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Abstract

Background C3 glomerulopathy (C3G) is a rare kidney disorder characterized by predominant glomerular depositions of
complement C3. C3G can be subdivided into dense deposit disease (DDD) and C3 glomerulonephritis (C3GN). This study
describes the long-term follow-up with extensive complement analysis of 29 Dutch children with C3G.

Methods Twenty-nine C3G patients (19 DDD, 10 C3GN) diagnosed between 1992 and 2014 were included. Clinical and
laboratory findings were collected at presentation and during follow-up. Specialized assays were used to detect rare variants
in complement genes and measure complement-directed autoantibodies and biomarkers in blood.

Results DDD patients presented with lower estimated glomerular filtration rate (¢GFR). C3 nephritic factors (C3NeFs) were
detected in 20 patients and remained detectable over time despite immunosuppressive treatment. At presentation, low serum
C3 levels were detected in 84% of all patients. During follow-up, in about 50% of patients, all of them C3NeF-positive, C3
levels remained low. Linear mixed model analysis showed that C3GN patients had higher soluble C5b-9 (sC5b-9) and lower
properdin levels compared to DDD patients. With a median follow-up of 52 months, an overall benign outcome was observed
with only six patients with eGFR below 90 ml/min/1.73 m? at last follow-up.

Conclusions We extensively described clinical and laboratory findings including complement features of an exclusively
pediatric C3G cohort. Outcome was relatively benign, persistent low C3 correlated with C3NeF presence, and C3GN was
associated with higher sC5b-9 and lower properdin levels. Prospective studies are needed to further elucidate the pathogenic
mechanisms underlying C3G and guide personalized medicine with complement therapeutics.

Keywords Children - C3 glomerulopathy - Complement system - C3 nephritic factor - Dense deposit disease - C3
glomerulonephritis
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Introduction

Over the last decade, the role of the complement system
in many kidney disorders has been elucidated. C3 glo-
merulopathy (C3G) is one of these disorders that could
be further characterized by increased knowledge of the
underlying (complement) pathophysiology. C3G is a rare
and severe kidney disease caused by dysregulation of the
complement alternative pathway (AP) [1-3]. Although
several clinical symptoms, such as proteinuria, hematuria,
and hypertension, possibly combined with low serum C3
levels, can be indicative of C3G, the diagnosis of C3G is
still solely based on kidney biopsy. The defining charac-
teristic in the kidney biopsy is the dominant immunofluo-
rescence staining for C3 depositions in the glomerulus of
at least two orders of magnitude greater than the intensity
for other immune reactants [1]. Based on electron micros-
copy findings, C3G is further subdivided into its two major
entities: dense deposit disease (DDD) and C3 glomerulo-
nephritis (C3GN) [1, 3].

In addition to the prominent glomerular C3 staining
in kidney biopsies, the presence of autoantibodies known
as C3 nephritic factors (C3NeFs) is indicative of the AP
dysregulation in C3G. In 50-80% of C3G patients, these
C3NeFs can be found [4-7]. C3NeFs prolong the activity
of the AP convertases, leading to an overactive comple-
ment system via increased C3 conversion [8]. Low serum
C3 levels indicate complement consumption in the major-
ity of patients, but also other complement components and
complement activation products may show an abnormal
yet highly heterogenous pattern in patients with C3G [9].
In addition, in up to 20% of C3G cases, genetic aberrations
are found in AP complement (regulatory) genes [4, 7, 10].

Since C3G is associated with a poor prognosis and high
rate of recurrence after kidney transplantation, targeted
therapy is needed. In recent years, a sharp increase in the
development of complement-directed therapeutics can be
noted, but many still have to pass the clinical trials [11].
Several phase II clinical trials with different complement
inhibitors are currently including C3G patients [12]. Eculi-
zumab, a C5 inhibitor and the first complement therapeutic
drug that gained market approval, has proven its value in
the treatment of another complement-mediated kidney dis-
ease, i.e., atypical hemolytic uremic syndrome. Although
some case studies report a positive clinical response, the
benefit of eculizumab treatment in patients with C3G
remains unproven [13-15].

In light of these (future) therapeutic opportunities,
it has become very important to fully characterize the
patient with C3G [3]. Recent advances in the develop-
ment of assays measuring markers of complement acti-
vation and C3NeF types enable such improved patient
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characterization. Moreover, a recent study has shown that
the incorporation of complement biomarker analyses, in
addition to clinical and pathological characteristics, can
be used to identify novel subgroups of C3G with distinct
pathogenic patterns [16]. Furthermore, complement bio-
markers such as C3 are increasingly used as inclusion cri-
teria and/or as outcome measures of clinical trials with
novel complement-targeted therapies.

Most of the cohort studies of patients with C3G com-
prise a mixed and thus heterogeneous group of both children
(mostly adolescents) and adults [4, 7, 10, 17-20]. Only a few
studies on C3G in a pediatric cohort have been published
[21-26]. In this study, we describe the long-term follow-up
of 29 Dutch children with C3G, including clinicopathologi-
cal features, complement aberrations, and complement bio-
marker profiles.

Methods
Patient inclusion

In this retrospective observational longitudinal cohort
study, all children (0-18 years of age) were included who
were diagnosed with C3G in one of five university medical
centers in the Netherlands between December 1, 1992, and
April 14, 2014, and from whom samples were sent in for
complement diagnostics to the unit Complement Mediated
Disorders of the Translational Metabolic Laboratory of the
Radboudumc.

Date of presentation was defined as the first intake or
admission at one of five medical centers. Diagnosis was
suspected on clinical features such as hypertension and/or
proteinuria and/or nephrotic/nephritic syndrome, possibly
combined with low serum C3 levels, and was confirmed by
pathological findings at kidney biopsy according to the con-
sensus statement defined in the C3 Glomerulopathy Meet-
ing [1]. Five patients were treated with eculizumab during
follow-up and were described separately by Oosterveld et al.
[27].

The study has been reviewed and was approved by the
ethics committee on the basis of the Dutch Code of Con-
duct for Medical Research, the Dutch Personal Data Pro-
tection Act, and the Medical Treatment Agreement Act
(2014-1334).

Collection of clinical data and standard laboratory
measurements

Demographic, clinical, and standard laboratory data at the
time of diagnosis were obtained from the patients’ medical
records. Follow-up data, when available, were collected at 6
and 12 months and at 2, 4, 6, 8, and 10 years after diagnosis
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until patients reached the age of 18 years. Hypertension was
defined as a systolic blood pressure and/or diastolic blood
pressure equal to or greater than the 95th percentile cor-
rected for age, gender, and height. Proteinuria was defined
as a protein/creatinine ratio > 22 mg/mmol. Nephrotic syn-
drome was diagnosed in the presence of heavy proteinuria
(protein/creatinine ratio > 200 mg/mmol), hypoalbuminemia
(<25 g/L), and clinical edema. Hematuria was diagnosed
when there were > 5 erythrocytes/high-powered field. The
estimated GFR (eGFR) was calculated with the Schwartz
formula (k: 36.5, serum creatinine level expressed as pmol/I)
[28]. An impaired eGFR was defined as an eGFR <90 ml/
min/1.73 m?. Kidney injury was defined as hypertension
and/or proteinuria and/or eGFR below 90 ml/min/1.73 m?.
The number of relapses was documented during follow-up
and defined as clinical and biochemical deterioration with
the need to intensify the medical regimen.

