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Background: The complement and kallikrein-kinin systems (KKS) are activated during vascular inflammation.
The aim of this study was to investigate if blockade of the KKS can affect complement activation on the endothe-
lium during inflammation.
Methods: Complement deposition on endothelial microvesicles was assayed in vasculitis patient plasma samples
and controls. Plasmawas perfused over glomerular endothelial cells and complement deposition assayed byflow
cytometry. The effect of the kinin system was assessed using kinin receptor antagonists and C1-inhibitor. The
in vivo effect was assessed in kidney sections from mice with nephrotoxic serum-induced glomerulonephritis
treated with a kinin receptor antagonist.
Findings: Vasculitis patient plasma had significantly more C3- and C9-positive endothelial microvesicles than
controls. Perfusion of patient acute-phase plasma samples over glomerular endothelial cells induced the release
of significantlymore complement-positivemicrovesicles, in comparison to remission or control plasma. Comple-
ment activation on endothelial microvesicles was reduced by kinin B1- and B2-receptor antagonists or by C1-
inhibitor (themain inhibitor of the classical pathway and the KKS). Likewise, perfusion of glomerular endothelial
cells with C1-inhibitor-depleted plasma induced the release of complement-positive microvesicles, which was
significantly reduced by kinin-receptor antagonists or C1-inhibitor. Mice with nephrotoxic serum-induced glo-
merulonephritis exhibited significantly reduced glomerular C3 deposition when treated with a B1-receptor an-
tagonist.
Interpretation: Excessive complement deposition on the endotheliumwill promote endothelial injury and the re-
lease of endothelial microvesicles. This study demonstrates that blockade of the KKS can reduce complement ac-
tivation and thereby the inflammatory response on the endothelium.
Funding: Full details are provided in the Acknowledgements/Funding section.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The complement system is activated during vascular inflammation
[1]. Complement is involved in the host's natural defence against invad-
ing microbes, clearance of debris and immune complexes, as well as
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enhancement of the adaptive immune response [2]. Overwhelming
complement activation may potentiate an inflammatory response due
to the release of degradation products that induce anaphylaxis,
opsonisation and chemotaxis [3]. Extensive activation on the endothe-
lium promotes thrombosis, leukocyte recruitment, vascular permeabil-
ity and vascular wall injury [1,4].

In addition to the complement system, the contact/kallikrein-kinin
system (KKS) is also activated during vascular inflammation [5]. KKS ac-
tivation results in the liberation of kinin peptides from high-molecular
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Excessive complement activation on the vascular wall leads to en-
dothelial cell damage and during this injurious process endothelial
cell-derived microvesicles will be released. Both the complement
and kallikrein-kinin systems are activated during vascular inflam-
mation. The interaction between these two proinflammatory sys-
tems has not been investigated in vascular inflammatory disease.

Added value of this study

We demonstrate that blockade of the kallikrein-kinin system, by
blocking kinin B1 and/or B2 receptors, or by incubationwith C1 in-
hibitor, decreases complement deposition on glomerular endothe-
lial microvesicles induced by exposure to vasculitis patient
plasma. Furthermore, a B1 receptor antagonist decreased comple-
ment deposition inmurine glomerular capillaries in rapidly progres-
sive glomerulonephritis caused by nephrotoxic serum-induced
glomerulonephritis.

Implications of all the available evidence

Blocking the kallikrein-kinin system can reduce complement-
mediated endothelial cell injury and may thereby have therapeutic
potential in vascular inflammation. C1 inhibitor and B2 receptor
antagonists are commercially available.
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weight kininogen, such as bradykinin [6], or PR3-kinin, the latter
cleaved from high-molecular weight kininogen by proteinase 3 (PR3)
[7]. These kinins activate a proinflammatory signal by binding to their
receptors. Des-arg [9]-bradykinin (a stable derivate of bradykinin) and
PR3-kinin bind to the B1-receptor (B1R) while bradykinin binds to the
B2-receptor (B2R) [7,8]. B1R and B2R activation induces vascular per-
meability [9] as well as neutrophil recruitment [10] and thus contrib-
utes to the inflammatory state.

Both the complement and kallikrein-kinin systems are activated
during vasculitides [4,7,9,11–13]. Vasculitis is characterized by massive
inflammation in and around vessel walls, affectingmultiple organs. The
most common vasculitis in childhood is IgA-vasculitis (Henoch-
Schönlein purpura), which is often transient, while adults are more fre-
quently affected by chronic anti-neutrophil cytoplasmic antibody
(ANCA)-associated vasculitis (AAV) [14,15]. ANCA are primarily di-
rected against neutrophil-derived proteases such as PR3 and
myeloperoxidase (MPO) [16]. Activation of the complement and
kallikrein-kinin systems may contribute to the severe vascular inflam-
mation occurring during vasculitis [11,17].

