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Modeling complement activation
on human glomerular
microvascular endothelial cells
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Introduction: Atypical hemolytic uremic syndrome (aHUS) is a rare kidney

disease caused by dysregulation of the complement alternative pathway. The

complement dysregulation specifically leads to damage to the glomerular

endothelium. To further understand aHUS pathophysiology, we validated an ex

vivo model for measuring complement deposition on both control and patient

human glomerular microvascular endothelial cells (GMVECs).

Methods: Endothelial cells were incubated with human test sera and stained with

an anti-C5b-9 antibody to visualize and quantify complement depositions on the

cells with immunofluorescence microscopy.

Results: First, we showed that zymosan-activated sera resulted in increased

endothelial C5b-9 depositions compared to normal human serum (NHS). The

levels of C5b-9 depositions were similar between conditionally immortalized (ci)

GMVECs and primary control GMVECs. The protocol with ciGMVECs was further

validated and we additionally generated ciGMVECs from an aHUS patient. The

increased C5b-9 deposition on control ciGMVECs by zymosan-activated serum

could be dose-dependently inhibited by adding the C5 inhibitor eculizumab.

Next, sera from five aHUS patients were tested on control ciGMVECs. Sera from

acute disease phases of all patients showed increased endothelial C5b-9

deposition levels compared to NHS. The remission samples showed

normalized C5b-9 depositions, whether remission was reached with or

without complement blockage by eculizumab. We also monitored the

glomerular endothelial complement deposition of an aHUS patient with a

hybrid complement factor H (CFH)/CFH-related 1 gene during follow-up. This

patient had already chronic kidney failure and an ongoing deterioration of kidney

function despite absence of markers indicating an aHUS flare. Increased C5b-9

depositions on ciGMVECs were observed in all samples obtained throughout

different diseases phases, except for the samples with eculizumab levels above
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target. We then tested the samples on the patient’s own ciGMVECs. The C5b-9

deposition pattern was comparable and these aHUS patient ciGMVECs also

responded similar to NHS as control ciGMVECs.

Discussion: In conclusion, we demonstrate a robust and reliable model to

adequately measure C5b-9-based complement deposition on human control

and patient ciGMVECs. This model can be used to study the pathophysiological

mechanisms of aHUS or other diseases associated with endothelial complement

activation ex vivo.
KEYWORDS

alternative pathway, atypical hemolytic uremic syndrome, C5b-9, complement system,
eculizumab, glomerular endothelium
1 Introduction

Atypical hemolytic uremic syndrome (aHUS) is a rare but

severe kidney disease belonging to the group of thrombotic

microangiopathies (TMA) and is characterized by mechanical

hemolytic anemia, thrombocytopenia and acute kidney injury

(AKI) (1, 2). The damage to the glomerular endothelium is

caused by a dysregulation of the alternative pathway (AP) of the

complement system. Before the introduction of the complement

inhibitor eculizumab, around 50% of the aHUS patients progressed

into end-stage kidney failure, and mortality rates up to 25% in the

acute phase were reported (3–8). With eculizumab, a humanized

monoclonal antibody targeting C5, morbidity and mortality rates

have significantly improved (9, 10).

The complement system is a powerful tool of the innate

immune system to eliminate pathogens and apoptotic/necrotic

host cells. The system can be initiated via three different

pathways: the classical pathway, lectin pathway, and AP (11–13).

In contrast to the classical and lectin pathway, the AP is

constitutively active at a low level by a process called ‘tick-over’.

This results in low levels of active C3, able to form C3 convertases

that cleave C3 into C3a and C3b. C3b is an important opsonin, but

also supports subsequent formation of C5 convertases that cleave

C5 into C5a and C5b. C5a is a powerful chemoattractant, and C5b

supports formation of the C5b-9 complex, also known as the

membrane attack complex. C5b-9 formation on the cell leads to
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impaired membrane integrity and serious cell damage (14).

Therefore, the complement system, and especially the AP, is

strictly regulated in physiological state to prevent host cell damage.

In up to 75% of the aHUS patients, genetic variants in genes

encoding complement components are found (15–18). The most

common are loss-of-function mutations in genes encoding for the

complement regulatory proteins factor H (FH), factor I and

membrane-cofactor protein (MCP), and gain-of-function

mutations in complement C3 and factor B. In addition, genomic

rearrangements in the complement FH (CFH) and CFH related

(CFHR) 1-5 region have been described, resulting in hybrid FH-

FHR proteins which may interfere with normal complement

regulation (19, 20). Furthermore, autoantibodies against FH may

impair the homeostatic complement regulation and lead to aHUS

(21). The disease penetrance of aHUS in mutation carriers is

incomplete. Various triggering factors, such as infections,

pregnancy, and/or certain medications, can elicit the development

of aHUS (17, 22, 23).

Especially the kidneys are vulnerable for complement

deposition and the subsequent TMA-mediated injury (24, 25).

The glomerular microvascular endothelial cells (GMVECs) are

the primary target of AP activation in aHUS, but the exact

mechanisms behind this high susceptibility of GMVECs to

complement deposition remains unknown. A possible explanation

might be their morphological (fenestration) and functional

(filtration) difference compared to other endothelial cells (25, 26).

Nonetheless, in the last decade, other endothelial cell types than

GMVECs have frequently been used to study complement

activation and deposition in patients with complement-mediated

kidney diseases. For example, human dermal microvascular

endothelial cells 1 (HMECs-1) (27–31) and human umbilical vein

endothelial cells (HUVECs) (32–34) have been described as cell

models for aHUS. However, these cells might not optimally reflect

the in vivo situation, given the specific glomerular cell vulnerability

in aHUS. Therefore, the aim of this study was to model complement

activation in aHUS patients ex vivo, by measuring complement

deposition on human conditionally immortalized GMVECs

(ciGMVECs). Moreover, by having the unique possibility to
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create a ciGMVEC line derived from an aHUS patient, we could

model the complement activation in samples of an aHUS patient on

patient’s own endothelial cells.
2 Materials and methods

2.1 Ethics

Written informed consent was obtained from all aHUS patients

or their legal guardians, and from all healthy controls of whom

blood samples were used in this study. Informed consent was also

obtained for isolating GMVECs from an aHUS patient (P1) who

had bilateral nephrectomy in preparation to kidney transplantation.

