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Introduction: The reclassification of membranoproliferative glomerulonephritis (MPGN) into immune-
complex MPGN (IC-MPGN) and C3 glomerulopathy (C3G) has provided insights into 2 distinct diseases.
Although outcomes in adults are poor in both diseases, the pediatric literature is scarce and limited to
small, single-center cohorts.

Methods: We conducted a retrospective analysis of 165 pediatric patients across 17 hospitals to compare
outcomes between children with IC-MPGN and C3G.

Results: Forty-two percent of patients initially diagnosed with MPGN were reclassified as C3G after a re-
view of renal biopsy reports. There was a trend toward higher serum creatinine levels in patients with C3G
compared with IC-MPGN both at diagnosis (mean 168.9 [range 45.4-292.4] vs. 93.7 [range 70.7-116.6]
umol/l, P = 0.25) and after a mean follow-up time of 4 years (mean 145.0 (range —8.1 to 298.1) vs 99.1
(range 46.3-151.9) umol/l, P = 0.47), although the estimated glomerular filtration rate (eGFR) was not
significantly different. Steroid treatment was associated with a significant improvement in eGFR versus no
steroids in C3G (mean +43.0 (range 12.9-73.0) vs. —3.0 (range —23.1 to 17.2) ml/min per 1.73 m?, P = 0.02)
but not in IC-MPGN. Overall kidney function was preserved in both groups although hypertension
remained prevalent in 42.5% of the cohort at the last follow-up, and the urine protein/creatinine ratio
remained elevated (mean 253.8 [range 91.9-415.7] mg/mmol).

Conclusion: This large pediatric IC-MPGN/C3G cohort revealed nearly half of the patients were mis-
classified, and there may be a trend toward worse renal prognosis in C3G although they may have greater
steroid responsiveness. The overall prognosis appears to be more favorable than in adults; however,
persistent hypertension and proteinuria suggest suboptimal disease control.
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PGN has previously been used as an umbrella
IVI term to categorize a spectrum of hypo-
complementemic glomerular diseases. More recently,
the disease entity has been reclassified into 2 diseases:
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IC-MPGN and C3G.' Despite the recent awareness of 2
distinct disease processes, these updated classification
criteria left much to be understood about how best to
differentiate these 2 diseases clinically in terms of diag-
nosis, optimal treatment, and prognosis. MPGN sug-
gests a pattern of injury with characteristic mesangial
cellularity and thickening of glomerular capillary walls
due to subendothelial deposition of immune complexes
or complement factors.” Recent criteria have been sug-
gested based on the predominance of C3, rather than
Igs, on immunofluorescence in tissue with an otherwise
MPGN-like pattern of glomerular disease to differen-
tiate C3G from IC-MPGN.'
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Beyond these histologic differences, different mo-
lecular mechanisms underlie the 2 disease processes,
which may have diagnostic, therapeutic, and prog-
nostic implications.” ~ Central to the pathophysiology
of both diseases is activation of the body’s complement
system.”’

IC-MPGN has been thought to result from antigen-
antibody immune complexes that activate the classical
complement pathway in the setting of persistent anti-
genemia.g’g In adults with IC-MPGN, the most common
antigens identified result from infection, autoimmune
disease, or monoclonal gammopathies.8 However, in
children, antigenemia in IC-MPGN is most commonly
idiopathic.’

In contrast, C3G is a disorder of primary alternative
complement pathway dysregulation. The constitutive
activation of the alternative complement cascade is due
to impaired regulatory mechanisms and ultimately
triggers the downstream activation of the terminal
complement cascade and membrane attack complex.” In
children, the etiology is most commonly attributable to
the formation of autoantibodies that protect C3 con-
vertase from degradation (C3, C4, or C5 nephritic fac-
tors). Other causes include genetic mutations resulting
in impaired function of alternative complement
pathway regulators, with the remaining cases labeled
as idiopathic (which may reflect genetic mutations not
yet known).”'”"" There are limited data on the epide-
miology of these rare disorders, with estimates of 1 to 2
per 10° children 5 to 15 years of age.'”