Our previous studies have shown that patients with vasculitides,
both children and adults, exhibit increased degradation of highmolecu-
lar kininogen and high levels of kinins in plasma [7,11], as well as en-
hanced kinin deposition in inflamed tissues such as the kidneys and
skin [11]. Furthermore, in patient kidneys neutrophil-derived
microvesicles (MVs) bearing the kinin B1R were demonstrated to
dock onto the glomerular endothelium [18]. Neutrophil-derived MVs
could transfer the kinin B1R to recipient cells and thereby promote in-
flammation [18].

MVs are shed from endothelial cells during cellular activation and
apoptosis [19]. Patients with vasculitis were shown to have circulating
MVs derived from endothelial cells [10,20–23]. These MVs exhibited
KKS activation as they were B1R-positive, thereby inducing neutrophil
chemotaxis [10], an effect blocked by C1-inhibitor, the main inhibitor
of the KKS and of the classical pathway of complement [10].
The aim of this study was to investigate if activation of the KKS
can affect complement activation on the endothelium during vascular
inflammation, as reflected by complement deposits on endothelial-
derivedmicrovesicles (EMVs) and glomerular capillaries, and if comple-
ment deposition was modulated by kinin receptor antagonists. As both
these pro-inflammatory systems are activated during vasculitis, plasma
from vasculitis patients was used as a model of vascular inflammation
associated with complement and KKS activation. The mechanism of
complement activation on glomerular endothelial cellswas investigated
using vasculitis patient plasma, C1-inhibitor-depleted plasma, or
kininogen-depleted plasma, perfused over the cells, in the absence of
blood cells. The impact of kinin B1R and B2R antagonists and C1-
inhibitor, was studied, in order to determine if blocking KKS activation
affects complement deposition on EMVs. The effect of a B1R antagonist
on complement deposition in vivo was assessed in the kidneys of mice
with nephrotoxic serum-induced glomerulonephritis in which B1R
antagonism was previously shown to reduce glomerulonephritis
injury [24].

2. Material and methods

2.1. Patients and controls

Blood samples were available from 22 children and adults (11
females, 11 males, median age 61 years) with vasculitis treated at the
Department of Nephrology and the Department of Pediatrics, section
of Pediatric Nephrology, Skåne University Hospital, Lund and Malmö,
and the Department of Nephrology, Linköping University Hospital
Sweden. The patients and their Birmingham Vasculitis Activity Score
(BVAS) are presented in Table 1. Vasculitis was defined according to
the Chapel Hill consensus paper [25]. Some patientswere previously de-
scribed (n = 17) [10]. Samples from the acute phase of disease were
available from all patients and none of the patients were on hemodialy-
sis at sampling. Samples from 5 of the patients were also available dur-
ing remission (Table 1). Blood samples were obtained from 21 healthy
controls (14 females, 7 males, median age 41 years) not using anymed-
ications. The blood samples were used for flow cytometry analysis and
perfusion experiments. The study was conducted with the approval of
the Regional Ethics review board of Lund and Linköping Universities
and the written informed consent of the patients or their parents and
the controls.

2.2. Blood samples from vasculitis patients

Whole blood from patients and controls was taken by venipuncture
into 2·7mL vacutainer tubes containing 0·5mL of 0·129M sodium cit-
rate (Becton Dickinson, Franklin Lakes, NJ). The blood samples
underwent serial centrifugation steps to obtain platelet-free plasma as
previously described [18]. Plasma samples containing MVs were ob-
tained by washing platelet-free plasma in Hank's balanced salt solution
(HBSS without Ca2+, Invitrogen, Carlsbad, CA) and centrifuged for an
additional 10 min at 20800g. The pellet was washed twice in HBSS
and centrifugation was repeated as above resulting in a MV-enriched
suspension.

Certain plasma samples underwent further centrifugation to reduce
the EMV content to 7·5% of the original, as previously described [10].
Certain samples were IgG-depleted (to deplete the samples of ANCA)
by adsorption onto a protein G Sepharose column (Amersham Biosci-
ences, Uppsala, Sweden). Comparison to the same patients' plasma
was carried out after adjusting for the dilution factor, accounted for by
measurement of the protein concentrations by spectrophotometry
(NanoDrop 1000, NanoDrop Technologies, Wilmington, DE). All buffers
used forMV-preparationswere pre-filtered to remove pre-existent par-
ticles (0·2 μm filters, Schleicher-Schuell Dassel, Germany). The plasma
samples were stored in aliquots at −80 °C until used.



Table 1
Description of patients included in this study.