The study was performed in accordance with the appropriate

version of the Declaration of Helsinki.
2.2 aHUS patients

Six patients diagnosed with aHUS were included in this study

and were genetically characterized (Table 1). P1 was identified with

a heterozygous deletion of CFH exon 22, CFHR3 and CFHR1 exon

1-5, indicating a genomic rearrangement resulting in a CFH/CFHR1

hybrid gene (35). This rearrangement has been described to lead to

a severe aHUS phenotype (36). P2 and P4-P6 carried a pathogenic

C3 variant, i.e. c.481C>T (p.Arg161Trp), resulting in decreased

binding to FH and MCP, and increased binding to complement

factor B, leading to a C3 convertase with increased activity (34, 37,

38). In P3, a homozygous CFHR3-1 deletion was found in

combination with autoantibodies against FH (39–41). P3 (P4 in

Bouwmeester et al.), P4 (P12 in Bouwmeester et al.), and P5 (P18 in

Bouwmeester et al.) were described in the CUREiHUS study (18).

All patients were treated according to a restrictive eculizumab

protocol, as described in the CUREiHUS study (18, 43).

P1 is known with aHUS from the age of 5 months and treated

until the age of 11 years with chronic plasma therapy. He then was

successfully switched to treatment with eculizumab. At the age of 15

years a further deterioration of his kidney function was observed

without any signs of recurrence of aHUS. His radiographic
Frontiers in Immunology 03
examinations revealed an acquired glomerulocystic disease, a

reduced left kidney function, and an abnormal venous system of

unknown origin. A bilateral nephrectomy was performed to

minimize the risk for aHUS recurrence after kidney

transplantation. The blood taken at the age of 15 years and used

in this study was marked as day 0 (d0). The medical history of this

aHUS patient (P1) was in depth studied and reported

previously (36).

TMA was defined by ≥2 of the following criteria:

thrombocytopenia (platelet count <150 ×109/l), lactate

dehydrogenase (LDH) above the upper limit of normal (>250 U/

l) and low/undetectable haptoglobin (<0.3 mg/l). AKI was defined

as an increase in serum creatinine of ≥26.53 µmol/l (0.3 mg/dl) in 48

hours or ≥1.5 times baseline in <7 days.
2.3 Cell culture

GMVECs of P1 were isolated from kidney tissue obtained after

nephrectomy and subsequently conditionally immortalized as

described by Satchell et al. (44). Control ciGMVECs (obtained

from Satchell et al. (44)) and P1 ciGMVECs were allowed to

proliferate by culturing them at 33°C with 5% (v/v) CO2 on 96-

well plates (655090, Greiner, Cellstar®) coated with gelatin (48720,

FLUKA). When confluent, cells were transferred to 37°C with 5%

(v/v) CO2 to induce growth arrest. After 7-8 days, cells were used

for experiments. The growth medium, later referred to as

endothelial medium, consisted of M199 medium (22340, Gibco)

supplemented with 10% (v/v) heat-inactivated (HI) human serum

(ISER, Innovative research), 10% (v/v) HI newborn calf serum

(26010, Gibco), 2 mM L-glutamine (25030, Gibco), 100 U/ml

penicillin, 100 mg/ml streptomycin (15140, Gibco), 5 U/ml

heparin (Leo Pharmaceuticals), and 150 µg/ml bovine endothelial

growth factor made according to the protocol described by Maciag

et al. (45).

Primary GMVECs from human origin were obtained from

kidney tissue after nephrectomy and cultured as previously

described (46). Primary GMVECs were cultured at 37°C with 5%

(v/v) CO2 on gelatin-coated 96-well plates with endothelial medium

until confluent.
TABLE 1 Genetics of atypical hemolytic uremic syndrome (aHUS) patients.

Patient Gene cDNA change Protein change Zygosity Classa FH autoantibodies References

P1 CFH-CFHR1 hybridb Heterozygous Negative (35, 36)

P2 C3 c.481C>T p.Arg161Trp Heterozygous 5 Negative (34, 37, 38)

P3 CFHR3-1 deletion Homozygous 2 Positive (39–41)

P4 C3 c.481C>T p.Arg161Trp Heterozygous 5 Negative (34, 37, 38)

P5 C3 c.481C>T p.Arg161Trp Heterozygous 5 Negative (34, 37, 38)

P6 C3 c.481C>T p.Arg161Trp Heterozygous 5 Negative (34, 37, 38)
aClassification based on guidelines of the American College of Medical and Genomics (42) as benign (class 1), likely benign (class 2), uncertain significance (class 3), likely pathogenic (class 4),
and pathogenic (class 5).
bGenomic analysis using multiplex ligation-dependent probe amplification identified a heterozygous deletion of CFH (LRG_47t1) exon 22, complete CFHR3 (LRG_175t1) and CFHR1
(LRG_149t1) exon 1-5, indicating a genomic rearrangement resulting in a CFH/CFHR1 hybrid gene (NC_000001.10: g.(196715167_196716320)_(196799888_196801005)del).
CFH, complement factor H; CFHR, complement factor H related.
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HMECs-1 (ATCC® CRL3243™) were cultured at 37°C with 5%

(v/v) CO2 on uncoated 96-well plates with MCDB 131 medium

(10372, Gibco) supplemented with 50 µg/ml bovine endothelial

growth factor, 10% (v/v) fetal calf serum (FCS; 10270, Gibco), 2 mM

L-glutamine, 1 µg/ml hydrocortisone (H0888, Sigma-Aldrich), 100

U/ml penicillin, and 100 mg/ml streptomycin.
2.4 Sample collection and
sample preparation

Blood samples of aHUS patients and healthy individuals were

collected and processed as described previously (47). Pooled normal

human serum (NHS) was obtained by pooling 10 or 14 healthy

individual samples. To obtain HI-NHS, NHS was incubated for 30

minutes at 56°C. Samples were aliquoted and stored at -80°C until use.

Serum samples were thawed on ice and diluted to the desired

serum concentration in Hanks’ balanced salt solution containing

calcium and magnesium (HBSS++, 14025; Gibco) supplemented

with 0.5% (w/v) bovine serum albumin (BSA; 820451, Millipore),

later referred to as test medium. Where indicated, sera were pre-

incubated for 5-10 minutes at room temperature with 300 µg/ml of

the C5 blocker eculizumab (Soliris®, Alexion Pharmaceuticals) and/

or 0.3 mg/ml zymosan (Z4250, Sigma-Aldrich). Zymosan was pre-

diluted in magnesium-ethylene glycol tetra acetic acid buffer (Mg-

EGTA; 2.03 mM veronal buffer, pH 7.4, 10 mM EGTA, 7 mM

MgCl2, 0.083% gelatin, 115 D-glucose, and 60 mM NaCl).

Eculizumab and zymosan concentrations are indicated per

volume of undiluted serum.
2.5 Complement deposition and
immunofluorescence staining

Cells cultured on 96-well plates were washed twice with test

medium and pre-incubated with test medium for 15 minutes at 37°

C with 5% (v/v) CO2. Next, cells were incubated with 33.3% serum

in test medium with a final volume of 140 µl at 37°C with 5% (v/v)

CO2 for 2 hours, unless stated otherwise. After incubation, cells

were washed twice with HBSS++, fixed with 3% paraformaldehyde/

phosphate buffered saline (PBS; 10010, Gibco) for 10 minutes, and

washed twice with PBS.