Genetic analysis

Genomic DNA, isolated from peripheral blood leu-
kocytes, was amplified for CFH (NM_000186.3),
CFHRI (NM_002113.2), CFHR2 (NM_005666.2),
CFHR3 (NM_021023.5), CFHR4 (NM_001201550.2),
CFHR5 (NM_030787.3), CFI (NM_000204.3), CD46
(NM_002389.4), C3 (NM_000064.2), and CFB
(NM_001710.5) by means of PCR, followed by sequence
analysis and screening for rare genetic variants (minor
allele frequency < 1%) [29]. In addition, multiplex ligation-
dependent probe amplification (MLPA) was used to screen
for rearrangements in the CFH/CFHR region.

Specialized complement analyses

Enzyme-linked immunosorbent assay (ELISA) techniques
were used to determine the levels of the complement acti-
vation markers C3bBbP (properdin-stabilized AP C3 con-
vertase), C3bc (sum of C3 activation products C3b, iC3b,
and C3c; together with C3bBbP marker for proximal com-
plement cascade activation), and soluble C5b-9 (sC5b-9;
end product of complement activation), the positive AP
regulator properdin, the negative complement regulators
Factor H (FH) and Factor I (FI), and the complement com-
ponent C5 in serum or ethylenediamine-tetra-acetic acid
(EDTA)-plasma samples, as described previously [30-33].
These assays were performed on patient samples available
in the — 80 °C storage. If available, samples from multiple
collection dates within the study period, i.e., from presenta-
tion up to last follow-up, were analyzed.

Samples were tested for the presence of C3NeF using
a hemolytic convertase activity assay described previously
[34]. Patients were considered as positive if one of their sam-
ples tested positive at least twice for prolonged convertase

activity. Samples were tested for the presence of autoanti-
bodies against FH by means of an ELISA based on Dragon-
Durey et al. [35].

Statistical methods

Statistical analysis was performed using SPSS (version
25, SPSS, Inc.). Values are expressed using median and
interquartile range (IQR) for continuous variables and per-
centages for qualitative variables. To analyze differences
between continuous variables, the Mann—Whitney U test
was used. Qualitative variables were compared using the
chi—square or Fisher’s exact test.

Using R and R studio with the package Ime4 [36], a linear
mixed effects model was performed on the different comple-
ment markers C3bBbP, C3bc, sC5b-9, C5, properdin, FH,
and FI, taking all measurements across time into account.
Diagnosis was used as a fixed factor, and random intercepts
were used for each subject to account for the potential cor-
relation within subjects with multiple measurements.

Differences were considered statistically significant at a
P-value of less than 0.05.

Results
Patient characteristics at presentation

During the study, 29 children were diagnosed with C3G in
five university medical centers in the Netherlands. Kidney
biopsies, available of all patients, by definition showed dom-
inant C3 staining by immunofluorescence microscopy in all
cases. Of these 29 patients, 19 (65%) were classified as DDD
and ten (35%) as C3GN. A small majority was female (62%).
The median (IQR) age at presentation was 7 (6.0-8.5) years,
with DDD patients presenting at a slightly younger age than
C3GN patients (P=0.046; Table 1). The majority of the
patients presented with proteinuria (93%) and/or hematu-
ria (90%), and more than half of the patients had hyper-
tension (64%). In 12 cases (41%), an infectious trigger was
identified, of which six were upper respiratory infections,
five lower respiratory infections (two cases of mycoplasma
pneumonia), and one urinary tract infection. In addition,
one DDD patient presented with signs of partial lipodystro-
phy. In total, 18 (62%) patients presented with an impaired
eGFR and 17 (59%) with decreased serum albumin levels.
Fourteen (48%) patients fulfilled the criteria of a nephrotic
syndrome. The median eGFR (IQR) at presentation was 74
(49-112) ml/min/1.73 m? with a significantly lower eGFR
in the patients with DDD versus C3GN (P =0.022; Table 1).

At presentation, various treatment regimens were ini-
tiated by the physicians. Prednisolone was used most
frequently in a total of 22 (76%) patients; 15 received
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Table. 1 Patient characteristics at presentation

Total (n=29) DDD (n=19) C3GN (n=10) P-value
Clinical features
Age (year) 7 (6.0-8.5) 6 (6.0-7.0) 8 (6.8-10.0) 0.046
Female 18 (62%) 12 (63%) 6 (60%) NS
Infectious trigger 12 (41%) 7 (37%) 5 (50%) NS
Hypertension 16/25 (64%) 10/16 (63%) 6/9 (67%) NS
¢GFR (ml/min/1.73 m?) 74 (49-112) 69 (20-85) 103 (73-132) 0.022
eGFR <90 ml/min/1.73 m’ 18 (62%) 15 (79%) 3(30%) 0.017
Hematuria 26 (90%) 18 (95%) 8 (80%) NS
Nephrotic syndrome* 14 (48%) 10 (53%) 4 (40%) NS
Proteinuria (mg/mmol) 481 (195-965); 492 (266-1008); 470 (42-957); NS
n=24 n=15 n=9
Serum albumin 28 (21-40) 25(21-38) 34 (20-41) NS
(reference range:34-55 g/l)
Complement investigation
Reference range
C3 levels 700-1500 mg/I 220 (95-548); 400 (150-644); 165 (78-290); NS
n=25 n=15 n=10
C3d levels <2% 6.2 (4.4-8.3); 6.1 (5.3-6.9); 7 (0.0-7.0); NS
n=10 n=7 n=3
C4 levels 100400 mg/l 208 (134-283); 260 (171-294); 150 (120-207); 0.014
n=24 n=15 n=9
C3NeF 20/28 (71%) 12/18 (67%) 8/10 (80%) NS
Factor H autoantibodies 2/28 (1%) 1/18 (6%) 1/10 (10%) NS
Rare genetic variants 3/27 (11%) 2/17 (12%) 1/10 (10%) NS
Treatment initiated at presentation
Prednisolone 22 (76%) 15 (79%) 7 (70%) NS
Methylprednisolone pulse therapy 15(52%) 11 (58%) 4(40%) NS
Mycophenolate mofetil 6 (21%) 3(16%) 3 (30%) NS
Cyclophosphamide 2 (7%) 2 (11%) 0 NS
Rituximab 1 (3%) 0 1 (10%) NS
Plasma therapyb 7 (24%) 6 (32%) 1(10%) NS
Eculizumab 3 (10%) 3(16%) 0 NS
Kidney replacement therapy 2 (7%) 2 (11%) 0 NS

eGFR estimated glomerular filtration rate, C3NeF C3 nephritic factor, DDD dense deposit disease, C3GN C3 glomerulonephritis. Categorical
values are expressed as absolute number with the percentage of total in parentheses. For continuous variables, the median is expressed with
interquartile range in parentheses. In case of missing data, the percentage was calculated using only the patients of whom data was available for

analysis

#Nephrotic syndrome was diagnosed in the presence of protein/creatinine ratio >200 mg/mmol, hypoalbuminemia (<25 g/l), and clinical edema

Plasma therapy comprises both plasma exchange (n=5) and plasma infusions (n=2)

methylprednisolone pulse treatment prior to start of pred-
nisolone. In six patients, mycophenolate mofetil treatment
was started at presentation in addition to prednisolone
therapy. Seven patients were treated with plasma therapy
and one patient received rituximab. Eculizumab was given
to three patients at first presentation, in addition to immu-
nosuppressive and/or plasma therapy. Only two patients,
diagnosed as DDD, required temporary kidney replace-
ment therapy, which could be stopped within 6 months.
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Patient outcome at last follow-up