Patient
number

Sex Age at
sampling

Diagnosis ANCA Creatinine BVAS
score

1a M 75 AAV PR3 92 16
2a M 61 AAV PR3 237 17
3a F 49 AAV PR3 49 6
4a M 70 AAV PR3 90 6
5a M 69 AAV PR3 188 12
6b M 43 IgAV – 89 15
7b M 16 IgAV – 69 3
8b M 80 AAV MPO 259 23
9b M 62 AAV PR3 61 6
10b F 19 SLE – 62 17
11b F 76 AAV PR3 74 14
12b F 12 AAV PR3/MPO 312 15
13b F 61 AAV MPO 54 13
14b M 10 IgAV – 47 7
15b F 51 AAV PR3 132 8
16b M 73 AAV MPO 173 15
17b F 68 AAV PR3 86 13
18b F 67 AAV MPO 148 22
19b F 9 IgAV – 51 18
20b M 13 AAV PR3 84 24
21b F 17 AAV MPO 86 26
22b F 13 AAV PR3 48 17

ANCA: anti-neutrophil cytoplasmic antibody; AAV: ANCA-associated vasculitis; PR3: pro-
teinase 3;MPO:myeloperoxidase; IgAV: IgA-vasculitis (Henoch-Schönlein purpura); SLE:
Systemic Lupus Erythematosus.

a Samples available from the acute phase and remission.
b These patients were previously shown to have increased B1R on endothelial

microvesicles [10].
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2.3. Primary glomerular endothelial cells

Primary glomerular endothelial cells (PGECs) were cultured as pre-
viously described [10] and used in perfusion experiments. PGECs were
previously shown to express endogenous B1R [18] and glomerular en-
dothelial cells also express B2R [26].
2.4. Perfusion of plasma over PGECs

Complement expression on EMVs was studied using a semi-
automated microfluidic perfusion system (VenaFlux, Cellix, Dublin,
Ireland). Briefly,microcapillary channels (Vena8 Endothelial+biochips,
Cellix) were pre-coated with fibronectin (100 μg/mL, Sigma-Aldrich, St.
Louis, MO) and the PGEC suspension allowed to attach. A Mirus Evo
nanopump (Cellix) was used to flow200 μMhistamine (Sigma-Aldrich)
to pre-stimulate the PGEC at a shear stress of 5 dynes/cm2. These hista-
mine pre-stimulated PGECs released more EMVs, as previously de-
scribed [10,27].

Plasma samples from patients and controls, as well as C1-
inhibitor-depleted or kininogen-depleted plasma (both from Milan
Analytica, Rheinfelden, Switzerland) were centrifuged at 10000g
for 5 min before perfusion (to remove cell debris and protein aggre-
gates) and diluted 1:1 in filtered Dulbecco's phosphate buffered
saline (DPBS, PAA Laboratories). Samples were perfused over PGEC
at a shear stress of 2–5 dynes/cm2 for 5 min. To prevent fibrin poly-
merization, Gly-Pro-Arg-Pro (10 μM, Sigma-Aldrich) was added to
the plasma before perfusion. The levels of kinins and EMVs in the
perfused C1-inhibitor-depleted plasma were previously shown to
be elevated compared to control plasma [10]. In some experiments
C1-inhibitor (final concentration 1 IU, Berinert, CSL Behring, Mar-
burg Germany), the B1R antagonist R715 (1 μM, Tocris Bioscience,
Bristol, UK) or the B2R antagonist HOE-140 (1 μM, Sigma-Aldrich)
were added to the plasma sample just before perfusion. Both the
pre-sample (plasma before perfusion over PGEC) and the samples
after perfusion were centrifuged for 5 min at 10000g. The dilution
factor was accounted for by measurement of the protein
concentrations by spectrophotometry, before storage of the superna-
tant at−80 °C. EMVs in the samples were assayed by flow cytometry.

2.5. Detection of microvesicles derived from PGECs positive for complement
C3 and C9

Detection of EMVs in the plasma samples and the samples obtained
from the PGEC perfusion experiments was carried out as previously
described [10] usingmouse anti-human CD144 (conjugatedwith phyco-
erythrin (PE), 1:200, peridinin chlorophyll protein-cyanin5.5 (PerCP-
Cy™5.5) 1:600 or fluorescein isothiocyanate (FITC) 1:200) and mouse
anti-human CD105:PerCP-Cy™5.5, 1:800. All antibodies, including irrel-
evant antibodies, were from BD Biosciences, San Jose, CA, except the PE-
conjugated antibodies which were from eBioscience, San Diego CA.