For immunofluorescence staining, cells were first blocked with

2% (w/v) BSA/PBS for 1 hour. Then, cells were stained with mouse

anti-CD31 (1:100, 555444, BD Pharmingen) and/or rabbit anti-

C5b-9 (1:200; 204903, Calbiochem), diluted in 1% (w/v) BSA/PBS

with 10% (v/v) goat serum (ab7481, Abcam), for 1 hour. After

washing three times, cells were incubated with the secondary

antibodies (1:1000 in 1% BSA/PBS) Alexa488-conjugated goat

anti-rabbit (A11008, Invitrogen), Alexa568-conjugated goat anti-

mouse (ab175473, Abcam), and/or FITC-conjugated rabbit anti-

C3c (1:20; F0201, Dako; recognizes the C3c part of C3, C3b and

iC3b), for 1 hour. Cell nuclei were additionally stained with 5 µg/ml
Frontiers in Immunology 04
4’, 6-diamidino-2-phenylindole (DAPI; D1306, Invitrogen) for 5

minutes. All steps were performed with static conditions at room

temperature. Images were captured with Zeiss Axio Observer 7 with

artificial intelligence sample finder in combination with ZEN

imaging software (Zeiss).
2.6 Quantification of C5b-9 deposition

For the quantification of C5b-9 depositions, an area of 4 mm2 of

each well was visualized, with focusing on DAPI and with equal

visualization settings for all experiments. Fluorescence images were

analyzed utilizing Fiji 1.51n software with a custom-made ImageJ

macro to quantify C5b-9 (48).
2.7 Flow cytometry

Control ciGMVECs in 24-well plates (3524, Costar®, Corning

Incorporated) were washed twice with test medium and

subsequently incubated with 10% (v/v) serum in test medium

with a final volume of 280 µl at 37°C with 5% (v/v) CO2 for 1

hour. Next, cells were washed twice with HBSS++ and fixed with

0.5% paraformaldehyde/PBS for 15 minutes. After fixation, cells

were stained with rabbit anti-C5b-9 (1:100) in 0.1% (v/v) BSA/PBS

at 4°C for 30 minutes. After three washes with PBS, cells were

incubated with Alexa488-conjugated goat anti-rabbit (1:100) at 4°C

for 30 minutes. Cells were detached with 0.05% trypsin-

ethylenediamine tetra acetic acid (25300, Gibco) and dissolved in

10% (v/v) FCS/PBS. Cells were spun down and resuspended in 0.1%

(v/v) BSA/PBS. C5b-9 deposition was quantified using a CytoFLEX

flow cytometer (Beckman Coulter) and results were analyzed with

Kaluza 2.1.3 software (Beckman Coulter).
2.8 Collection of clinical data and standard
laboratory measurement

Clinical and standard laboratory data were obtained from

patients’ electronic medical records. Serum C5 levels were

measured with enzyme-linked immunosorbent assay (ELISA) as

described previously (49). Patients were tested for autoantibodies

against FH using an in-house ELISA (50).
2.9 Statistical analysis

Data are expressed as mean ± standard deviation. All statistical

analyses were performed with GraphPad Prism version 9.0.0 for

Windows (GraphPad Software, San Diego, California, USA). Data

were analyzed by unpaired t-test, one-way ANOVA, or two-way

ANOVA, followed by post-hoc analysis as indicated in figure legends.

A p-value (P) of <0.05 was considered as statistically significant.
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3 Results

3.1 Comparing complement C5b-9
deposition on glomerular endothelial cells

Human endothelial cell types from different origin have been

used previously to model complement deposition ex vivo. We

focused on studying complement activation on glomerular

endothelial cells as these are the primary target in aHUS.

Therefore, we first compared the performance of primary

GMVECs with ciGMVECs as cellular models for complement

activation ex vivo, by investigating the endothelial C5b-9

deposition upon incubation with NHS and zymosan-stimulated

NHS. A baseline level of C5b-9 deposition was observed for both

primary control GMVECs and control ciGMVECs upon
Frontiers in Immunology 05
incubation with NHS (Figures 1A, B). The amount of

depositions significantly increased when the cells were incubated

with NHS supplemented with zymosan to simulate an activated

complement system (Figures 1A, B). Similar results were seen for

the HMECs-1 (Supplementary Figures 1A, B), which is the most

frequently described cellular model for aHUS (27–31), thereby

further validating our results on the glomerular endothelial

cell model.

To determine the discriminatory power between baseline C5b-9

deposition (NHS) and the C5b-9 level after incubation with

activated complement (NHS-zymosan), the fold change of NHS-

zymosan to NHS was calculated for primary GMVECs and

ciGMVECs (Figure 1C). No significant difference was measured.

We continued with validating ciGMVECs as a model for

complement activation on the glomerular endothelial surface.
A B

C

FIGURE 1

Serum-induced C5b-9 deposition on primary glomerular microvascular endothelial cells (GMVECs) and conditionally immortalized GMVECs
(ciGMVECs). (A-C) Primary GMVECs and control ciGMVECs, from human origin, after incubation with 33.3% serum in test medium for 2 hours.
(A) Representative immunofluorescence images of C5b-9 (green), CD31 (purple) and cell nuclei with 4’, 6-diamidino-2-phenylindole (DAPI; blue)
after incubation with normal human serum (NHS) and NHS-zymosan (zym). Scale bar: 200 µm. (B, C) Quantification of C5b-9 deposition in pixel2

after serum incubation with NHS and NHS-zym (B) and as fold change of NHS-zym versus NHS (C). Data are presented as mean ± standard
deviation of three donors for primary GMVECs and nine independent experiments for control ciGMVECs. Experiments were performed with at least
two replicates per condition. (B) Not significant (ns), ***P < 0.001, using two-way ANOVA followed by Tukey’s multiple comparisons test. (C) Not
significant (ns), using unpaired t-test.
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3.2 Human ciGMVECs as a model to
adequately measure complement-
mediated C5b-9 deposition

To determine if we could adequately and reliably measure

complement-mediated C5b-9 deposition on the ciGMVECs, we

visualized and quantified C5b-9 on the ciGMVECs upon incubation

with different test sera in which complement was activated

or blocked.