The patients had a median (IQR) follow-up duration of
52 (27-91) months (Table 2). During this follow-up, 13
(45%) patients experienced a relapse. In 11 patients, only
one relapse was reported and two patients experienced a
second relapse. Of note, 92% (12/13) of the patients experi-
encing relapses were found positive for C3NeF during their
disease course, indicating relapses occurred more often
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Table.2 Patient outcome at last All (n=29) DDD (n=19) C3GN (n=10) P-value
follow-up
Duration follow-up (months) 51 (26-90) 57 (22-101) 46 (30-69) NS
Biochemical valuesReference range
eGFR (n=28) 110 (93-12) 107 (82-125); 110 (98-131); NS
> 90 mil/min/1.73 m? n=28 n=18 n=10
C3 levels (n=17) 500 (233-871); 351 (233-904); 505 (213-829); NS
700-1500 mg/l n=17 n=9 n=8
Treatment
None 4 (14%) 2 (11%) 2 (20%) NS
RAAS inhibition® 23 (80%) 17 (90%) 7 (70%) NS
Immunosuppressive medication 14 (48%) 7 (37%) 7 (70%) NS
Prednisolone 8(28%) 6(32%) 2(20) NS
Mycophenolate mofetil 10 (35%) 4(21%) 6 (60%) 0.051
Calcineurin inhibitors 1(3%) 0 1(10%) NS
Eculizumab® 4 (14%) 3 (16%) 1 (10%) NS
Outcome
Relapses 13 (45%) 8 (42%) 5(50%) NS
Persistent kidney injury® 19 (66%) 12 (63%) 7(70%) NS
Impaired eGFR 6(21%) 5(26%) 1(10%) NS
(<90 ml/min/1.73 m?)
Proteinuria 14 (48%) 8(42%) 6 (60%) NS
Kidney replacement therapy 1 (3%) 1(5%) 0 NS

eGFR estimated glomerular filtration rate, RAAS renin—angiotensin—aldosterone system, DDD dense
deposit disease, C3GN C3 glomerulonephritis. Categorical values are expressed as absolute number with
the percentage of total in parentheses. For continuous variables, the median is expressed with interquar-
tile range in parentheses. In case of missing data, the percentage was calculated using only the patients of

whom data was available for analysis

*RAAS inhibition includes angiotensin-converting enzyme inhibitors as well as angiotensin receptor block-

ers

PAt last follow-up, four patients received eculizumab, however in total five patients have received eculi-
zumab during the study period (n=4 DDD, n=1 C3GN)

“Persistent kidney injury was defined as hypertension and/or proteinuria and/or an impaired GFR below

90 ml/min/1.73 m?

C3NeF-positive patients compared to C3NeF-negative
patients (P=0.038). Furthermore, two DDD patients devel-
oped ocular drusen during follow-up and one C3GN patient
developed partial lipodystrophy.

At last follow-up, 22 (79%) patients had an eGFR above
90 ml/min/1.73 m?. Only six (21%) patients, of whom five
patients with DDD and one with C3GN, had an impaired
eGFR (Table 2). Only one patient (DDD) required kidney
replacement therapy due to kidney failure. The remaining
DDD patients had an eGFR at last presentation of respec-
tively 47, 50, 58, and 89 ml/min/1.73 m?2, and the patient
with C3GN had an eGFR of 87 ml/min/1.73 m?2. Of note,
no proteinuria and hypertension (and no renin—angioten-
sin—aldosterone system inhibition) were reported in the DDD
patient with an eGFR of 89 ml/min/1.73 m?. The majority
of the patients had an impaired eGFR already within 1 year
of follow-up. No statistically significant difference in eGFR
at last follow-up was observed between the patients with

and without a relapse and with or without persistent kidney
injury (data not shown). Despite the good eGFR outcome in
the majority of the patients, 14 (48%) patients had proteinu-
ria at last follow-up. Of the 15 patients without proteinuria
at last follow-up, proteinuria levels normalized and remained
normalized until last follow-up within 6 months in four
patients (follow-up of 16.4, 51.8, 59.9, and 100.4 months)
and within 12 months in two patients (follow-up of 22.0 and
41.0 months).

The majority (86%) of patients used medication at the
last follow-up. Overall, 14 (48%) patients received immu-
nosuppressive medication (Table 2). Of the three patients
who received eculizumab at first presentation, treatment was
discontinued in one patient within the first 6 months. Two
other patients started on eculizumab more than a year after
initial presentation. Four patients received eculizumab at last
follow-up. No significant difference was observed between
patients who received eculizumab treatment and patients
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who did not regarding eGFR, C3 levels, or range of proteinu-
ria at presentation versus last follow-up (data not shown).

Complement aberrations linked to development
of C3G

C3NeFs were found in 20 out of 28 patients (71%) with no
difference in the presence of C3NeFs in DDD versus C3GN
patients (Table 1). Samples tested for C3NeFs were taken
after a median (IQR) of 2.0 (1.0-26) months after presen-
tation, and no significant difference in sampling time was
observed between the C3NeF positive and negative group.
In addition, for eight patients, serial measurements over
time were available (Fig. 1), with a median (range) sampling
follow-up time of 10.5 (0.7-125.7) months. During follow-
up, C3NeF presence was preserved in all patients despite
immunosuppressive medication and/or plasma exchange
(Fig. 1). In addition to C3NeFs, autoantibodies against FH
were detected in two patients, i.e., patient 15 with DDD and
patient 24 with C3GN.

Of the 29 patients included, 27 were screened for rare var-
iants in genes encoding proteins of the AP. In three patients,
rare genetic variants were identified in CFI, CFHR2, and
CFHRS5 (Supplementary Table 1). All were classified as var-
iants of uncertain significance or as likely benign (CFI). One
patient, P13 (DDD), carried a single rare variant, and two
patients, P8 (DDD) and P21 (C3GN), carried two rare vari-
ants. P13 and P21 additionally carried C3NeFs. There were
no familial cases of C3G or CFHRS5 gene variants belonging
to CFHRS nephropathy.

Serum C3, C3d, and C4 at presentation
and during follow-up

At presentation, 21 out of 25 (84%) patients had decreased
(<700 mg/l) C3 levels (Supplementary Fig. 1a) with a
median (IQR) of 220 (95-548) mg/l (Table 1). These C3
levels did not differ between the DDD and C3GN group
(Table 1), nor did they differ between the groups during or at
last follow-up (Table 2). C3d levels were elevated (>2.0%)
in eight out of ten patients at presentation (Supplementary
Fig. 1b) with a median (IQR) of 6.2 (4.4-8.3)% (Table 1). C4
levels were above the lower cutoff of 100 mg/1 in all patients
at presentation (Supplementary Fig. 1c and Table 1), as well
as during follow-up (data not shown).

Next to the C3 level at last follow-up (Table 2), last
reported C3 levels per patient were collected and showed a
median (IQR) of 505 (232-877) mg/l. In 13 out of 24 (54%)
patients, these C3 levels at last measurement were below
the control range (Fig. 2A). Although C3 levels did not dif-
fer between DDD and C3GN, we did find differences when
patients were categorized based on whether they had tested
positive for C3NeFs in the study period or not. The C3 levels
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at presentation did not differ between the C3NeF-positive
and C3NeF-negative group (Fig. 2B; P=0.20), but C3 levels
during follow-up were significantly lower in patients who
had tested positive for C3NeFs compared to those who tested
negative (Fig. 2C; P=0.004). At last measurement, only four
out of 17 C3NeF-positive patients had normal C3 levels,
whereas the six C3NeF-negative patients all had normal C3
levels.

