treated with extracts of healthy volunteer blood sampleateé
control blood samples (5-20min incubation) also activatedvith tPA (Figure 9B). Extracts from HAE patient blood samples
recombinant BRs, as demonstrated by c-Fos accumulationstimulated with tPA were also tested in this assay. Consisight
with a strong potentiating e ect of enalaprilat co-treatmentthe EIA results applied to extracts of enalaprilat-treated HAE
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FIGURE 9 | c-Fos accumulation in HEK 293a cells expressing recombinarB,Rs (A) or By Rs (B) and stimulated for 60 min with synthetic peptides or extract from
healthy subject blood samples incubated in the presence ofRA with or without enalaprilat (blood processed as itfrigure 3). Presentation as inFigure 7. In (A),
densitometry values signi cantly differed between them (ARVAP < 10 4, *P < 0.05; **P < 0.001 for comparison with the common control value, Dunnets test). In
(B), densitometry values signi cantly differed between them (NOVAP < 10 4 *p < 0.001 for comparison with the common control value, Dunnet test). (C) The
same assay based on recombinant BRs was applied to extracts from HAE blood samples incubatedhi the presence of tPA with or without enalaprilat. Densitontey
values signi cantly differed between them (ANOVAR < 10 4 *p < 0.05; **P < 0.001 for comparison with the common control value, Dunnet test).
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FIGURE 10 | Antagonist effect of the B;R antagonist icatibant (ImM, applied 5 min before extracts) on c-Fos expression induag by extracts of healthy volunteer
blood stimulated with enalaprilat along with KLK-1, KontacAPTT (5 min stimulation, healthy volunteergA) or tPA (60 min stimulation, both healthy volunteers and
HAE patients with C1-INH de ciency,(B). Values are means S.D. The effect of icatibant co-treatment is evaluated usn Student's paired t-test (*P < 0.05; **P <
0.01). Numbers above histograms are the number of independ replicates. The controls, performed under the same condions, have been pooled and the same

values are represented in both panels.

blood samples, signi cantBR-mediated c-Fos accumulationwas  Pretreatment of BR-expressing cells with the B antagonist
reached for shorter incubation periods vs. extracts of aantr icatibant abated c-Fos accumulation following stimulatisith
blood (Figure 90). extracts from healthy volunteer blood samples incubated for
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5min in the presence of enalaprilat and KLK-1 or Kontact-
APTT (Figure 10A) or with extracts from either type of donors
stimulated for 60 min with tPAFigure 10B.

Differential Effects of Selected Inhibitors of

iIBK Formation Pathways
Selected inhibitors were combined with documented actirsat
of iBK formation to dissect out the relationships of stimulitiv
known or postulated pathways of kinin formation&igure 1,
inhibitors represented in red). Modern biotechnological
inhibitors were added to blood samples from healthy volurgee
5 min before one of the 3 active stimuli was addedy(ire 11A).
KLK-1, Kontact-APTT, and tPA were used at their standardize
concentrationsfigure 3) in the presence of enalaprilat (130 nM)
and the optimal incubation periods (5min for KLK-1 and
Kontact-APTT, or 60min for tPA). The KLK-1 active site
neutralizing antibody DX-23002@) inhibited iBK formation
induced only by KLK-1 Figure 11A). EPIKAL2 is an analog
of the peptide ecallantide and M202-H03 is a humanized mAb
closely related to lanadelumal?§ 27); both are selective
inhibitors of active plasma Kkallikrein. Accordingly, theyth
inhibited the e ect of the contact system activator Kontact-
APTT and of tPA Figure 11A), indicating that brinolysis
ultimately recruits the contact system to form BK. These
inhibitors did not aect KLK-1-induced formation of iBK.
DX-4012 is a humanized mAb directed against the active dite 0
FXII (29); it abated the formation of iBK induced by tPA but,
unexpectedly, it was not active against Kontact-APTT. DX20
(also termed DO06) was shown to inhibit FXIlI-prekallikrein
reciprocal activation in a previous study involving vitro FIGURE 11 | Effect of biotechnological inhibitors, added 5 min before timuli
reconstitution and also factor Xl-mediated thrombin geamn Fo citrated blood containing enalaprilat (130 nM), on Fhe gu_aeratioh of iBK
(29). Pending experimental veri cation, we speculate that DX+ |ndgcgd by KLK-1, Kontact-APTT or tPA (concentrations, ingbation periods