First, we showed that incubation of ciGMVECs with either HI-

NHS or NHS supplemented with eculizumab resulted in decreased

C5b-9 depositions compared to NHS (Figures 2A, B). The increase

in C5b-9 deposition after incubation with NHS-zymosan could also

be inhibited when serum was first treated with eculizumab

(Figures 2A, B). With flow cytometry as an alternative method

for C5b-9 quantification we further confirmed our microscope

imaging findings for ciGMVECs (Supplementary Figure 2). In

line with the C5b-9 deposition, we showed that the deposition of
Frontiers in Immunology 06
C3 was increased upon incubation with NHS-zymosan

(Supplementary Figure 3). Together, these results indicate that the

generation of C5b-9 on the endothelial surface was complement-

mediated. Incubation of ciGMVECs with serum of aHUS P1

resulted in increased C5b-9 deposition compared to NHS

(Figures 2A, B). No significant differences in the C5b-9 deposition

levels were observed between 1-, 2- or 3-hour serum incubations

(Supplementary Figure 4). Two-hour incubation with serum was

used as the standard method for further experiments.

Next, we titrated eculizumab in NHS-zymosan to assess how the

cellular model reflects in vivo (fluid-phase) complement inhibition

by eculizumab. The target serum level of eculizumab for aHUS

patients for adequate blockage of complement is above 50-100 µg/

ml (51, 52). In line with this, we observed maximal blockage of C5b-

9 depositions on ciGMVECs with concentrations of 100 µg/ml and

higher, and partial inhibition of C5b-9 formation with 50 µg/ml

eculizumab (Figure 2C). Concentrations of 20 µg/ml and lower did

not affect the C5b-9 depositions induced by activated serum.
A

B C

FIGURE 2

Human control conditionally immortalized glomerular microvascular endothelial cells (ciGMVECs) as model for complement deposition.
(A-C) Control ciGMVECs were incubated with 33.3% serum in test medium for 2 hours. (A) Representative immunofluorescence images of C5b-9
(green), CD31 (purple) and cell nuclei with 4’, 6-diamidino-2-phenylindole (DAPI; blue). Incubation with normal human serum (NHS), heat-
inactivated NHS (HI-NHS), NHS supplemented with 300 µg/ml eculizumab (ecu), NHS with zymosan (zym), NHS + ecu + zym and aHUS P1 serum.
Scale bars: 200 µm. (B) Quantification of serum-induced C5b-9 deposition on control ciGMVECs. Data are presented as mean ± standard deviation
of the fold change to NHS (dotted line) run in parallel of nine independent experiments, except for aHUS P1 (three independent experiments).
Experiments were performed with at least two replicates per condition (single measurements for aHUS P1 serum). Not significant (ns), **P < 0.01,
using one-way ANOVA followed by Bonferroni’s multiple comparisons test (aHUS P1 excluded for statistical analysis). (C) Eculizumab titration in
NHS-zym. Data are presented as the mean ± standard deviation of the fold change to NHS (dotted line) run in parallel of three independent
experiments performed with at least two replicates per condition.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1206409
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Stevens et al. 10.3389/fimmu.2023.1206409
3.3 C5b-9 deposition on human ciGMVECs
in acute phase and remission

After validating ciGMVECs as a model to specifically measure

complement-mediated C5b-9 depositions, we explored their usage for

modeling aHUS by comparing aHUS patient samples obtained from

different disease phases. Incubation of ciGMVECs with sera from P2,

P3, P4, P5, and P6 obtained in the acute phase resulted in increased

C5b-9 deposition levels, ranging from 1.37-7.69 fold the levels

generated by NHS (Table 2; Supplementary Figure 5). In all serum

samples, eculizumab levels were below the detection limit of 8 µg/ml.

Surprisingly, the sample of P4 obtained during evident

hematological TMA and AKI (d10; Table 2) showed only slightly

increased C5b-9 deposition compared to NHS. On the contrary, a

second acute phase sample (d211; Table 2), showed higher C5b-9

deposition, despite the clinically less pronounced TMA. Of note,

both relapses were triggered by a viral infection.

The remission samples of P2 and P5 with an eculizumab level

above the therapeutic target suggesting adequate complement

blockage, showed normalized C5b-9 depositions (Table 2;

Supplementary Figure 5). The remission sera from P3 and P4,

obtained while in remission after eculizumab withdrawal, also

resulted in normalized endothelial C5b-9 deposition levels

(Table 2; Supplementary Figure 2).
3.4 Monitoring C5b-9 deposition in an
aHUS patient during eculizumab treatment
on control and patient ciGMVECs

P1 developed a severe form of aHUS from the age of 5

months, which is described in detail in the materials and
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methods and by Bouwmeester et al. (36). We thoroughly

monitored P1 during his chronic kidney failure and eculizumab

treatment with various complement (activation) and TMA

markers in the blood and studied if these parameters correlated

with endothelial C5b-9 depositions. Interestingly, all samples of

P1 in which the eculizumab concentrations were below the

therapeutic target (<50 µg/ml) showed increased C5b-9

deposition on ciGMVECs (Figure 3A), irrespective of the

clinical disease phase the samples were taken from. Thus, also

samples taken when the patient did not show active signs of TMA

showed increased cellular C5b-9 deposition. During adequate

complement blockage, indicated by serum eculizumab levels

above 50-100 µg/ml and a CH50 <10%, C5b-9 deposition was

comparable or below NHS level (Figure 3A).

As this patient was not a “typical” aHUS patient because of

ongoing decline in kidney function (described by Bouwmeester

et al. (36)) and high C5b-9 deposition levels despite “quiescent”

TMAmarkers, we hypothesized the glomerular endothelium of this

patient might be more susceptible to complement activation and/or

complement-mediated damage. When this patient received a

kidney transplant, we were able to isolate GMVECs from the

tissue of the removed native kidney from this patient to test this

hypothesis. Incubation of the same series of serum samples

obtained during follow-up with the patient’s own ciGMVECs (P1

ciGMVECs) resulted in C5b-9 deposition that was similar to the

deposition on control ciGMVECs (Figure 3A). Also, the patient

cells were similarly susceptible to C5b-9 deposition induced by NHS

(Figure 3B). The C5b-9 levels were not higher for P1 ciGMVECs

compared to control ciGMVECs based on the fold change

compared to NHS after incubation with different test sera

(Supplementary Figure 6).
TABLE 2 Complement C5b-9 deposition of atypical hemolytic uremic syndrome (aHUS) patient samples on human control conditionally immortalized
glomerular microvascular endothelial cells (ciGMVECs).