Moreover, in the eight patients with serial C3NeF meas-
urements, C3 levels were often below control range at the
time C3NeFs were detected (Fig. 1). However, in patient
7, C3 levels temporarily normalized despite C3NeF pres-
ence and no material of patient 23 was available to test for
C3NeFs at time of C3 normalization.

Complement marker profiles in DDD versus C3GN
patients

For 21 patients (=10 C3GN, n=11 DDD), samples origi-
nating from the study period with a median (IQR) collection
time after presentation of 13.0 (1.8—46.2) months were avail-
able to test for one or more of the following complement
biomarkers: C3bBbP, C3bc, sC5b-9, C5, properdin, FH,
and FI. To investigate if the complement biomarkers dif-
fered between the DDD and C3GN group, all measurements
across time and irrespective of the disease state were taken
into account in a linear mixed model analysis (Table 3). The
samples from patients on eculizumab were excluded from
this analysis. We observed significantly higher sC5b-9 levels
in the C3GN patients than in the DDD patients (P=0.031).
In contrast, properdin levels were significantly lower in
patients with C3GN (P =0.043). The other markers were
not significantly different between DDD and C3GN patients
(Table 3).

Discussion

In this study, we describe the long-term follow-up of a large
pediatric C3G cohort, combined with an in-depth comple-
ment analysis over time. With our extensive retrospective
analyses, we add important information regarding the rela-
tion between the presence of C3NeFs and clinical parameters
such as C3 levels and disease recurrence. Moreover, C3NeF
presence remained detectable over time despite immunosup-
pressive treatment. Profound analyses showed higher sC5b-9
and lower properdin levels over time in patients with C3GN
than in DDD, suggestive of terminal complement pathway
activation. Furthermore, in contrast to other cohort studies,
a benign outcome was observed and only a few patients had
an impaired kidney function.

Various complement aberrations have been described
as cause of the complement dysregulation in patients with
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C3G, with one of the most important being C3NeFs. With ~ who reported C3NeFs in 72% of the 57 pediatric patients
our validated functional assay, we detected C3NeFsin 71%  they describe [37]. In most other cohorts describing the pres-
of the patients tested, which is consistent with reports in the ~ ence of C3NeFs in children, the number of patients tested is
literature [4-7]. When focusing on the pediatric population  relatively low (< 11) and the percentage of C3NeF-positive
only, our findings are in line with those of Marinozzi et al., patients ranges between 25 and 100% [13, 21-23, 25, 38].
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Fig.2 C3 levels at presenta-
tion versus last known value
at follow-up and in relation to

presence of C3 nephritic factors.

A Closed dots represent dense
deposit disease (DDD) patients
and open dots represent C3
glomerulonephritis (C3GN)
patients. The gray dotted line
indicates the lower cutoff value
for normal C3 levels. B-C

The distribution of C3 levels
measured at presentation (B)
and the last reported C3 level
during follow-up (C) according
to whether patients were found
positive for C3 nephritic fac-
tors (C3NeFs) or not. The box
plots show the median with the
quartiles and the 5th and 95th
percentiles (whiskers). P-values
were calculated with the Mann—
Whitney U test
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Table.3 Mixed model analysis of complement marker profiles in C3GN and DDD patients

pos'itive
C3NeF

T
negative

Complement marker
(reference value) (n)

Measurements

Patients (n)

C3GN
Mean (95% CI)

DDD
Mean (95% CI)

Difference between
means and 95% CI

P-value

C3bBbP 32
(<12 CAU)

C3bc 32
(<15 CAU)

sC5b-9 33
(<0.5 CAU)

C5 44
(42-93 pg/ml)

Properdin 46
(11.0-30.8 pg/ml)

FH 43
(122-315 pg/ml)

FI 39
(22-41 pg/ml)

17

17

17

21

21

20

18

24.1
(15.6-32.7)
17.0
(9.5-24.5)
4.0
(1.8-6.2)
435
(28.5-58.5)
17.3
(12.6-21.9)
288.2
(236.0-340.3)
27.0
(22.0-32.1)

17.3
(9.7-24.9)
18.7
(12.2-25.3)
0.9
(0°-2.7)
58.5
(44.6-72.4)
24.6
(20.3-28.9)
288.5
(237.1-339.9)
29.2
(24.6-33.8)

6.8
(—4.4-18.0)
1.7

(- 11.5-8.0)
32

(0.2-6.0)
-15.0
(35.0-5.0)

74
(=13.6t0—1.2)
-03
(=71.8-71.2)
-22
(=9.3-4.6)

NS

NS

0.043

NS

0.031

NS

NS

C3GN C3 glomerulonephritis, DDD dense deposit disease, CI confidence interval, CAU complement arbitrary units, FH Factor H, FI Factor I,

sC5b-9 soluble C5b-9

*For the individual diagnosis types, negative lower limits of the 95% confidence interval (CI) were stated as 0

Some studies have reported C3NeFs more often in DDD
than in C3GN [4, 7], but in our pediatric cohort no signifi-
cant difference was found.

Rare variants in AP complement regulatory genes were
found in only three patients, but no (likely) pathogenic
genetic variants were identified in our cohort. In two patients
with genetic variants, C3NeFs were also detected, leading
to the question whether the genetic variation or rather the

@ Springer

presence of C3NeF is driving the complement dysregula-
tion in these patients. The role of rare genetic complement
variants in C3G is further questioned by a recent study of
Levine et al. that did not find enrichments of rare variants in
complement (regulatory) genes in C3G patients. Instead, an
HLA type was found to be associated with C3G, implicat-
ing that the disease should be considered an autoimmune
process rather than a primary genetic disorder [39].
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Importantly, a positive C3NeF finding in patients was
linked to significantly lower C3 levels during follow-up
and with disease relapses. Furthermore, C3NeFs remained
detectable during follow-up despite immunosuppressive
treatment, and their presence was consistently associated
with lowered C3 levels in six out of the eight patients. Such
longitudinal data on C3NeF presence in association with
C3 levels are scarce in the literature [40]. Nonetheless, we
as well as others have also shown that a normal C3 level
does not exclude the presence of C3NeFs, and that C3NeFs
can disappear (spontaneously) during the disease course
[4, 26, 40]. Interestingly, we observed that patients who
experienced a relapse were significantly more often C3NeF
positive. This suggests a continuous pathogenic role of these
autoantibodies during the course of disease and this could
potentially influence treatment decisions. To further address
the prognostic value of C3NeF, prospective data collection,
of both clinical and chemical features, will be required.
Moreover, one could question the (sub)classification of
C3G solely based on pathology and maybe could rather
identify novel subgroups of C3G based on the complement
biomarker and autoantibody profile [16].

In C3GN patients, a significantly higher sC5b-9 level and
lower properdin level was found using a linear mixed model
to analyze the complement profiles with the longitudinal
data of C3bBbP, C3bc, sC5b-9, C5, properdin, FH, and FI in
DDD versus C3GN patients. Interestingly, these two markers
are also the only two markers that were found significantly
different between the C3G subgroups in a previous extensive
biomarker study performed by Zhang et al. [9]. The com-
bination of lowered properdin with elevated sC5b-9 may
indicate that properdin is (partly) “consumed,” i.e., used by
AP convertases to facilitate formation of C5 convertases and
sC5b-9; a hypothesis that is supported by reports showing
more pronounced activation of the terminal complement
pathway in patients with C3GN [9, 37].