K . ! ) . as indicated).(A) Blood from healthy volunteers. Values are means S.D. The
4012, a mAb raised against the catalytlc domain of recontitina ANOVA applied to values of iBK from blood under each of the 3 shuli was
FXlla, may have a lower a nity for the FXlla metabolite FXIIf | signicant (P < 0.01 for KLK-1, P < 0.001 for Kontact-APTT,P < 10 * for
that can activate prekallikrein and kinin formation, but not | tPA). P < 0.01;*P < 0.001 vs. common control (Dunnetts test).(B) Blood
intrinsic Coagulation 1) tPA stimulation produced hlgher iBK from HAE patients stimulated with tPA (ANOVA < 0.001; **P < 0.01 by
concentrations in the blood from HAE patients than in blood Dunnetts test).
from healthy volunteers, but the same pattern of inhibition
was observed in the presence of biotechnological proteins
(Figure 11B.

Additional inhibitors were tested using blood plasma
from healthy volunteers containing enalaprilat (130nM)
(Figure12. Corn trypsin inhibitor suppresses the
enzymatic activity of FXlla 42), but also that of tPA at
similar concentrations 43). This inhibitor signi cantly
reduced tPA- and Kontact-APTT-induced iBK formation
(Figures 12A,B. C1-INH (1 U/ml) also signi cantly abated
the production of iBK induced by tPA at 60min, further
supporting the mediation of the contact system. The
e ect of KLK-1 was not inhibited by corn trypsin inhibitor
(Figure 12A).

kinin generation pathways have been corroborated in whole
blood from healthy subjects or patients with HAE-1 .
Kontact-APTT was one of the robust stimuli of iBK formation
(Figure 3). HAE-1/2 attacks clearly involve the contact system
and are relieved by ecallantide “on demand” treatmerit$). (
Lanadelumab prophylaxis was also e ective in a recent phase
1b trial (45). We used closely related biotechnological inhibitors
of plasma Kkallikrein in ourin vitro analyses, EPICAL2 and
M202-H03, respectively. A 2B agonist, presumably BK, is
present in extracts of Kontact-APTT-stimulated blood from
healthy subjects Higure 8A), but signalingvia human BR
was not observed; the metabolite des-ARK has only a low
anity for the human form of this receptor @). While HK
DISCUSSION is reportedly cleaved continuously in HAE patients during
remission 87), no baseline iBK formation was evidenced in
The scope of the present study is to investigate the formatfon dgheir blood, whether or not ACE was blockedrigure 3),
biologically active kinins in human blood. Few of the proposediossibly indicating the absence of low intensity physiological
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contact system components, as shown by the inhibition of tPA-
induced iBK formation by M202-H03, DX-4012, corn trypsin
inhibitor and C1-INH (Figures 11 12). One key nding of the
present study is the much greater and earlier formation of iBK
in tPA-stimulated blood of patients with HAER{gures 3 9C).