Patient Day of
sampling

Eculizumab target
>50-100 µg/ml

Disease phase C5b-9 deposition (fold change
vs NHS run in parallel)d

P2 0 <8 Acute phase (TMA + AKI) 2.84e

13 206 Remission phasea 0.30

P3 0 <8 Acute phase (TMA + AKI) 3.97

307 <8 Remission phase 0.76

P4 0 <8 Pre-relapse 0.68

10 <8 Acute phase (TMA + AKI)b 1.37

211 <8 Acute phase (TMA + AKI)c 7.69

344 <8 Remission phase 0.43

P5 0 <8 Acute phase (TMA + AKI) 2.17

15 134 Remission phasea 0.59

P6 0 <8 Acute phase (TMA + AKI) 5.85
aEculizumab level was above therapeutic target, suggesting adequate complement blockage.
bLactate dehydrogenase (LDH) 1450 U/l, thrombocytes 21×109/l, urine protein-to-creatinine ratio (UPCR) 1.18 g/10mmol, and serum creatinine 130 µmol/l.
cLDH 612 U/l, thrombocytes 65×109/l, UPCR 0.37 g/10mmol, and serum creatinine 128 µmol/l.
dPatient samples: mean of two replicates of a single experiment. NHS: mean of at least three replicates of a single experiment.
eNo duplicate.
AKI: acute kidney injury, NHS: normal human serum, TMA: thrombotic microangiopathy.
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4 Discussion

aHUS is a complex disease characterized by dysregulation of the

AP, primarily caused by genetic variants in genes encoding

complement components and/or by autoantibodies. Uncontrolled

complement activity in aHUS causes AP activation and C5b-9

deposition on the GMVECs in the glomerulus. This contributes

to endothelial cell activation and endothelial damage as well as a

prothrombotic phenotype, leading to decreased kidney function. In

this study, we showed that human control ciGMVECs and aHUS

patient ciGMVECs can be used to adequately measure and model

complement C5b-9 deposition on endothelial cells by different test

sera and aHUS patient sera. Furthermore, aHUS patient ciGMVECs

were incubated with patient’s own serum samples.

The glomerulus is the main target of the complement-mediated

damage in aHUS, suggesting a specific susceptibility of these cells to

complement activation (24, 25, 53). Endothelial cells from different

origin have different expression profiles of complement regulators

and complement proteins, which may lead to different susceptibility

for complement activation (in resting or activated state) (24, 25, 54,

55). Furthermore, glomerular endothelial cells may have different

adaptive mechanisms for certain TMA triggers such as heme. For

example, May et al. (56) showed a higher susceptibility for

complement deposition of glomerular endothelial cells compared

to other cell types upon heme stimulation. Thus, to reflect the

physiological context as close as possible, glomerular endothelial

cells were chosen as the preferred cell type for modeling aHUS

ex vivo.
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First, we showed that no significant differences were observed

between primary GMVECs and control ciGMVECs with respect to

their susceptibility for C5b-9 deposition by NHS and NHS-

zymosan. Even though human primary GMVECs might reflect

the in vivo situation better than ciGMVECs, primary GMVECs have

several limitations (also reviewed in Meuleman et al. (53)). First,

human primary GMVECs have limited availability and their

isolation and culture is labor-intensive and requires great

expertise. Second, these cells have a limited lifespan. Thus,

multiple individual donors are needed resulting in differences in

genetic background, and thereby inter-experimental variability.

ciGMVECs do not have these practical limitations and are more

suitable for standardized testing.

We showed that human ciGMVECs are a reliable and robust

model for complement-mediated C5b-9 deposition, visualized and

quantified with immunofluorescence microscopy. NHS-zymosan,

which simulates an overactive complement system, resulted in

increased C5b-9 deposition compared to NHS. On the other

hand, inhibition of the complement system in NHS with

eculizumab resulted in a dose-dependent decrease in C5b-9

deposition. Our results were in line with the recommended

treatment target of eculizumab in vivo. Zymosan is obtained out

of the cell wall of Saccharomyces cerevisiae and activates the

complement system in serum via the AP by promoting rapid C3

cleavage (57, 58). However, zymosan might also activate endothelial

cells as it is recognized by Toll-like receptors (59, 60). We could not

identify to what extent cellular activation may have contributed to

increased C5b-9 deposition.
A B

FIGURE 3

Monitoring C5b-9 deposition by aHUS P1 during follow-up on control conditionally immortalized glomerular microvascular endothelial cells
(ciGMVECs) and P1 ciGMVECs. (A, B) ciGMVECs derived from a control (green) or aHUS P1 (purple) were incubated with 33.3% serum in test medium
for 2 hours. aHUS P1 sera were obtained during follow-up, indicated by days (d). (A) Data are presented as mean of two measurements (bars) or
single measurements (squares and circles), all expressed in fold change compared to normal human serum (NHS) run in parallel (dotted line)
performed in a single experiment for each cell line. The table inset shows the corresponding laboratory parameters for complement activation and
TMA per test sample. Reference values of laboratory parameters are indicated between parentheses. Target values for adequate complement
blockage by eculizumab are eculizumab >50 µg/ml, CH50 <10%, and AP50 <30%. Samples with adequate serum eculizumab levels are indicated
with an arrow. LDH: lactate dehydrogenase, ND: not determined. (B) C5b-9 deposition on control ciGMVECs and P1 ciGMVECs after incubation with
NHS. Data are presented as mean ± standard deviation of seven independent experiments for P1 ciGMVECs and nine independent experiments for
control ciGMVECs. Not significant, using unpaired t-test. Experiments were performed with at least two replicates per condition.
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In all acute phase samples of aHUS patients, increased C5b-9

deposition was observed compared to pooled NHS on

(unstimulated) ciGMVECs. However, the most evident relapse for

P4 (d10) did not show the highest C5b-9 deposition level in the

assay compared to the other relapse (d211), which might indicate

that the amount of C5b-9 deposition may not exactly reflect the

disease state or that there may be a delay between clinical

presentation and the complement effect on the endothelium. The

assay detected normalized endothelial C5b-9 deposition levels in

patients samples (P2-P5) in remission (either with or without

adequate complement blockage by eculizumab).

Interestingly, all sera of P1, except the samples with

eculizumab levels above target, induced elevated endothelial

C5b-9 depositions, even though samples were obtained from

disease phases without clinical or laboratory signs of TMA or

complement activation present. The same effect was seen when the

samples were tested on the patient’s own ciGMVECs. This

suggests that even though P1 showed a highly active

complement deposition profile and ongoing decline in kidney

function, the cells were not intrinsically, in resting state, more

susceptible to complement activation (neither by patient serum

nor by NHS). The cause of the high C5b-9 depositions in this

patient with chronic kidney failure remains therefore unknown.

Further studies are required to identify if patients with chronic

kidney failure, either with or without aHUS, have increased

complement activation.