Despite the variety of treatment regimens, the outcome
remains relatively benign in this pediatric cohort. Only one
patient progressed to kidney failure requiring kidney replace-
ment therapy. In total, six patients (n=5 DDD, n=1 C3GN)
had an eGFR below 90 ml/min/1.73 m? at last follow-up. Of
note, lower eGFR at presentation, as we observed mainly in
DDD patients, has been described as a risk factor for kidney
sequelae during follow-up [17]. These findings, statistically
not significant due to the small group of patients, suggest a
more severe presentation and outcome in patients with DDD
compared to C3GN patients, and this is in line with results
reported in other cohort studies [4, 17]. The overall benign
outcome we described is in contrast to numerous reports in
the literature pointing to a much worse outcome for C3G,
with up to 50% of patients developing kidney failure within
10 years after diagnosis [4, 7, 10, 17, 37, 41]. Nevertheless,
when looking at the pediatric population specifically, several

reports also indicate that the outcome of children may be
better than adults and that an older age of onset is associ-
ated with a higher chance of kidney failure [10, 17, 21, 25,
26, 37, 38]. An early detection and intervention in C3G and
the lower presence of other, often age-related, comorbidities
might contribute to this good outcome in children.

Even though the general outcome for these pediatric
patients is relatively benign, proteinuria is still present in
almost half of our patients despite immunosuppressive
therapy (48%) and renin—angiotensin—aldosterone system
inhibition (80%). This might contribute to chronic kidney
disease later in life. The ongoing proteinuria as well as our
findings of (persistent) complement abnormalities in time
emphasize the need for targeted complement-directed ther-
apy. The effect of the CS5 inhibitor eculizumab in patients
with C3G has been studied with variable results [13, 21,
42-45]. Some studies report a potential therapeutic effect
of eculizumab, especially in patients with elevated sC5b-9
levels, yet no clear benefit is observed [14]. In our study,
five patients were treated with eculizumab during follow-up
and these patients were described separately by Oosterveld
et al. [27]. Yet, no significant difference could be observed in
outcome (e.g., eGFR, C3 levels, proteinuria, hypertension)
when compared to the other patients who did not receive
eculizumab. In contrast to atypical hemolytic syndrome, in
C3G patients, it might be necessary to intervene at an earlier
level in the complement cascade, for example at the level
of C3 conversion. Moreover, with the marked differences
in complement biomarker profiles in patients with C3GN
or DDD, different complement inhibitors should be consid-
ered for subtypes of C3G patients. At this moment, a wide
variety of complement therapeutics are in the pipeline and
subsequently studied in various phases of clinical trials [11,
12]. Furthermore, as C3NeFs are present in the vast majority
of patients, one could argue to target these autoantibodies.
However, reports in the literature targeting the production of
C3NeFs with anti-CD19/CD20 monoclonal antibodies such
as rituximab are scarce, and the described outcome varies
highly [46-48].

This study contains several limitations, mainly due to its
retrospective character. The availability of patient material
was limited, especially samples at presentation. Therefore,
mixed model analysis was performed for the specialized
complement biomarkers to include all available samples
irrespective of disease state. The complement data were too
limited to analyze relationships between complement marker
profiles and clinical parameters. Furthermore, since there
is no universal treatment scheme for patients with C3G, a
highly diverse treatment regimen was represented in our
study, with the choice of therapy depending on the prefer-
ence of the treating physician at that time. Therefore, the
effect of treatment on outcome was difficult to predict in this
retrospective multicenter study.
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In conclusion, this study is one of the largest C3G
cohorts including solely pediatric patients and describes
a follow-up period in which longitudinal complement
analysis, including complement marker analysis and
C3NeF detection, could be performed. Although the out-
come of patients was relatively benign, persistent signs
of complement (AP) dysregulation and persistent kidney
injury underline the need for adequate targeted treatment
to prevent decline in kidney function. Future prospective
longitudinal studies are needed to further elucidate the dif-
ferent pathogenic mechanisms underlying this rare kidney
disease, and to guide (and monitor) personalized treatment
and predict outcome.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00467-021-05221-6.

Acknowledgements A special thanks to J. Ramjith for help with the
mixed model analysis and to J. de Klein for aiding in complement
ELISA assays. N.v.d. K, M. S.,J. v. W, A. B, M. K.-V,, E. V,, and
L. v. d. H. are members of the European Reference Network for Rare
Kidney Diseases (ERKNet)-Project ID No 739532.

Author contribution The study was designed by N. v. d. K. R. K. col-
lected the clinical data. M. S.,J. v. W, A. B., V.G, F. E.,, M. K.-V.,
E. D, and N. v. d. K. were the treating physicians of the patients and
provided clinical information. M. M. performed the laboratory com-
plement biomarker and autoantibody assays. M. M., K. W., and R. K.
performed the data analyses. D. W., E. V., and L. v. d. H. assessed the
genetic and biochemical complement analyses. M. M., K. W., and N.
v. d. K. wrote the manuscript. All the authors reviewed and revised the
article and approved the final version.

Funding R. K. was supported by Sengers Stipendium, Amalia Chil-
dren’s Hospital, Radboudumc, Nijmegen. This work was supported
by a grant from the Dutch Kidney Foundation (130CA27 COMBAT
Consortium).

Data availability The datasets generated and/or analyzed during the
current study are not publicly available since at the time of acquiring
informed consent, patients did not give permission to publish specific
data sets. Additional information is available from the corresponding
author on reasonable request.

Code availability Not applicable.

Declarations

The results presented in this paper have not been published previously
in whole or part, except for abstract formats.

Ethics approval The Radboudumc ethics committee has passed a posi-
tive judgment on the study (2014—1334) and approved that the study
does not fall under the Act for Medical Research involving Human
Subjects.

Consent to participate Not applicable.

Consent for publication Not applicable.

Conflict of interest The authors declare no competing interests.

@ Springer

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Pickering MC, D’Agati VD, Nester CM, Smith RJ, Haas M, Appel
GB, Alpers CE, Bajema IM, Bedrosian C, Braun M, Doyle M,
Fakhouri F, Fervenza FC, Fogo AB, Fremeaux-Bacchi V, Gale
DP, Goicoechea de Jorge E, Griffin G, Harris CL, Holers VM,
Johnson S, Lavin PJ, Medjeral-Thomas N, Paul Morgan B, Nast
CC, Noel LH, Peters DK, Rodriguez de Cordoba S, Servais A,
Sethi S, Song WC, Tamburini P, Thurman JM, Zavros M, Cook
HT (2013) C3 glomerulopathy: consensus report. Kidney Int
84:1079-1089. https://doi.org/10.1038/ki.2013.377

2. Zipfel PF, Skerka C, Chen Q, Wiech T, Goodship T, Johnson S,
Fremeaux-Bacchi V, Nester C, de Cordoba SR, Noris M, Picker-
ing M, Smith R (2015) The role of complement in C3 glomerulop-
athy. Mol Immunol 67:21-30. https://doi.org/10.1016/j.molimm.
2015.03.012