To detect surface-bound C3 or C9 on the EMVs mouse anti-human
C3 (directed to the neoepitope formed on the cleavage fragments of
C3b, iC3b, and C3c, (Hycult Biotech Catalogue # HM2168, RRID:
AB_533007) or mouse anti-human C9 neoepitope ((Hycult Biotech
Cat# HM2264, RRID: AB_1953581, both at 1:100, Hycult Biotech, Plym-
outh Meeting, PA) were incubated with the plasma or perfusion sam-
ples for 20 min at rt. in the dark. Mouse IgG1 (1:100; Hycult,
Biotechnology) was used as the control antibody. The secondary anti-
body was goat anti-mouse:FITC (1:500, Dako, Glostrup, Denmark,
Agilent Cat# F047902, RRID: AB_578665). Before analysis suspensions
were washed in DPBS to remove unbound antibodies.

2.6. Detection of complement regulators on EMVs

Patient plasma samples were analysed for the presence of cell-
bound complement regulators CD46 and CD55 on EMVs before and
after perfusion over PGEC, using mouse anti-human CD46 BB700
(1:800, BD Biosciences Cat# 746019, RRID: AB_2743413) and anti-
CD55 BB515 (1:2000, BD Biosciences Cat# 564585, RRID:
AB_2732068). Microvesicles were identified as endothelial by using
mouse anti-human CD144:PE (1:800, eBioscience).

2.7. Acquisition and interpretation of flow cytometry data

Flow cytometry was performed using two instruments: BD
FACSCanto Cytometer using FACSDiva Software version 6.0 (Becton
Dickinson Immunocytometry Systems, San Jose, CA) or CyFlow® Cube
8 flow cytometer in which samples were run at a flow rate of 0·2 μL/s
(Sysmex, Norderstedt, Partec, Germany) with FCS Express 4 Flow Re-
search Edition software version 4.07.0003 (De Novo Software, Glendale,
CA). The latter flow cytometer detects smaller submicron particles and
thus identifies more microvesicles.

2.8. Renal tissue from mice

Kidney sections were obtained from mice with nephrotoxic serum
(NTS)-induced glomerulonephritis, which were previously described
[24]. In this model 6-week-old CD-1 mice were preimmunized by sub-
cutaneous injection of normal sheep IgG (200 μg) in Freunds complete
adjuvant (both from Sigma). Five days later the mice were injected in-
travenously with NTS on three consecutive days, inducing rapidly pro-
gressive glomerulonephritis. Certain mice were treated with an oral
B1R antagonist (SSR240612, 10 mg/kg every other day) starting two
weeks after NTS-injection and continued until mice were sacrificed six
weeks later. Mice treated with the B1R antagonist exhibited reduced
crescent formation and tubular atrophy, less renal inflammation and
improved renal function, compared to untreated mice [24]. Control
mice were orally treated with the vehicle consisting of 0·01% DMSO.

All mouse experiments were conducted in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory An-
imals and were approved by the local animal care and use committee
(Toulouse, France).
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Fig. 1. Endothelialmicrovesicles in vasculitis plasmawere positive for complement C3 and
C9. Plasma samples from patients with vasculitis (n = 13, Patients 6–8, 10–18, and 22 in
Table 1) exhibited significantly higher levels of circulating endothelial microvesicles
(EMVs, positive for CD105 and/or CD144) expressing complement C3 and C9 compared
to healthy controls (n = 17) (median 5 × 103/mL and 3 × 103/mL, respectively). ***: P b

0·001. The bar depicts the median. Samples were run using the BD FACSCanto Cytometer.
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2.9. Immunofluorescence staining of C3 in murine renal tissue

Paraffin-embedded tissues were dried for 30 min at 60 °C and
deparaffinized by subsequent washing in xylene and ethanol. For anti-
gen retrieval, sections were boiled in citrate buffer (10 mM, pH 6,
Merck, Darmstadt, Germany) for 20 min. Unspecific staining was
blocked by 5% bovine serum albumin (Sigma-Aldrich) for 1 h at rt.,
followed by incubation with rabbit anti-C3 (4 μg/mL, Hycult Biotech
Cat# HP8012, RRID: AB_533006) at 4 °C overnight, or control rabbit
IgG (Dako) at the same concentration. Incubation with secondary goat
anti-rabbit:Alexa488 (Invitrogen, Cat# R37116, RRID:AB_2556544,
Thermo Fisher Scientific, Carlsbad, California), diluted 1:400 for 1 h at
rt. was followed by application of ProLong™ Diamond Antifade
Mountant with DAPI (Invitrogen). Kidney sections were visualized
using a super resolution microscope system (Nikon Ti-E microscope
with N-SIM E), equipped with Hamamatsu Flash 4 camera, using a
20× objective.

Tissues were analysed in blinded fashion for the presence of C3 de-
position in glomeruli, and the level of intensity was graded using a scor-
ing system of no staining (0), low (1+), medium (2+) or high (3+)
intensity (Supplementary Fig. S1). All glomeruli in each section were
counted and a degree of C3 intensity assigned each glomerulus. The de-
gree of C3 intensity (0−1−2−3) was multiplied by the number of glo-
meruli with a specific C3 intensity and the total level of intensity in each
kidney section was thereby calculated. Immunofluorescence was per-
formed on untreated, B1R antagonist-treated as well as healthy control
mice.