Roumenina et al. (34, 61) and Frimat et al. (33) were the first to

describe complement deposition on human glomerular endothelial

cells (ciGMVECs). The authors described C3 deposition as mean

readout for complement activation, which was primarily quantified

with flow cytometry. Frimat et al. observed increased complement

deposition in several aHUS patients versus control samples on

resting cells, but for identifying all aHUS patient samples

stimulation of the cells with heme was required (33). In

Roumenina et al. (34), TNFa/IFNg activation was used to

discriminate healthy controls from aHUS patients with a C3

mutation. The authors did not describe or compare the disease

phases of the aHUS patients. We did not need to pre-activate our

cells to distinguish increased complement deposition in aHUS

patients from controls. Thereby, our results are in line with

groups working with HMECs-1 showing that the aHUS samples

in the acute phase can be identified on resting cells (27, 31). This

assay was first described by Noris et al. (27) and followed-up by

Galbusera et al. (31) as an assay with the diagnostic aim of

monitoring and individualizing eculizumab therapy and

predicting relapses. Timmermans et al. (28) used the assay for

showing complement depositions in hypertension-associated TMA,

and Palomo et al. (29) published an adapted methodology with

activated plasma samples and analyzed pre-eclampsia and HELLP

(a pregnancy complication characterized by hemolysis, elevated

liver enzymes, and low platelet count) patient samples in addition to

aHUS samples. Some of these groups also showed increased C5b-9

deposition on activated cells after incubation with serum from

unaffected mutation carriers and/or patients in the remission phase

(27, 28, 34). We did not test such conditions as this was beyond the

scope of our study.
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To our knowledge, we are the first to show that unique aHUS

patient GMVECs can be obtained, conditionally immortalized, and

used as a cell line for experimental testing. This approach offers great

promise for further research into the pathophysiology of aHUS, since

it is now possible to align the endothelial cells of a patient with its own

serum samples. In our case, the aHUS patient had a CFH-CFHR1

hybrid gene, but it will also be very valuable to use this tool to

generate cell lines from aHUS patients with mutations in membrane-

bound regulators or from patients without confirmed complement

mutations. This allows to investigate the effect of differences in

endothelial cell characteristics on complement activation and

susceptibility. After all, it remains unknown why some complement

mutation carriers develop aHUS and others do not and if there are

endothelial susceptibility factors contributing to aHUS in patients

without proven genetic aberrations.

Our imaging strategy allows visualization of large areas of the

well in one time in a reliable and fast way, even though the

resolution may be lower compared to traditional confocal

microscopy. In this study, the number of aHUS patients was still

limited. Testing more aHUS patients with different genetic

background during follow-up (and treatment) will help us to

further understand aHUS pathophysiology. Nonetheless, it is

important to emphasize that the ex vivo complement activity on

endothelial cells cannot fully reflect the in vivo situation. For

example, it has been suggested that the vascular heterogeneity of

the glycomatrix is involved in glomerular diseases (24, 62). In

addition, FH and properdin can interact with glycosaminoglycan

heparan sulfate produced by endothelial cells (63). As these static

2D models do not fully reflect the glomerular organization, 3D

models involving multiple cell types combined with flow conditions

might be of potential to mimic the in vivo situation more closely.

In conclusion, we showed that human control ciGMVECs and

aHUS patient ciGMVECs can be used to study and quantify

endothelial C5b-9 complement deposition after serum incubation.

Furthermore, by using human ciGMVECs, the described protocol is a

promising tool to study complement pathophysiological mechanisms

in the kidney, in particular the pathophysiology of aHUS. In addition,

the model may be used for in vitro testing of novel complement

therapeutics. The use of aHUS patient-derived (genetically altered)

ciGMVECs might be of help to further explore the susceptibility of

the endothelium to the disease under various circumstances.
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S, et al. Genetics and outcome of atypical hemolytic uremic syndrome: A nationwide
French series comparing children and adults. Clin J Am Soc Nephrol (2013) 8(4):554–
62. doi: 10.2215/cjn.04760512

5. Kaplan BS, Meyers KE, Schulman SL. The pathogenesis and treatment of hemolytic
uremic syndrome. J Am Soc Nephrol (1998) 9(6):1126–33. doi: 10.1681/asn.V961126

6. Taylor CM, Chua C, Howie AJ, Risdon RA. Clinico-pathological findings in
diarrhoea-negative haemolytic uraemic syndrome. Pediatr Nephrol (2004) 19(4):419–
25. doi: 10.1007/s00467-003-1385-9
7. Noris M, Remuzzi G. Atypical hemolytic-uremic syndrome. N Engl J Med (2009)
361(17):1676–87. doi: 10.1056/NEJMra0902814

8. Schieppati A, Ruggenenti P, Cornejo RP, Ferrario F, Gregorini G, Zucchelli P,
et al. Renal function at hospital admission as a prognostic factor in adult hemolytic
uremic syndrome. The Italian registry of haemolytic uremic syndrome. J Am Soc
Nephrol (1992) 2(11):1640–4. doi: 10.1681/asn.V2111640

9. Legendre CM, Licht C, Muus P, Greenbaum LA, Babu S, Bedrosian C, et al.
Terminal complement inhibitor eculizumab in atypical hemolytic-uremic syndrome. N
Engl J Med (2013) 368(23):2169–81. doi: 10.1056/NEJMoa1208981

10. Greenbaum LA, Fila M, Ardissino G, Al-Akash SI, Evans J, Henning P, et al.
Eculizumab is a safe and effective treatment in pediatric patients with atypical
hemolytic uremic syndrome. Kidney Int (2016) 89(3):701–11. doi: 10.1016/
j.kint.2015.11.026

11. Noris M, Remuzzi G. Overview of complement activation and regulation. Semin
Nephrol (2013) 33(6):479–92. doi: 10.1016/j.semnephrol.2013.08.001

12. Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina LT. Complement system
part I - molecular mechanisms of activation and regulation. Front Immunol (2015)
6:262. doi: 10.3389/fimmu.2015.00262
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1206409/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1206409/full#supplementary-material
https://doi.org/10.1016/s0140-6736(17)30062-4
https://doi.org/10.1007/s00467-014-2817-4
https://doi.org/10.2215/cjn.04760512
https://doi.org/10.1681/asn.V961126
https://doi.org/10.1007/s00467-003-1385-9
https://doi.org/10.1056/NEJMra0902814
https://doi.org/10.1681/asn.V2111640
https://doi.org/10.1056/NEJMoa1208981
https://doi.org/10.1016/j.kint.2015.11.026
https://doi.org/10.1016/j.kint.2015.11.026
https://doi.org/10.1016/j.semnephrol.2013.08.001
https://doi.org/10.3389/fimmu.2015.00262
https://doi.org/10.3389/fimmu.2023.1206409
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Stevens et al. 10.3389/fimmu.2023.1206409
13. Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: A key system for
immune surveillance and homeostasis. Nat Immunol (2010) 11(9):785–97.
doi: 10.1038/ni.1923

14. Morgan BP. The membrane attack complex as an inflammatory trigger.
Immunobiology (2016) 221(6):747–51. doi: 10.1016/j.imbio.2015.04.006