3. Smith RJH, Appel GB, Blom AM, Cook HT, D’Agati VD, Fak-
houri F, Fremeaux-Bacchi V, Jozsi M, Kavanagh D, Lambris JD,
Noris M, Pickering MC, Remuzzi G, de Cordoba SR, Sethi S,
Van der Vlag J, Zipfel PF, Nester CM (2019) C3 glomerulopathy
- understanding a rare complement-driven renal disease. Nat Rev
Nephrol 15:129-143. https://doi.org/10.1038/s41581-018-0107-2

4. Servais A, Noel LH, Roumenina LT, Le Quintrec M, Ngo S,
Dragon-Durey MA, Macher MA, Zuber J, Karras A, Provot F,
Moulin B, Grunfeld JP, Niaudet P, Lesavre P, Fremeaux-Bacchi
V (2012) Acquired and genetic complement abnormalities play a
critical role in dense deposit disease and other C3 glomerulopa-
thies. Kidney Int 82:454—464. https://doi.org/10.1038/ki.2012.63

5. Zhang Y, Meyer NC, Wang K, Nishimura C, Frees K, Jones M,
Katz LM, Sethi S, Smith RJ (2012) Causes of alternative pathway
dysregulation in dense deposit disease. Clin J Am Soc Nephrol
7:265-274. https://doi.org/10.2215/CIN.07900811

6. Sethi S, Fervenza FC, Zhang Y, Zand L, Vrana JA, Nasr SH, Theis
JD, Dogan A, Smith RJ (2012) C3 glomerulonephritis: clinico-
pathological findings, complement abnormalities, glomerular pro-
teomic profile, treatment, and follow-up. Kidney Int 82:465-473.
https://doi.org/10.1038/ki.2012.212

7. latropoulos P, Noris M, Mele C, Piras R, Valoti E, Bresin E,
Curreri M, Mondo E, Zito A, Gamba S, Bettoni S, Murer L,
Fremeaux-Bacchi V, Vivarelli M, Emma F, Daina E, Remuzzi G
(2016) Complement gene variants determine the risk of immuno-
globulin-associated MPGN and C3 glomerulopathy and predict
long-term renal outcome. Mol Immunol 71:131-142. https://doi.
org/10.1016/j.molimm.2016.01.010

8. Corvillo F, Okroj M, Nozal P, Melgosa M, Sanchez-Corral P,
Lopez-Trascasa M (2019) Nephritic factors: an overview of classi-
fication, diagnostic tools and clinical associations. Front Immunol
10:886. https://doi.org/10.3389/fimmu.2019.00886

9. Zhang Y, Nester CM, Martin B, Skjoedt MO, Meyer NC, Shao D,
Borsa N, Palarasah Y, Smith RJ (2014) Defining the complement


https://doi.org/10.1007/s00467-021-05221-6
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/ki.2013.377
https://doi.org/10.1016/j.molimm.2015.03.012
https://doi.org/10.1016/j.molimm.2015.03.012
https://doi.org/10.1038/s41581-018-0107-2
https://doi.org/10.1038/ki.2012.63
https://doi.org/10.2215/CJN.07900811
https://doi.org/10.1038/ki.2012.212
https://doi.org/10.1016/j.molimm.2016.01.010
https://doi.org/10.1016/j.molimm.2016.01.010
https://doi.org/10.3389/fimmu.2019.00886

Pediatric Nephrology (2022) 37:601-612

611

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

biomarker profile of C3 glomerulopathy. Clin J Am Soc Nephrol
9:1876-1882. https://doi.org/10.2215/CIN.01820214

. Bomback AS, Santoriello D, Avasare RS, Regunathan-Shenk

R, Canetta PA, Ahn W, Radhakrishnan J, Marasa M, Rosenstiel
PE, Herlitz LC, Markowitz GS, D’Agati VD, Appel GB (2018)
C3 glomerulonephritis and dense deposit disease share a similar
disease course in a large United States cohort of patients with C3
glomerulopathy. Kidney Int 93:977-985. https://doi.org/10.1016/;.
kint.2017.10.022

Ricklin D, Mastellos DC, Reis ES, Lambris JD (2018) The renais-
sance of complement therapeutics. Nat Rev Nephrol 14:26-47.
https://doi.org/10.1038/nrneph.2017.156

Mastellos DC, Ricklin D, Lambris JD (2019) Clinical promise of
next-generation complement therapeutics. Nat Rev Drug Discov
18:707-729. https://doi.org/10.1038/s41573-019-0031-6

Le Quintrec M, Lapeyraque AL, Lionet A, Sellier-Leclerc AL,
Delmas Y, Baudouin V, Daugas E, Decramer S, Tricot L, Cail-
liez M, Dubot P, Servais A, Mourey-Epron C, Pourcine F, Loirat
C, Fremeaux-Bacchi V, Fakhouri F (2018) Patterns of clinical
response to eculizumab in patients with C3 glomerulopathy. Am
J Kidney Dis 72:84-92. https://doi.org/10.1053/j.ajkd.2017.11.
019

. Duineveld C, van de Kar N, Wetzels JFM (2018) Benefit of ecu-

lizumab compared to standard of care still unproven in C3 glo-
merulopathy. Am J Kidney Dis 72:906. https://doi.org/10.1053/;.
ajkd.2018.07.013

Vivarelli M, Emma F (2014) Treatment of C3 glomerulopathy
with complement blockers. Semin Thromb Hemost 40:472-477.
https://doi.org/10.1055/5-0034-1375299

Iatropoulos P, Daina E, Curreri M, Piras R, Valoti E, Mele C,
Bresin E, Gamba S, Alberti M, Breno M, Perna A, Bettoni S, Sab-
adini E, Murer L, Vivarelli M, Noris M, Remuzzi G, Registry of
membranoproliferative glomerulonephritis, C3 glomerulopathy;
Nastasi (2018) Cluster Analysis Identifies Distinct Pathogenetic
Patterns in C3 Glomerulopathies/Immune Complex-Mediated
Membranoproliferative GN. J Am Soc Nephrol 29:283-294.
https://doi.org/10.1681/ASN.2017030258

Medjeral-Thomas NR, O’Shaughnessy MM, O’Regan JA, Traynor
C, Flanagan M, Wong L, Teoh CW, Awan A, Waldron M, Cairns
T, O’Kelly P, Dorman AM, Pickering MC, Conlon PJ, Cook HT
(2014) C3 glomerulopathy: clinicopathologic features and predic-
tors of outcome. Clin J Am Soc Nephrol 9:46-53. https://doi.org/
10.2215/CIN.04700513

Viswanathan GK, Nada R, Kumar A, Ramachandran R, Rayat CS,
Jha V, Sakhuja V, Joshi K (2015) Clinico-pathologic spectrum
of C3 glomerulopathy-an Indian experience. Diagn Pathol 10:6.
https://doi.org/10.1186/s13000-015-0233-0

Ravindran A, Fervenza FC, Smith RJH, De Vriese AS, Sethi S
(2018) C3 glomerulopathy: ten years’ experience at Mayo Clinic.
Mayo Clin Proc 93:991-1008. https://doi.org/10.1016/j.mayocp.
2018.05.019

Caliskan Y, Torun ES, Tiryaki TO, Oruc A, Ozluk Y, Akgul SU,
Temurhan S, Oztop N, Kilicaslan I, Sever MS (2017) Immunosup-
pressive treatment in C3 glomerulopathy: is it really effective? Am
J Nephrol 46:96-107. https://doi.org/10.1159/000479012