The management of IC-MPGN is still largely untar-
geted and centers on treatment of the underlying cause,
if applicable, along with blockade of the renin-
angiotensin-aldosterone system (RAS) in proteinuric
patients and the use of corticosteroids and either oral
cyclophosphamide or mycophenolate mofetil for the
treatment of severe progressive IC-MPGN.'” Most data
concerning outcomes in IC-MPGN come from adult
literature and show that the disease invariably results
in renal deterioration with most patients reaching end-
stage kidney disease (ESKD) within a decade of diag-
nosis. Moreover, this poor prognosis has persisted
without notable improvement in patient outcomes over
the last several decades.'”"”’

Although the literature from adults has shown a
poor renal prognosis in both disorders, the overall
disease trajectory in children remains unclear. Because
these diseases are even more rare in children, it is
difficult to amass enough patients to directly compare
the 2 entities, and the paucity of available literature to
date has been only from case series or small cohorts
with predominantly single-center experiences.’ As
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more targeted therapeutic options may be on the ho-
rizon, particularly with regard to modulation of the
complement system, it is imperative to further eluci-
date the clinical course of these newly differentiated
diseases in children using multicenter registries to
better understand the natural histories of these 2 dis-
eases and to inform potential future therapies. To help
address this unmet need, this study aimed to expand
our understanding of the demographic, clinical, and
laboratory differences between IC-MPGN and C3G in
children using data from the largest pediatric IC-
MPGN/C3G registry, which includes patient data
from multiple geographically diverse medical centers in
3 countries.

MATERIALS AND METHODS

Setting and Participants
We built the largest known pediatric international
registry of patients with IC-MPGN and C3G to date,
with the support of investigators at 17 pediatric centers
across 3 countries (Canada, the United States, and
Australia) through the Pediatric Nephrology Research
(formerly the Midwest
Nephrology Consortium). Patients < 18 years of age
with a diagnosis of MPGN based on a renal biopsy
performed between 2003 and 2012 were included in the
original KidCOM registry. Patient data were collected
at the time of enrollment into KidCOM and retrospec-
tively from disease onset. The original goal of the
KidCOM project was to monitor disease progression
and biochemical markers in patients with MPGN. After
publication of C3G consensus criteria,' requests were
sent to all participating centers to collect biopsy reports
to allow for the reclassification of enrolled patients for
comparison between both groups. Patients for whom
renal biopsy reports were made available were reclas-
sified as either C3G or IC-MPGN based on the recently
published consensus criteria.'”'®

A second round of enrollment was conducted at The
Hospital for Sick Children, Toronto, Canada, to include
all prevalent patients with a histologic diagnosis of C3G
or IC-MPGN as part of the C3 Glomerulopathy and
Membranoproliferative Glomerulonephritis: Pediatric
Outcomes (C3PO) study. Patients < 18 years of age
with a diagnosis of IC-MPGN or C3G based on renal
biopsy performed between 2012 and 2019 were
included in the C3PO registry. Patient data were again
collected at disease onset (baseline) and at the time of
the last available follow-up.

The KidCOM and C3PO registries were subsequently
combined into a single cohort, which created an un-
precedented number of children with IC-MPGN and
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Table 1. Summary of histologic findings in glomeruli of patients with
C3 glomerulopathy®

Light microscopy Electron microscopy Immunofiuorescence

« Mesangioproliferative, e Many cases will have « Staining for C3 is seen in
membranoproliferative, electron-dense deposits the glomeruli
and/or endocapillary o When deposits are infra- « Immunofluorescence for
proliferative membranous, the disease is  C3 is at least 2 orders of
With or without crescents  classified as dense deposit ~ magnitude more than
Rarely, ~ can  have disease (DDD) any other immune
normal-appearing e When dense deposits are  reactant
glomeruli on light found in a pattern that does
microscopy not meet criteria for DDD,

the disease is classified as

C3 glomerulonephritis.

Based on consensus criteria.”'’

C3G, along with nearly 2 decades of cases in a multi-
national collaborative study.

Renal Biopsy

Renal biopsy reports were reassessed for all patients
with available renal biopsy reports (n = 85). Blinded
investigators (n = 2) classified the revised diagnosis as
either IC-MPGN or C3G based on light and electron
microscopy as well as immunofluorescence as per
consensus guidelines (Table 1). In cases in which pa-
tients underwent multiple renal biopsies, the most
recent biopsy was used for determination of the revised
diagnosis. The reported diagnosis from investigators at
the time of the initial patient enrollment served as the
initial diagnosis for each patient.