15. Malina M, Roumenina LT, Seeman T, Le Quintrec M, Dragon-Durey MA,
Schaefer F, et al. Genetics of hemolytic uremic syndromes. Presse Med (2012) 41(3 Pt
2):e105-14. doi: 10.1016/j.lpm.2011.10.028

16. Bresin E, Rurali E, Caprioli J, Sanchez-Corral P, Fremeaux-Bacchi V, Rodriguez
de Cordoba S, et al. Combined complement gene mutations in atypical hemolytic
uremic syndrome influence clinical phenotype. J Am Soc Nephrol (2013) 24(3):475–86.
doi: 10.1681/asn.2012090884

17. Loirat C, Fakhouri F, Ariceta G, Besbas N, BitzanM, Bjerre A, et al. An international
consensus approach to the management of atypical hemolytic uremic syndrome in
children. Pediatr Nephrol (2016) 31(1):15–39. doi: 10.1007/s00467-015-3076-8

18. Bouwmeester RN, Duineveld C, Wijnsma KL, Bemelman FJ, van der Heijden JW,
van Wijk JAE, et al. Early eculizumab withdrawal in patients with atypical hemolytic
uremic syndrome in native kidneys is safe and cost-effective: Results of the CUREiHUS
study. Kidney Int Rep (2023) 8(1):91–102. doi: 10.1016/j.ekir.2022.10.013

19. FeitzWJC, van de Kar N, Orth-Höller D, van den Heuvel L, Licht C. The genetics
of atypical hemolytic uremic syndrome. Med Genet (2018) 30(4):400–9. doi: 10.1007/
s11825-018-0216-0

20. Piras R, Valoti E, Alberti M, Bresin E, Mele C, Breno M, et al. CFH and CFHR
structural variants in atypical hemolytic uremic syndrome: Prevalence, genomic
characterization and impact on outcome. Front Immunol (2022) 13:1011580.
doi: 10.3389/fimmu.2022.1011580

21. Iorember F, Nayak A. Deficiency of CFHR plasma proteins and autoantibody
positive hemolytic uremic syndrome: Treatment rationale, outcomes, and monitoring.
Pediatr Nephrol (2021) 36(6):1365–75. doi: 10.1007/s00467-020-04652-x

22. Geerdink LM, Westra D, van Wijk JA, Dorresteijn EM, Lilien MR, Davin JC,
et al. Atypical hemolytic uremic syndrome in children: Complement mutations and
clinical characteristics. Pediatr Nephrol (2012) 27(8):1283–91. doi: 10.1007/s00467-
012-2131-y

23. Nester CM, Barbour T, de Cordoba SR, Dragon-Durey MA, Fremeaux-Bacchi V,
Goodship TH, et al. Atypical aHUS: State of the art.Mol Immunol (2015) 67(1):31–42.
doi: 10.1016/j.molimm.2015.03.246

24. Roumenina LT, Rayes J, Frimat M, Fremeaux-Bacchi V. Endothelial cells:
Source, barrier, and target of defensive mediators. Immunol Rev (2016) 274(1):307–
29. doi: 10.1111/imr.12479

25. Thurman JM, Harrison RA. The susceptibility of the kidney to alternative pathway
activation-a hypothesis. Immunol Rev (2023) 313(1):327–38. doi: 10.1111/imr.13168

26. Ricklin D, Reis ES, Lambris JD. Complement in disease: A defence system
turning offensive. Nat Rev Nephrol (2016) 12(7):383–401. doi: 10.1038/nrneph.2016.70

27. Noris M, Galbusera M, Gastoldi S, Macor P, Banterla F, Bresin E, et al. Dynamics
of complement activation in aHUS and how to monitor eculizumab therapy. Blood
(2014) 124(11):1715–26. doi: 10.1182/blood-2014-02-558296

28. Timmermans SAMEG, Abdul-Hamid MA, Potjewijd J, Theunissen ROMFIH,
Damoiseaux JGMC, Reutelingsperger CP, et al. C5b9 formation on endothelial cells
reflects complement defects among patients with renal thrombotic microangiopathy
and severe hypertension. J Am Soc Nephrol (2018) 29(8):2234–43. doi: 10.1681/
asn.2018020184

29. Palomo M, Blasco M, Molina P, Lozano M, Praga M, Torramade-Moix S, et al.
Complement activation and thrombotic microangiopathies. Clin J Am Soc Nephrol
(2019) 14(12):1719–32. doi: 10.2215/cjn.05830519

30. Bettoni S, Galbusera M, Gastoldi S, Donadelli R, Tentori C, Spartà G, et al.
Interaction between multimeric von Willebrand factor and complement: A fresh look
to the pathophysiology of microvascular thrombosis. J Immunol (2017) 199(3):1021–
40. doi: 10.4049/jimmunol.1601121

31. Galbusera M, Noris M, Gastoldi S, Bresin E, Mele C, Breno M, et al. An ex vivo
test of complement activation on endothelium for individualized eculizumab therapy in
hemolytic uremic syndrome. Am J Kidney Dis (2019) 74(1):56–72. doi: 10.1053/
j.ajkd.2018.11.012

32. Pouw RB, Brouwer MC, de Gast M, van Beek AE, van den Heuvel LP, Schmidt
CQ, et al. Potentiation of complement regulator factor H protects human endothelial
cells from complement attack in ahus sera. Blood Adv (2019) 3(4):621–32. doi: 10.1182/
bloodadvances.2018025692

33. Frimat M, Tabarin F, Dimitrov JD, Poitou C, Halbwachs-Mecarelli L, Fremeaux-
Bacchi V, et al. Complement activation by heme as a secondary hit for atypical hemolytic
uremic syndrome. Blood (2013) 122(2):282–92. doi: 10.1182/blood-2013-03-489245

34. Roumenina LT, Frimat M, Miller EC, Provot F, Dragon-Durey MA, Bordereau
P, et al. A prevalent C3 mutation in ahus patients causes a direct C3 convertase gain of
function. Blood (2012) 119(18):4182–91. doi: 10.1182/blood-2011-10-383281

35. Venables JP, Strain L, Routledge D, Bourn D, Powell HM, Warwicker P, et al.
Atypical haemolytic uraemic syndrome associated with a hybrid complement gene.
PloS Med (2006) 3(10):e431. doi: 10.1371/journal.pmed.0030431
Frontiers in Immunology 11
36. Bouwmeester RN, Ter Avest M, Wijnsma KL, Duineveld C, Ter Heine R,
Volokhina EB, et al. Case report: Variable pharmacokinetic profile of eculizumab in an
aHUS patient. Front Immunol (2021) 11:612706. doi: 10.3389/fimmu.2020.612706