Holle J, Berenberg-Gossler L, Wu K, Beringer O, Kropp F, Mul-
ler D, Thumfart J (2018) Outcome of membranoproliferative
glomerulonephritis and C3-glomerulopathy in children and ado-
lescents. Pediatr Nephrol 33:2289-2298. https://doi.org/10.1007/
s00467-018-4034-z

Drake KA, Ellington N, Gattineni J, Torrealba JR, Hendricks
AR (2020) Clinicopathological features of C3 glomerulopathy in
children: a single-center experience. Pediatr Nephrol 35:153-162.
https://doi.org/10.1007/s00467-019-04388-3

Sparta G, Gaspert A, Neuhaus TJ, Weitz M, Mohebbi N,
Odermatt U, Zipfel PF, Bergmann C, Laube GF (2018)

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Membranoproliferative glomerulonephritis and C3 glomerulopa-
thy in children: change in treatment modality? A report of a case
series. Clin Kidney J 11:479-490. https://doi.org/10.1093/ckj/
sfy006

Okuda Y, Ishikura K, Hamada R, Harada R, Sakai T, Hamasaki
Y, Hataya H, Fukuzawa R, Ogata K, Honda M (2015) Membrano-
proliferative glomerulonephritis and C3 glomerulonephritis: fre-
quency, clinical features, and outcome in children. Nephrology
(Carlton) 20:286-292. https://doi.org/10.1111/nep.12382
Pinarbasi AS, Dursun I, Gokce I, Comak E, Saygili S, Bayram
MT, Donmez O, Melek E, Tekcan D, Cicek N, Yilmaz D, Tabel
Y, Yildirim ZY, Bahat E, Koyun M, Soylu A, Canpolat N, Aksu B,
Celakil ME, Tasdemir M, Benzer M, Ozcelik G, Bakkaloglu SA,
Dusunsel R (2020) Predictors of poor kidney outcome in children
with C3 glomerulopathy. Pediatr Nephrol. https://doi.org/10.1007/
s00467-020-04799-7

Nicolas C, Vuiblet V, Baudouin V, Macher MA, Vrillon I, Bie-
buyck-Gouge N, Dehennault M, Gie S, Morin D, Nivet H, Nobili
F, Ulinski T, Ranchin B, Marinozzi MC, Ngo S, Fremeaux-Bacchi
V, Pietrement C (2014) C3 nephritic factor associated with C3
glomerulopathy in children. Pediatr Nephrol 29:85-94. https://
doi.org/10.1007/s00467-013-2605-6

Oosterveld MJ, Garrelfs MR, Hoppe B, Florquin S, Roelofs JJ,
van den Heuvel LP, Amann K, Davin JC, Bouts AH, Schriemer
PJ, Groothoff JW (2015) Eculizumab in pediatric dense deposit
disease. Clin J] Am Soc Nephrol 10:1773-1782. https://doi.org/
10.2215/CJN.01360215

Schwartz GJ, Munoz A, Schneider MF, Mak RH, Kaskel F,
Warady BA, Furth SL (2009) New equations to estimate GFR in
children with CKD. J Am Soc Nephrol 20:629-637. https://doi.
org/10.1681/ASN.2008030287

Westra D, Volokhina EB, van der Molen RG, van der Velden TJ,
Jeronimus-Klaasen A, Goertz J, Gracchi V, Dorresteijn EM, Bouts
AH, Keijzer-Veen MG, van Wijk JA, Bakker JA, Roos A, van den
Heuvel LP, van de Kar NC (2017) Serological and genetic com-
plement alterations in infection-induced and complement-medi-
ated hemolytic uremic syndrome. Pediatr Nephrol 32:297-309.
https://doi.org/10.1007/s00467-016-3496-0

Michels M, van de Kar N, van den Bos RM, van der Velden T, van
Kraaij SAW, Sarlea SA, Gracchi V, Oosterveld MJS, Volokhina
EB, van den Heuvel L (2019) Novel assays to distinguish between
properdin-dependent and properdin-independent C3 nephritic
factors provide insight into properdin-inhibiting therapy. Front
Immunol 10:1350. https://doi.org/10.3389/fimmu.2019.01350
Volokhina EB, Westra D, van der Velden TJ, van de Kar NC,
Mollnes TE, van den Heuvel LP (2015) Complement activation
patterns in atypical haemolytic uraemic syndrome during acute
phase and in remission. Clin Exp Immunol 181:306-313. https://
doi.org/10.1111/cei.12426

van den Heuvel LP, van de Kar N, Duineveld C, Sarlea A, van
der Velden T, Liebrand WTB, van Kraaij S, Schjalm C, Bouw-
meester R, Wetzels JFM, Mollnes TE, Volokhina EB (2020) The
complement component C5 is not responsible for the alternative
pathway activity in rabbit erythrocyte hemolytic assays during
eculizumab treatment. Cell Mol Immunol 17:653-655. https://
doi.org/10.1038/541423-020-0406-y

Bergseth G, Ludviksen JK, Kirschfink M, Giclas PC, Nilsson B,
Mollnes TE (2013) An international serum standard for applica-
tion in assays to detect human complement activation products.
Mol Immunol 56:232-239. https://doi.org/10.1016/j.molimm.
2013.05.221

Michels M, van de Kar N, Okroj M, Blom AM, van Kraaij SAW,
Volokhina EB, van den Heuvel L (2018) Overactivity of alterna-
tive pathway convertases in patients with complement-mediated
renal diseases. Front Immunol 9:612. https://doi.org/10.3389/
fimmu.2018.00612

@ Springer


https://doi.org/10.2215/CJN.01820214
https://doi.org/10.1016/j.kint.2017.10.022
https://doi.org/10.1016/j.kint.2017.10.022
https://doi.org/10.1038/nrneph.2017.156
https://doi.org/10.1038/s41573-019-0031-6
https://doi.org/10.1053/j.ajkd.2017.11.019
https://doi.org/10.1053/j.ajkd.2017.11.019
https://doi.org/10.1053/j.ajkd.2018.07.013
https://doi.org/10.1053/j.ajkd.2018.07.013
https://doi.org/10.1055/s-0034-1375299
https://doi.org/10.1681/ASN.2017030258
https://doi.org/10.2215/CJN.04700513
https://doi.org/10.2215/CJN.04700513
https://doi.org/10.1186/s13000-015-0233-0
https://doi.org/10.1016/j.mayocp.2018.05.019
https://doi.org/10.1016/j.mayocp.2018.05.019
https://doi.org/10.1159/000479012
https://doi.org/10.1007/s00467-018-4034-z
https://doi.org/10.1007/s00467-018-4034-z
https://doi.org/10.1007/s00467-019-04388-3
https://doi.org/10.1093/ckj/sfy006
https://doi.org/10.1093/ckj/sfy006
https://doi.org/10.1111/nep.12382
https://doi.org/10.1007/s00467-020-04799-7
https://doi.org/10.1007/s00467-020-04799-7
https://doi.org/10.1007/s00467-013-2605-6
https://doi.org/10.1007/s00467-013-2605-6
https://doi.org/10.2215/CJN.01360215
https://doi.org/10.2215/CJN.01360215
https://doi.org/10.1681/ASN.2008030287
https://doi.org/10.1681/ASN.2008030287
https://doi.org/10.1007/s00467-016-3496-0
https://doi.org/10.3389/fimmu.2019.01350
https://doi.org/10.1111/cei.12426
https://doi.org/10.1111/cei.12426
https://doi.org/10.1038/s41423-020-0406-y
https://doi.org/10.1038/s41423-020-0406-y
https://doi.org/10.1016/j.molimm.2013.05.221
https://doi.org/10.1016/j.molimm.2013.05.221
https://doi.org/10.3389/fimmu.2018.00612
https://doi.org/10.3389/fimmu.2018.00612

612

Pediatric Nephrology (2022) 37:601-612

35.