Variables of Interest

The demographic data collected included patient age,
sex, race, and home institution. Clinical parameters
included height, weight, presence or absence of he-
maturia on urinalysis, hypertension (defined as blood
pressure > 95th percentile for age, sex, and height),
presence or absence of nephrotic syndrome (defined as
edema, protein-to-creatinine ratio of 200 mg/mmol or
greater, and serum albumin < 25 g/l), presence or
absence of antihypertensives, number of antihyper-
tensives, number of each class of antihypertensive
(including angiotensin-converting enzyme inhibitors
and angiotensin receptor blockers), and presence or
absence of steroid use.

Laboratory data included complete blood counts,
serum electrolytes (sodium, potassium, chloride, bi-
carbonate, phosphate, magnesium, and calcium), albu-
min, urea, creatinine, alanine aminotransferase,
aspartate aminotransferase, alkaline phosphatase,
gamma-glutamyl transferase, C3, and C4. Urine studies
included a urine dipstick test, protein, and creatinine.

Data were converted wherever necessary to SI units.
eGFR was calculated using the Schwartz formula.
Proteinuria was quantified using urine protein—to-
creatinine ratios expressed in mg/mmol wherein a value
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>200 was defined as nephrotic-range proteinuria. For a
secondary outcome of kidney survival, a composite
outcome of eGFR < 30 ml/min per 1.73 m? 50%
reduction in eGFR, or need for kidney replacement
therapy was used.

Statistical Analyses

All continuous variables are presented as means with
95% confidence intervals and were analyzed using
Student ¢ tests. Categorical data were analyzed using
the Fisher exact test for significance. P < 0.05 was used
for statistical significance. For kidney survival, data are
displayed in Kaplan-Meier curves.

RESULTS

Study Design

Renal biopsy reports were available for 85 patients in
the cohort, and 42 patients were classified as IC-MPGN,
with the other 43 classified as C3G (Figure 1). All pa-
tients enrolled in the KidCOM registry and many of the
patients in the C3PO registry carried an initial diag-
nosis of MPGN, and upon reevaluation of the available
biopsy reports, we found that approximately half of
these would be classified as C3G today, with the
remainder falling into the IC-MPGN class (Figure 2).
Overall, the new consensus criteria resulted in the need
for reclassification of 42.4% of patients who had pre-
viously been diagnosed with the historic “MPGN”
label.

Patient Demographics

Patients in this study had a mean age of 9.3 years at
diagnosis and 13.4 years at the last follow-up (the mean
follow-up time was 4 years). The cohort was 47.3%
male and predominantly white. There were no signifi-
cant differences in age, sex, race, or anthropometrics
between patients with IC-MPGN and those with C3G
(Table 2).

Clinical Parameters at Presentation and Last
Follow-Up

The majority of patients had hematuria at the time of
the initial presentation, and at the time of the last
follow-up, there was a significant reduction in the
prevalence. Hypertension was present in 57.5% of
patients at diagnosis, and there was no significant
change in the prevalence at the last follow-up (42.5%)
(Table 3). The mean number of antihypertensives per
patient was 2.0 at diagnosis and 1.5 at the last follow-
up, and the most common class was angiotensin-
converting enzyme inhibitors. Approximately half of
the total cohort was treated with RAS blockade at
diagnosis, and at the last follow-up, most patients were
on an angiotensin-converting enzyme inhibitor or
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Patients enrolled
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Patients enrolled
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registry _
(n=142) (h=29)
Y
Analyzed (n=165) Primary Analysis
No renal biopsy
| reports available
" (n=80)
Renal biopsy reports
available (n=85)
Y
Classified as Classified as C3G
IC-MPGN (n=42) (n=43)
+ Canada (n=18) + Canada (n=24) Subgroup Analysis
« USA (n=24) * USA (n=16)
* Australia (n=0) « Australia (n=3)

Figure 1. The STROBE chart of the KidCOM study design. C3G, C3 glomerulopathy; C3P0, C3 Glomerulopathy and Membranoproliferative
Glomerulonephritis: Pediatric Outcomes study of patients under 18 years of age at The Hospital for Sick Children, Toronto, Ontario, Canada, with
a diagnosis of immune-complex membranoproliferative glomerulonephritis (IC-MPGN) or C3G based on renal biopsy performed between 2012
and 2019; KidCOM, registry of patients under 18 years of age with a diagnosis of membranoproliferative glomerulonephritis based on renal
biopsy performed between 2003 and 2012.