2.10. Statistics

TheMann-WhitneyU test was used to compare EMV levels between
patient and control samples, in plasma aswell as in the perfusion exper-
iments, and for comparison of C3 intensity in murine kidney sections.
Multivariate analysis (perfusion experiments to which inhibitors were
added) was carried out using the Kruskal-Wallis multi-comparison
test followed by specific comparisons carried out with the Dunn proce-
dure. A P value of ≤0·05 was considered significant. Statistical analysis
was performed using GraphPad prism software (GraphPad Software,
Version 8, La Jolla, Ca).

3. Results

3.1. Endothelial microvesicles in vasculitis plasma are positive for comple-
ment C3 and C9

Flow cytometry was used to analyse plasma from patients with vas-
culitis (n=13) and healthy controls (n=17) for the presence of EMVs,
defined as microvesicles positive for CD105 and/or CD144. Significantly
more EMVs were positive for C3 and C9 in patient plasma compared to
controls (Fig. 1).

3.2. Release of C3- and C9-positive EMVs fromprimary glomerular endothe-
lial cells

Plasma from vasculitis patients (n = 6) and controls (n = 6) was
perfused over PGECs (Cell Systems, Kirkland WA) using a microfluidic
perfusion system. Patient plasma induced a significant increase in the
release of C3- and C9-positive EMVs compared to controls (Fig. 2A and
B). Fig. 2A–B depict results of EMV release after perfusion from which
microvesicles in the pre-perfusion sample were subtracted (ΔEMVs).
EMVs in pre-perfusion and perfusion samples are presented in Supple-
mentary Fig. S2. The percentage of complement-positive EMVswas also
higher from PGECs perfused with patient plasma compared to controls,
as shown in Supplementary Fig. S3. The findings were confirmed in 5
additional vasculitis patients also perfused over PGECs taken from the
acute phase and remission using another flow cytometer to enable
detection of smaller microvesicles (Fig. 2C–E). The results showed
higher total EMV release from perfused samples taken during the
acute phase, compared to remission, and more acute phase EMVs
were C9-positive. Results showing absolute values in the pre-
perfusion and perfused samples are presented in Supplementary
Fig. S4. The effect on the release of complement-positive EMVs was ab-
rogated by reduction of the microvesicle content of vasculitis plasma in
the sample before perfusion (Fig. 2F).

As patient samples perfused over PGECs induced the release of C3-
and C9-positive EMVs we examined if the cell-bound complement reg-
ulators CD46 and CD55were reduced under these conditions. Perfusion
did not affect the expression of these complement regulators (Supple-
mentary Fig. S5).

3.3. Kinin-receptor antagonists and C1-inhibitor decrease release of
complement-positive EMVs from PGECs

Vasculitis patient plasma samples (n= 5) were pretreated with the
kinin B1R antagonist R715 and the B2R antagonist HOE-140 (alone or in
combination), or C1-inhibitor, before perfusion over PGECs. Results,
presented after deduction of EMVs in the pre-perfusion sample, show
that combined B1R and B2R inhibition as well as C1-inhibitor signifi-
cantly decreased the total number of shed EMVs as well as those with
C3 and C9 deposits (Fig. 3). Results showing absolute values of EMVs
in the pre-perfusion and perfused samples are presented in Supplemen-
tary Fig. S6.

3.4. IgG-depletion of vasculitis plasma did not affect EMV shedding from
PGECs

Samples from 2 patients were IgG-depleted in order to remove
ANCA. IgG-depletion did not reduce the total number of EMVs or the
C3- and C9-positive EMVs shed from perfused PGECs (data not shown).

3.5. Kinin-receptor blockade reduced complement-positive EMVs after per-
fusion with C1-inhibitor-depleted plasma

EMVs were released from PGECs perfused with C1-inhibitor-
depleted plasma (Fig. 4A, presented after deduction of the pre-
perfusion sample). Addition of the B2R antagonist HOE-140, alone or
in combination with the B1R antagonist R715, significantly reduced
EMV shedding, compared to cells perfused with C1-inhibitor-depleted
plasma alone. C1-inhibitor-depleted plasma perfused over PGECs in-
duced the release of EMVs coated with complement C3 and C9. PGECs
exposed to C1-inhibitor-depleted plasma in the presence of either
or both B1R- and B2R antagonists exhibited significantly lower
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(lowest value in remission was 8·5 × 107/mL). E) The acute samples exhibited significantly more C9-positive EMVs compared to samples from remission (lowest value in remission
was 1·3 × 107/mL). F) Patient plasma samples in which microvesicles were reduced did not induce the release of C3- and C9-positive EMVs after perfusion. **: P b 0·01. *: P b 0·05.
ns: not significant. The bar represents the median. Samples were analysed using a FACSCanto Cytometer in panels A and B and a CyFlow Cube 8 flow cytometer in panels C, D, E, and F.