The present data suggest that C1-INH de ciency does not make
the contact system unstable, but rather makes it hyperseadii
plasmin. The place of brinolysis as a trigger in kinin-medaidt
angioedema states remains to be investigated in detailast h
been noted that plasmin can activate FXIl in the absence of a
contact system-surfac8q, 46). Tranexamic acid was predictably

e ective in a subtype of HAE due to a mutation in FXII, although
the series is smalli(). The identi ed trigger factors of attacks

in HAE with C1-INH de ciency include physical exertion,
mechanical trauma, infection, menstruation, dental proaedy
etc. ¢8. This may suggest that in ammation has a triggering
role. However, the second more frequent trigger is mentaisst
(48). Mental stress activates in a predictable manner tPA sexreti
and the turnover of brin (detected by D-dimer formation)Q),
indicating that brinolysis may be a better conductive tlack
than in ammation when triggers of angioedema attacks are
considered. Mechanistically, tPA is released from end@heglls

by catecholamines, shear stress and BK itsg#52), in the
latter case a potential pathologic feedback in HAE. Remarkably
there is no increased risk of thrombosis associated with HAE
with C1-INH de ciency, despite the central role of FXII&S).
This may be explained if brinolysis precedes and determines
attacks.

KLK-1 is not usually mentioned as a mediator of angioedema
states, despite its very e ective action as a kinin-formingreag
that is unaected by HAE-1/2 Figures 3 7). Studies with
inhibitors indicate that KLK-1 is part of a completely distinct
kinin formation system itself not recruited by or not recting
FIGURE 12 | Effect of selected inhibitors added to citrated plasma from the contact systemHFgures 11 12). Leukocytes have been
healthy donors containing enalaprilat (130 nM) on thg gengtion gf iBK _ proposed to contain preformed KLK-19(10), and there is
induced by KLK-1, Kontact-APTT or tPA (concentrations, ingbation periods evidence foin vivoneutrophil activation during HAE attackﬁl,

as indicated, and replicate numbers found above histograms (A) Corn trypsin X . . . .. .
inhibitor did not inhibit KLK-1-induced generation of iBKhowever, it reduced suggesting a pOSSIb|e ampll cation system for kinin generation

signi cantly that induced by Kontact-APTT {-test, *P < 0.001). (B) Values are However, the massive leukocyte stimulation with FMLP or PMA
means S.D. ANOVA indicated signi cant differences between groupsn the in the present experiments was not parallel to iBK formation.
values related to tPA stimulation (ANOVR < 0.05; *P < 0.05 vs. common ACE inhibition genera”y increased iBK formation without

control by Dunnett's test).

inducing it per se(Figure 3). KLK-1 release from vascular or
other cell types could be a trigger for ACE inhibitor-induced
angioedema, a condition reportedly resistant to ecallanside
trigger(s) in vitro. Further, iBK formation under Kontact- probably to the BR antagonist icatibantXl, 22). Ecallantide is
APTT or KLK-1 stimulation was essentially similar in the a highly selective inhibitor of plasma kallikrei®3). If KLK-
blood of HAE patients or healthy subjects. The ecallantidd is the trigger for this form of drug reaction, a contributio
and lanadelumab surrogates, EPICAL2 and M202-HO3, weraf the BR to the vascular physiopathology is possible, as we
potent inhibitors of iBK formation induced by Kontact-APTT showed that the activation of the humanmis restricted to KLK-
(Figure 11). Icatibant abated the pharmacological e ect of thel stimulation Figures 79). Speculatively, KLK-1 could also be a
corresponding extracts onsB (Figure 10, in line with proven trigger for yet to be discovered forms of shock or angioedema
HAE therapies. with normal C1-INH. Thus, the consumption of the KLK-1
tPA slowly generated iBK and the corresponding bloodnhibitor kallistatin during experimental septic shock hasem
extracts were biologically active on recombinanRB in our reported £4).
experimental system where no surface that can activate the Pathways of kinin formation involving phagocytic leukocyte
contact system was providedrigures 3 9). A form of drug- and platelet activation were not corroborated when tested in
induced angioedema/anaphylactoid reaction that is occediyp  blood from healthy volunteers or HAE patients. While previgusl
produced by brinolytic agents such as tPA may be dependent oproposed molecular triggers of kinin formation, PR3 activity
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and polyphosphate exocytosis, has not been measured in whddJTHOR CONTRIBUTIONS

blood experiments, evidence of platelet and neutrophil attwa
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