KidcOm Cc3pPo

Initial e |
Diagnosis
after Renal _ |
Biopsy § .
Revised
Diagnosis

Consensus
Criteria

Number of Patients
mIC-MPGN mC3G PIGN
Figure 2. Renal biopsy reclassification based on the new consensus criteria. The initial diagnosis was the reported diagnosis based on renal
histology when first reported by the local pathologist. Patients from the KidCOM and C3PO registries were subsequently combined into the study

cohort. Revised diagnosis is based on revisions of renal biopsy reports by the 2 study pathologists based on the new C3G consensus criteria."'”
C3G, C3 glomerulopathy; IC-MPGN, immune-complex membranoproliferative glomerulonephritis; PIGN, postinfectious glomerulonephritis.
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Table 2. Patient demographics for the combined KidCOM and C3 Glomerulopathy and Membranoproliferative Glomerulonephritis: Pediatric

Outcomes cohorts

Patient demographics Total cohort (N = 165) IC-MPGN (n = 42) C36 (n = 43) P value (IC-MPGN vs. C3G)
Age af diagnosis (yr) 9.3 (8.7-10.0) 9.6 (8.7 -10.5) 10.1 (9.0-11.3) NS (0.5647)
Age af last follow-up (yr) 13.4 (12.6-14.0) 13.6 (12.5-14.7) 14.1 (13.0-15.2) NS (0.5104)
Follow-up fime (yr) 4.0 (3.4-4.6) 4.0 (3.1-5.0) 4.0 (3.1-4.8) NS (0.9072)
Sex
Male 78 21 15 NS (0.1910)
Female 87 21 28
Race
White 109 27 22 NS (0.2744)
Asian 13 & 4 NS (0.7334)
American Indian 2 1 0 NS (0.4941)
Black 13 3 2 NS (0.6761)
Mixed race 7 4 2 NS (0.4331)
Natfive Hawaiian/Pacific Islander 2 0 0 NS (>0.9999)
Unknown 19 2 13 0.0034°
Weight at diagnosis (kg) 38.6 (34.6-42.6) 36.4 (32.3-40.7) 42.6 (34.4-50.8) NS (0.1883)
Weight at last follow-up (kg) 49.5 (45.6-53.4) 51.4 (45.2-57.6) 52.2 (46.8-57.7) NS (0.8610)
Height at diagnosis (cm) 133.0 (127.9-138.0) 138.1 (132.3-144.0) 135.9 (127.1-144.7) NS (0.6691)
Height at last follow-up (cm) 149.0 (145.0-1563.0) 154.0 (148.6-159.4) 1565.5 (150.2-160.8) NS (0.6337)

C3G, C3 glomerulopathy; IC-MPGN, immune-complex membranoproliferative glomerulonephritis; NS, not significant.

“Statistically significant.
Numeric data are shown as the mean with 95% confidence interval.

angiotensin receptor blocker treatment (75.0%). Only
11.8% of all patients presented with nephrotic syn-
drome at the initial diagnosis. Steroids were used at
diagnosis in less than half (43.7%) of the total cohort,
and there was a significant reduction in the number of
patients remaining on corticosteroids at the last follow-
up (31.7%). There were no significant differences in
any clinical parameters at any time points between
children with IC-MPGN or those with C3G.

Biochemical Parameters at Presentation and
Last Follow-Up

Patients in the cohort had a moderately depressed mean
eGFR at presentation, with a significant increase noted
in the total cohort and within each disease group at the
last follow-up (Table 4). There was a trend toward
higher serum creatinine levels at the initial presenta-
tion and at the last follow-up in patients with C3G
compared with those with IC-MPGN, although this did
not reach statistical significance, and eGFR was similar
in both groups at both time points.