323I. Lopatko Fagerström et al. / EBioMedicine 47 (2019) 319–328
C3-positive EMVs (Fig. 4B). Similar results were obtained when detect-
ing C9 on the released EMVs although the reduction was not significant
using the B1R antagonist alone (Fig. 4C). Results showing absolute
values of released EMVs in samples before and after perfusion are
presented in Supplementary Fig. S7. The results suggest that kinin-
receptor antagonists reduce the total number of EMVs as well as the
level of complement C3 and C9 deposits on the EMVs in C1-inhibitor-
depleted plasma.
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3.6. C1-inhibitor reduced complement-positive EMVs after perfusion with
C1-inhibitor-depleted plasma

Addition of C1-inhibitor (Berinert) to the C1-inhibitor-depleted
plasma significantly reduced the shedding of EMVs positive for comple-
ment C3 and C9 from PGECs (Fig. 5A and B). Absolute values of released
EMVs in samples before and after perfusion are presented in Supple-
mentary Fig. S8.
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3.7. Complement deposits on EMVs did not increase in kininogen-depleted
plasma

PGEC were perfused with kininogen-depleted plasma (to which
prekallilrein was supplemented and its activity tested by the manufac-
turer). The total number of EMVs did not increase significantly. Like-
wise, C3- and C9-positive EMVs did not increase compared to control
plasma (Fig. 6). The contribution of KKS to release of C3- and
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C9-positive EMVs during perfusion was assessed by comparing the re-
lease of EMVs from C1-inhibitor-depleted plasma (median C3 1·76
× 109/mL, median C9 1·02 × 109/mL) to kininogen-depleted plasma
(median C3 5·64 × 105/mL, median C9 1·36 × 106/mL, P b 0·01 for
both).

3.8. B1R antagonist reduced complement in murine kidneys with nephro-
toxic serum-induced glomerulonephritis

Kidney sections from mice with nephrotoxic serum (NTS)-induced
glomerulonephritis exhibited C3 deposition in glomerular capillary
walls as presented in Supplementary Fig. S1. The intensity of C3 deposi-
tion in glomeruli was quantified and found to be significantly lower in
mice treated with the oral B1R antagonist SSR240612 compared to un-
treated mice sacrificed 6 weeks after treatment (P b 0·05, Fig. 7 and
Table 2). Healthy control mice exhibited negligible C3 deposition
(Table 2).

4. Discussion

Kinin peptides are released from high-molecular weight kininogen
during activation of the KKS and bind to their receptors, B1R and B2R,
present on the endothelium [28,29] inducing a prothrombotic [30]
and proinflammatory state with neutrophil recruitment and vascular
leakage [10,31]. The kallikrein-kinin and complement systems can be
triggered in parallel on the endothelium during inflammation [29] and
both systems are activated, locally and systemically, during vasculitis
[7,11,13,32]. In this study we found that blocking kinin signaling on
the endothelium had a modulating effect on complement activation,
as reflected in decreased circulating complement-coated endothelial-
derived microvesicles and decreased C3 deposition in glomerular capil-
lary walls. Blockade of vasculitis plasma or C1-inhibitor-depleted
plasma with a combination of B1R and B2R antagonists, or addition of
C1-inhibitor, diminished complement deposition on EMVs in vitro and
a B1R antagonist reduced complement deposition in glomeruli in rap-
idly progressive glomerulonephritis in vivo, suggesting that these inter-
ventions may decrease complement-mediated vascular inflammation
and thereby have therapeutic potential.

There are several links between the complement system and KKS.
Both systems can be activated on the gC1q-receptor present on the
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median. Samples were analysed using a CyFlow Cube 8 flow cytometer.
endothelium, which binds both C1q and high-molecular weight kinino-
gen [33], and both the classical pathway of complement and the KKS are
inhibited by C1-inhibitor [9]. Furthermore, kallikrein, that cleaves high-
molecular weight kininogen and releases bradykinin, has also been
shown to cleave and activate C3 in vitro [34]. C3a is an important
anaphylatoxin byproduct of C3 cleavage, that is further degraded and
inactivated by carboxypeptidaseN [35],which also degrades bradykinin
[36]. Although these two systems share multiple points of association
no previous study has shown that reducing KKS signaling on the endo-
thelium decreases complement activation, as shown here, using B1R
and B2R antagonists as well as C1-inhibitor.