36.

37.

38.

39.

40.

41.

Dragon-Durey MA, Loirat C, Cloarec S, Macher MA, Blouin
J, Nivet H, Weiss L, Fridman WH, Fremeaux-Bacchi V (2005)
Anti-Factor H autoantibodies associated with atypical hemolytic
uremic syndrome. J Am Soc Nephrol 16:555-563. https://doi.org/
10.1681/ASN.2004050380

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear
mixed-effects models using Ime4. J Stat Softw 67:1-48. https://
doi.org/10.18637/jss.v067.101

Marinozzi MC, Chauvet S, Le Quintrec M, Mignotet M, Petit-
prez F, Legendre C, Cailliez M, Deschenes G, Fischbach M, Kar-
ras A, Nobili F, Pietrement C, Dragon-Durey MA, Fakhouri F,
Roumenina LT, Fremeaux-Bacchi V (2017) C5 nephritic factors
drive the biological phenotype of C3 glomerulopathies. Kidney
Int 92:1232-1241. https://doi.org/10.1016/j.kint.2017.04.017
Nasr SH, Valeri AM, Appel GB, Sherwinter J, Stokes MB, Said
SM, Markowitz GS, D’Agati VD (2009) Dense deposit disease:
clinicopathologic study of 32 pediatric and adult patients. Clin J
Am Soc Nephrol 4:22-32. https://doi.org/10.2215/CJN.03480708
Levine AP, Chan MMY, Sadeghi-Alavijeh O, Wong EKS, Cook
HT, Ashford S, Carss K, Christian MT, Hall M, Harris CL,
McAlinden P, Marchbank KJ, Marks SD, Maxwell H, Megy K,
Penkett CJ, Mozere M, Stirrups KE, Tuna S, Wessels J, Whitehorn
D, MPGN/DDD/C3 Glomerulopathy Rare Disease Group, NIHR
BioResource, Johnson SA, Gale DP (2020) Large-scale whole-
genome sequencing reveals the genetic architecture of primary
membranoproliferative GN and C3 glomerulopathy. ] Am Soc
Nephrol 31:365-373. https://doi.org/10.1681/ASN.2019040433
Schwertz R, Rother U, Anders D, Gretz N, Schirer K, Kirschfink
M (2001) Complement analysis in children with idiopathic mem-
branoproliferative glomerulonephritis: a long-term follow-up.
Pediatr Allergy Immunol 12:166—172. https://doi.org/10.1034/j.
1399-3038.2001.012003166.x

Rabasco C, Cavero T, Roman E, Rojas-Rivera J, Olea T, Espinosa
M, Cabello V, Fernandez-Juarez G, Gonzalez F, Avila A, Baltar
IJM, Diaz M, Alegre R, Elias S, Anton M, Frutos MA, Pobes A,
Blasco M, Martin F, Bernis C, Macias M, Barroso S, de Lorenzo

@ Springer

42.

43.

44,

45.

46.

47.

48.

A, Ariceta G, Lopez-Mendoza M, Rivas B, Lopez-Revuelta K,
Campistol JM, Mendizabal S, de Cordoba SR, Praga M, Spanish
Group for the Study of Glomerular Disease (2015) Effectiveness
of mycophenolate mofetil in C3 glomerulonephritis. Kidney Int
88:1153-1160. https://doi.org/10.1038/ki.2015.227

Ruggenenti P, Daina E, Gennarini A, Carrara C, Gamba S, Noris
M, Rubis N, Peraro F, Gaspari F, Pasini A, Rigotti A, Lerchner
RM, Santoro D, Pisani A, Pasi A, Remuzzi G, EAGLE Study
Group (2019) C5 convertase blockade in membranoproliferative
glomerulonephritis: a single-arm clinical trial. Am J Kidney Dis
74:224-238. https://doi.org/10.1053/j.ajkd.2018.12.046

Nester CM, Smith RJ (2013) Treatment options for C3 glomeru-
lopathy. Curr Opin Nephrol Hypertens 22:231-237. https://doi.
org/10.1097/MNH.0b013e32835da24c

Lebreton C, Bacchetta J, Dijoud F, Bessenay L, Fremeaux-Bacchi
V, Sellier-Leclerc AL (2017) C3 glomerulopathy and eculizumab:
a report on four paediatric cases. Pediatr Nephrol 32:1023-1028.
https://doi.org/10.1007/s00467-017-3619-2

Le Quintrec M, Lionet A, Kandel C, Bourdon F, Gnemmi V,
Colombat M, Goujon JM, Fremeaux-Bacchi V, Fakhouri F (2015)
Eculizumab for treatment of rapidly progressive C3 glomerulopa-
thy. Am J Kidney Dis 65:484-489. https://doi.org/10.1053/j.ajkd.
2014.09.025

Rousset-Rouviere C, Cailliez M, Garaix F, Bruno D, Laurent D,
Tsimaratos M (2014) Rituximab fails where eculizumab restores
renal function in C3nef-related DDD. Pediatr Nephrol 29:1107-
1111. https://doi.org/10.1007/s00467-013-2711-5

Giaime P, Daniel L, Burtey S (2015) Remission of C3 glomeru-
lopathy with rituximab as only immunosuppressive therapy. Clin
Nephrol 83:57-60. https://doi.org/10.5414/CN107945

Rudnicki M (2017) Rituximab for treatment of membranoprolif-
erative glomerulonephritis and C3 glomerulopathies. Biomed Res
Int 2017:2180508. https://doi.org/10.1155/2017/2180508

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1681/ASN.2004050380
https://doi.org/10.1681/ASN.2004050380
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.kint.2017.04.017
https://doi.org/10.2215/CJN.03480708
https://doi.org/10.1681/ASN.2019040433
https://doi.org/10.1034/j.1399-3038.2001.012003166.x
https://doi.org/10.1034/j.1399-3038.2001.012003166.x
https://doi.org/10.1038/ki.2015.227
https://doi.org/10.1053/j.ajkd.2018.12.046
https://doi.org/10.1097/MNH.0b013e32835da24c
https://doi.org/10.1097/MNH.0b013e32835da24c
https://doi.org/10.1007/s00467-017-3619-2
https://doi.org/10.1053/j.ajkd.2014.09.025
https://doi.org/10.1053/j.ajkd.2014.09.025
https://doi.org/10.1007/s00467-013-2711-5
https://doi.org/10.5414/CN107945
https://doi.org/10.1155/2017/2180508

	Long-term follow-up including extensive complement analysis of a pediatric C3 glomerulopathy cohort
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Patient inclusion
	Collection of clinical data and standard laboratory measurements
	Genetic analysis
	Specialized complement analyses
	Statistical methods

	Results
	Patient characteristics at presentation
	Patient outcome at last follow-up
	Complement aberrations linked to development of C3G
	Serum C3, C3d, and C4 at presentation and during follow-up
	Complement marker profiles in DDD versus C3GN patients

	Discussion
	Acknowledgements 
	References