Kidney survival decreased over time in the total
cohort (Figure 3), and there was a trend toward lower
kidney survival in patients with C3G compared with
IC-MPGN (Figure 4). Hypoalbuminemia and nephrotic-
range proteinuria were noted at diagnosis in both
groups, and although hypoalbuminemia improved
significantly, the reduction in urine protein did not
reach statistical significance in the total cohort,
although it did in the subgroup with C3G. The mean
serum C3 was low in patients in both groups at diag-
nosis and increased significantly in both groups by the
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last follow-up. The mean serum albumin and serum C3
were significantly lower in patients with IC-MPGN
compared with those with C3G at the last follow-up.

Clinical and Laboratory Findings Associated
With Hypertension at Presentation

Patients who were hypertensive at the time of diag-
nosis had a lower mean eGFR initially and at the last
follow-up in the total cohort, although this effect was
not seen at the last follow-up within each subgroup
(Table 5). Hypertension at the initial diagnosis was also
associated with the need for a higher mean number of
antihypertensives per patient at the last follow-up.

Clinical and Laboratory Findings Associated
With Steroid Use at Presentation

In the total cohort, patients treated with steroids at the
initial diagnosis did not have any significant difference
in eGFR at diagnosis or at the last-follow-up compared
with those who did not receive steroids (Table 6).
There was a higher prevalence of hypertension at
diagnosis and the last follow-up in patients treated
with steroids.

In patients with C3G, those who received steroids at
diagnosis had a significantly lower eGFR initially but a
similar eGFR at the last-follow-up with a significant
improvement in renal function. This same effect on
eGFR was not seen in IC-MPGN patients treated with
steroids.

This predominantly white, with
approximately equal proportions of male and female
patients. Neither race nor sex appeared to portend a

cohort was
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Table 3. Clinical parameters for the combined KidCOM and C3 Glomerulopathy and Membranoproliferative Glomerulonephritis: Pediatric

Outcomes cohorts

Clinical parameters Total cohort (N = 165)

Nephrotic syndrome at diagnosis 11.8%
Hyperfension at diagnosis 57.5%
Hypertension at last follow-up 42.5%

P value NS (0.05)
Hematuria at diagnosis 80.9%
Hematuria at last follow-up 48.5%

P value <0.0001°
On antihypertensives at diagnosis 55.6%

On antihypertensives at last follow-up 65.0%

P value NS (0.09)
Antihypertensives per patient at diagnosis 2.0 (1.6-2.3)
Antihypertensives per patient af last follow-up 1.5 (1.3-1.7)

P value 0.01¢

Corticosteroids at diagnosis 43.7%
Corticosteroids at last follow-up 31.7%
P value 0.049°
ACEIi/ARB at diagnosis 49.5%
ACEIi/ARB at last follow-up 75.0%
P value 0.0002°

IC-MPGN (n = 42) C3G (n = 43) P value (IC-MPGN vs. C3G)
22.0% 11.9% NS (0.25)
57.1% 57.6% NS (0.38)
70.4% 42.4% NS (0.40)

NS (0.31) NS (0.44)
81.0% 61.9% NS (0.19)
57.1% 38.1% NS (0.82)
0.0273° 0.0005°
70.7% 46.3% 0.04°
71.4% 74.4% NS (0.81)
NS (>0.99) 0.01¢
2.2 (1.4-3.0) 1.3 (0.73-1.9) NS (0.16)
1.7 (1.3-2.1) 0.86 (0.56-1.2) NS (0.06)
NS (0.19) NS (0.14)
68.3% 57.1% NS (0.37)
31.7% 40.5% NS (0.49)
0.0018° NS (0.19)
53.3% 40% NS (0.42)
76.7% 77.8% NS (>0.99)
NS (0.10) 0.0036°

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; C3G, C3 glomerulopathy; IC-MPGN, immune-complex membranoproliferative glomerulonephritis; NS,

not significant.
?Statistically significant.

Corticosteroids include oral prednisone, oral prednisolone, or i.v. methylprednisolone. Numeric data shown as the mean with 95% confidence interval.

difference in renal prognosis or the last follow-up
(Supplementary Tables S1 and S2).