We have demonstrated that complement components C3 and C9 are
present on circulating endothelial cell-derived microvesicles in vasculi-
tis. This finding could be reproduced when vasculitis plasma was per-
fused over glomerular endothelial cells, inducing the release of C3-
and C9-positive EMVs. A similar finding was noted when C1-inhibitor
depleted plasma was perfused over the cells. Lack of C1-inhibitor will
allow uninhibited activation of the KKS, however, patients with vasculi-
tis were found to have normal levels of C1-inhibitor [11].
Complementing C1-inhibitor-depleted plasma with C1-inhibitor
blocked excess complement activation on EMVs. C1-inhibitor blocks
the activity of plasma kallikrein but not tissue kallikrein [37] and thus
the effect demonstrated was most likely related to inhibition of plasma
kallikrein.

C1-inhibitor also blocks activation of the classical pathway of
complement [38]. Previous studies have shown that complement ac-
tivation in vasculitis primarily occurs via activation of the alternative
pathway [13,39,40]. Deposition of the factor B cleavage product Bb in
patient glomeruli correlated with the severity of renal disease [41]. In
an animal model of AAV factor B- and C5-deficiency were protective,
whereas C4-deficiency was not [40]. In patients with IgA-vasculitis
(Henoch Schönlein purpura) activation of the alternative
pathway was reported [42] whereas in systemic lupus erythemato-
sus activation of the classical pathway appears to be of predominant
importance [43]. ANCA-stimulated neutrophils activate complement
and generate C3a in serum [40] followed by generation of C5a. C5a in
turn activates more neutrophils, by receptor binding, and thus
this mechanism of activation is amplified [44]. This concept
requires the presence of neutrophils and/or ANCA for complement
activation.
Contro
l p

las
ma

C1IN
H-dpl p

las
ma

C1IN
H-dpl p

las
ma

+ C
1IN

H

0

2×108

4×108

6×108

8×108

C9

*

perfusion of C1-inhibitor-depleted plasma over primary glomerular endothelial cells. C1-
and shed C3- and C9-positive endothelial microvesicles (EMVs) were detected by flow
-inhibitor-depleted plasma perfused over PGECs released EMVs positive for C3 that were
f C1-inhibitor to the C1-inhibitor-depleted plasma significantly reduced the C3-positive
t were higher than control plasma (median in control plasma 5·1 × 106/mL). Addition of
s. **: P b 0·01, *: P b 0·05. C1INH: C1-inhibitor. Dpl: depleted. The bar represents the



Kininogen
-dpl p

las
ma

Contro
l p

las
ma

0

2×107

4×107

6×107

EM
Vs

/m
L

CD144
ns

Kininogen
-dpl p

las
ma

Contro
l p

las
ma

0.0

5.0×105

1.0×106

1.5×106

EM
Vs

/m
L

C3

ns

Kininogen
-dpl p

las
ma

Contro
l p

las
ma

0

2×106

4×106

6×106

EM
Vs

/m
L

C9

ns

A B C

Kininogen-depleted plasma

Fig. 6. C3- and C9 expression on endothelial microvesicles did not increase when kininogen-depleted plasmawas perfused over primary glomerular endothelial cells. Kininogen-depleted
(kininogen-dpl) plasma was perfused over primary glomerular endothelial cells (PGECs) and the total (A), C3-positive (B) or C9-positive (C) endothelial microvesicles (EMVs) were
detected in the plasma by flow cytometry, and compared to control plasma. C3- and C9-positive EMVs did not increase compared to control samples. ns: not significant. The median is
depicted by the bar. Samples were analysed using a CyFlow Cube 8 flow cytometer.

326 I. Lopatko Fagerström et al. / EBioMedicine 47 (2019) 319–328
The current study demonstrates that complement activation can
occur in the absence of neutrophils and ANCA. Vasculitis plasma acti-
vated complement on the endothelium, or on the EMVs, in the absence
of blood cells. The presence of MVs in patient plasma may contain
neutrophil-derived MVs, as our group, and others, have shown
[18,45]. Potentially these MVs could have the same complement-
activating effect as the neutrophils themselves. As reduction of MVs in
patient plasmadecreased complement activation on EMVs it is plausible
that leukocyte-derivedMVs in the circulation contribute to complement
activation on the endothelium. IgG removal, albeit only in a limited
number of patients, did not reduce complement deposits. Thus, we as-
sume that ANCA did not promote complement deposition on the
EMVs, a finding that requires corroboration in a larger patient sample.