37. Volokhina E, Westra D, Xue X, Gros P, van de Kar N, van den Heuvel L. Novel
C3 mutation p.Lys65Gln in ahus affects complement factor h binding. Pediatr Nephrol
(2012) 27(9):1519–24. doi: 10.1007/s00467-012-2183-z
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47. Michels M, van de Kar N, Okrój M, Blom AM, van Kraaij SAW, Volokhina EB,
et al. Overactivity of alternative pathway convertases in patients with complement-
mediated renal diseases. Front Immunol (2018) 9:612. doi : 10.3389/
fimmu.2018.00612

48. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al.
Fiji: An open-source platform for biological-image analysis. Nat Methods (2012) 9
(7):676–82. doi: 10.1038/nmeth.2019

49. van den Heuvel LP, van de Kar N, Duineveld C, Sarlea A, van der Velden T,
Liebrand WTB, et al. The complement component C5 is not responsible for the
alternative pathway activity in rabbit erythrocyte hemolytic assays during eculizumab
treatment. Cell Mol Immunol (2020) 17(6):653–5. doi: 10.1038/s41423-020-0406-y

50. Dragon-Durey MA, Sethi SK, Bagga A, Blanc C, Blouin J, Ranchin B, et al.
Clinical features of anti-factor H autoantibody-associated hemolytic uremic syndrome.
J Am Soc Nephrol (2010) 21(12):2180–7. doi: 10.1681/asn.2010030315

51. Wijnsma KL, Ter Heine R, Moes D, Langemeijer S, Schols SEM, Volokhina EB,
et al. Pharmacology, pharmacokinetics and pharmacodynamics of eculizumab, and
possibilities for an individualized approach to eculizumab. Clin Pharmacokinet (2019)
58(7):859–74. doi: 10.1007/s40262-019-00742-8

52. Willrich MAV, Andreguetto BD, Sridharan M, Fervenza FC, Tostrud LJ, Ladwig
PM, et al. The impact of eculizumab on routine complement assays. J Immunol
Methods (2018) 460:63–71. doi: 10.1016/j.jim.2018.06.010

53. Meuleman M-S, Duval A, Fremeaux-Bacchi V, Roumenina LT, Chauvet S. Ex
vivo test for measuring complement attack on endothelial cells: From research to
bedside. Front Immunol (2022) 13:860689. doi: 10.3389/fimmu.2022.860689

54. Bongrazio M, Pries AR, Zakrzewicz A. The endothelium as physiological source
of properdin: Role of wall shear stress. Mol Immunol (2003) 39(11):669–75.
doi: 10.1016/s0161-5890(02)00215-8

55. Sartain SE, Turner NA, Moake JL. TNF regulates essential alternative
complement pathway components and impairs activation of protein C in human
glomerular endothelial cells. J Immunol (2016) 196(2):832–45. doi: 10.4049/
jimmunol.1500960

56. May O, Merle NS, Grunenwald A, Gnemmi V, Leon J, Payet C, et al. Heme
drives susceptibility of glomerular endothelium to complement overactivation due to
inefficient upregulation of heme oxygenase-1. Front Immunol (2018) 9:3008.
doi: 10.3389/fimmu.2018.03008
frontiersin.org

https://doi.org/10.1038/ni.1923
https://doi.org/10.1016/j.imbio.2015.04.006
https://doi.org/10.1016/j.lpm.2011.10.028
https://doi.org/10.1681/asn.2012090884
https://doi.org/10.1007/s00467-015-3076-8
https://doi.org/10.1016/j.ekir.2022.10.013
https://doi.org/10.1007/s11825-018-0216-0
https://doi.org/10.1007/s11825-018-0216-0
https://doi.org/10.3389/fimmu.2022.1011580
https://doi.org/10.1007/s00467-020-04652-x
https://doi.org/10.1007/s00467-012-2131-y
https://doi.org/10.1007/s00467-012-2131-y
https://doi.org/10.1016/j.molimm.2015.03.246
https://doi.org/10.1111/imr.12479
https://doi.org/10.1111/imr.13168
https://doi.org/10.1038/nrneph.2016.70
https://doi.org/10.1182/blood-2014-02-558296
https://doi.org/10.1681/asn.2018020184
https://doi.org/10.1681/asn.2018020184
https://doi.org/10.2215/cjn.05830519
https://doi.org/10.4049/jimmunol.1601121
https://doi.org/10.1053/j.ajkd.2018.11.012
https://doi.org/10.1053/j.ajkd.2018.11.012
https://doi.org/10.1182/bloodadvances.2018025692
https://doi.org/10.1182/bloodadvances.2018025692
https://doi.org/10.1182/blood-2013-03-489245
https://doi.org/10.1182/blood-2011-10-383281
https://doi.org/10.1371/journal.pmed.0030431
https://doi.org/10.3389/fimmu.2020.612706
https://doi.org/10.1007/s00467-012-2183-z
https://doi.org/10.1016/j.molimm.2015.03.248
https://doi.org/10.1371/journal.pgen.0030041
https://doi.org/10.1371/journal.pgen.0030041
https://doi.org/10.1203/PDR.0b013e3181b1bd4a
https://doi.org/10.1203/PDR.0b013e3181b1bd4a
https://doi.org/10.1182/blood-2009-05-221549
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1007/s00467-018-4091-3
https://doi.org/10.1038/sj.ki.5000277
https://doi.org/10.1038/sj.ki.5000277
https://doi.org/10.1073/pnas.76.11.5674
https://doi.org/10.1038/ki.1997.170
https://doi.org/10.3389/fimmu.2018.00612
https://doi.org/10.3389/fimmu.2018.00612
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/s41423-020-0406-y
https://doi.org/10.1681/asn.2010030315
https://doi.org/10.1007/s40262-019-00742-8
https://doi.org/10.1016/j.jim.2018.06.010
https://doi.org/10.3389/fimmu.2022.860689
https://doi.org/10.1016/s0161-5890(02)00215-8
https://doi.org/10.4049/jimmunol.1500960
https://doi.org/10.4049/jimmunol.1500960
https://doi.org/10.3389/fimmu.2018.03008
https://doi.org/10.3389/fimmu.2023.1206409
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Stevens et al. 10.3389/fimmu.2023.1206409
57. Fearon DT, Austen KF. Activation of the alternative complement pathway due to
resistance of zymosan-bound amplification convertase to endogenous regulatory
mechanisms. Proc Natl Acad Sci U.S.A. (1977) 74(4):1683–7. doi: 10.1073/
pnas.74.4.1683

58. Rawal N, Pangburn MK. Formation of high-affinity C5 convertases of the
alternative pathway of complement. J Immunol (2001) 166(4):2635–42. doi: 10.4049/
jimmunol.166.4.2635

59. Salvador B, Arranz A, Francisco S, Córdoba L, Punzón C, Llamas MÁ, et al.
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