The effects of kinin-receptor antagonismor C1-inhibitor suggest that
KKS activation triggers complement activation on the endothelium. In
line with these findings complement deposition did not increase in
kininogen-depleted plasma. Interestingly, C1-inhibitor has been
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Fig. 7. C3 deposition in glomeruli of mice with nephrotoxic serum-induced
glomerulonephritis decreased when treated with a B1 receptor antagonist. Mice with
nephrotoxic serum-induced glomerulonephritis were left untreated (n = 3) or treated
with the oral B1R antagonist SSR240612 (n = 5). Renal tissues were stained for C3 and
the degree of intensity was calculated as per Table 2. Significantly more C3 deposition
was seen in mice given vehicle, compared to mice treated with the B1R-antagonist, *: P
b 0·05. The bar represents the median.
suggested as a treatment for renal injury in a model of renal ischemia-
reperfusion [46] and in patients that develop antibody-mediated rejec-
tion after renal transplantation [47]. C1-inhibitor is commercially avail-
able but its use has not been reported in patients with vasculitis.
Although complement activation in vasculitis usually occurs via the al-
ternative pathway, our findings suggest that C1-inhibitor will block
kinin signaling, and thereby regulate complement activation.

Our results do not allowus to differentiate between complement de-
position on the endothelium itself, followed by shedding onto EMVs or
direct complement activation on the EMVs. Possibly both phenomena
occur. The in vivo data from the NGS-induced glomerulonephritis
model suggest complement activation on the endothelium. This may
occur when activation exceeds the protective effect of regulators, or if
the effect of complement regulators is diminished in the presence of
vasculitis/glomerulonephritis plasma. Membrane-bound complement
regulators (CD59, CD46 and CD55) have been detected on the endothe-
lium suggesting that they could be detached with the shed EMVs
[48–50]. We detected CD46 and CD55 on the EMVs in patient plasma
but their expression was not affected by perfusion in a manner that
could explain complement deposition on patient EMVs after perfusion.

Complement activation in vasculitis is being addressed in the clinical
trial of CCX168 (avacopan), a small molecule inhibitor of C5aR [51,52].
In the current study we suggest that blocking kinin signaling will have
a beneficial effect on complement activation. We speculate that signal-
ing via kinin B2 or B1 receptors, expressed constitutively, or upregu-
lated during inflammation, will trigger an endothelial cell response
allowing complement to deposit on the endothelium. Blocking these re-
ceptors, or the degradation of high-molecular weight kininogen, will di-
minish the inflammatory response, as demonstrated here in vitro and
in vivo. These data are strengthened by perfusion experiments in the
presence of kininogen-depleted plasma that did not show enhanced
complement deposition.

Kinin-receptor antagonists and C1-inhibitor both blocked comple-
ment deposition on EMVs. As complement activation via the alternative
pathway seems more important in the forms of vasculitis studied here
we assume that C1-inhibitor mediated its affect via blocking the kinin
system. Our previous results showed that C1-inhibitor blocked KKS ac-
tivation on EMVs and their chemotactic effect [10] and thus this potent
inhibitor could have a beneficial effect on the vasculature during inflam-
mation, as it blocks both kinin and complement activation. Importantly,
the B2R antagonist, Icatibant, and C1-inhibitor are both available thera-
peutics in the clinic that should be investigated for treatment of vascular
inflammation in future studies.



Table 2
Intensity of C3 deposition in kidneys of mice with glomerulonephritis and controls.

Mouse Intensity of C3 staining

Total number of glomeruli 0 (%) 1 (%) 2 (%) 3 (%) Totala

Untreated
1 48 8 (16·7) 23 (47·9) 9 (18·8) 8 (16·7) 65
2 46 21 (45·7) 11 (23·9) 4 (8·7) 10 (21·7) 49
3 51 5 (9·8) 21 (41·2) 14 (27·5) 11 (21·6) 82

Treated with the B1R antagonist
4 56 38 (67·9) 7 (30·4) 1 (1·8) 1 (1·8) 22
5 55 31 (56·4) 15 (27·3) 7 (12·7) 2 (3·6) 35
6 42 17 (40·5) 22 (52·4) 0 (0) 3 (7·1) 31
7 47 25 (53·2) 15 (31·9) 4 (8·5) 3 (6·4) 32
8 50 30 (60) 13 (26) 7 (14) 0 (0) 27

Controls
9 39 34 (87·2) 4 (10·3) 1 (2·6) 0 (0) 6
10 42 28 (66·7) 15 (35·7) 4 (9·5) 0 (0) 23
11 46 37 (80·4) 7 (15·2) 2 (4·3) 0 (0) 11
12 51 38 (74·5) 10 (19·6) 3 (5·9) 0 (0) 16

a All glomeruli in each section were counted and graded in blinded fashion after intensity as follows: no staining (0), low (1+), medium (2+) and high (3+) as depicted in Supple-
mentary Fig. S1. The total level of intensity was calculated for each section as the number of glomeruli multiplied by the level of intensity.
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