DISCUSSION

This study presents the clinical and laboratory pre-
sentations and outcomes of the largest pediatric
IC-MPGN/C3G cohort to date in a multicenter, multi-
national collaborative study. We found that nearly half
of the patients originally diagnosed as MPGN would be
reclassified as C3G today. Children with C3G had a
trend toward higher serum creatinine at both time
points, although this did not reach statistical signifi-
cance. Although clinical and biochemical parameters
were similar between both groups, we noted a signifi-
cant improvement in renal function after steroid
treatment in C3G, which was not noted in IC-MPGN.
The overall renal outcomes were favorable in both
groups with normal eGFR after a mean follow-up time
of 4 years; however, despite treatment, the burden of
hypertension and proteinuria remained significant.

Histologic Reclassification

We found that approximately half of the patients
previously diagnosed as MPGN would today be
considered C3G under the most recent histologic clas-
sification guidelines. In the present study, we found
that patients divided by histology into 1 of the 2 dis-
eases did not appear to have any significant differences
in the available medium-term outcomes. Comparison
with historic studies is challenging because of the
heterogeneity of the definition of MPGN in studies
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published before and shortly after the reclassification
of the disease entities of IC-MPGN and C3G and
because studies performed after reclassification have
been limited in pediatrics with small sample sizes.

In a retrospective study of 20 adult patients with IC-
MPGN and 15 with C3G followed for a median duration
of 68 months, no significant differences were noted in
renal survival or treatment response between patients
in either disease group.'” Within the multiple small
cohort studies of children with IC-MPGN/C3G con-
ducted postreclassification, some have demonstrated
worse renal prognoses in C3G,”'® whereas others
showed no significant differences between the
groups.'” These studies have all been limited by small
sample sizes.

In our cohort, we noticed a trend toward higher
creatinine in children with C3G compared with those
with IC-MPGN. Although this was not statistically
significant, there was a trend toward worse kidney
survival in C3G, which raises the questions as to
whether there may be a worse renal prognosis in C3G
that may become evident with a longer follow-up. This
may be attributed to ongoing alternative complement
pathway activity inadequately controlled with the
current therapy. Although the initial and final eGFR
measurements were not statistically different in C3G
and IC-MPGN, we acknowledge that there are many
limitations to eGFR equations used in pediatrics.”’
Although our data show no significant differences be-
tween clinical presentation and prognosis in pediatric
patients with either disease, there may be increased
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Table 4. Biochemical parameters for the combined KidCOM and C3 Glomerulopathy and Membranoproliferative Glomerulonephritis: Pediatric

Outcomes cohorts
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Clinical parameters Total cohort (N = 165)

Cr at diagnosis (umol/l) 148.6 (107.5-189.8)
Cr at last follow-up (umol/l) 132.2 (77.4-186.9)
P value NS (0.6382)
eGFR at diagnosis (ml/min per 1.73 m?) 71.6 (63.0-80.3)
eGFR af last follow-up (ml/min per 1.73 m?) 94.6 (86.1-103.0)
P value <0.0001°
Delta eGFR (mi/min per 1.73 m?) 229 (13.1-32.7)
Albumin at diagnosis (g/) 28 (26-30)
Albumin at last follow-up (g/l) 38 (36-39)
P value <0.0001¢
C3 at diagnosis (g/1) 0.38 (0.30-0.46)
C3 at last follow-up (g/l) 0.71 (0.61-0.81)
P value <0.0001¢
Delta C3 (g/l) 0.33 (0.24-0.42)
C4 at diagnosis (g/l) 0.22 (0.17-0.27)
C4 at last follow-up (g/1) 0.22 (0.19-0.25)
P value NS (0.9733)
Urine profein/creatinine rafio at diagnosis (mg/mmol) 338.4 (222.2-454.6)
Urine profein/creatinine rafio at last follow-up (mg/mmol) 253.8 (91.9-415.7)
P value NS (0.4289)

IC-MPGN (n = 42) C36G (n = 43) P value (IC-MPGN vs. C3G)
93.7 (70.7-116.6) 168.9 (45.4-292.4) NS (0.2528)
99.1 (46.3-151.9) 145.0 (—8.1 t0 298.1) NS (0.4669)
NS (0.8389) NS (0.8097)
76.0 (62.6-89.5) 82.8 (67.5-98.2) NS (0.4112)
93.4 (80.8-106.2) 108.7 (93.3-124.0) NS (0.3237)
0.0315° 0.0134°
17.4 (1.7-33.2) 25.8 (5.7-45.9) NS (0.56200)
27 (23-31) 27 (24-30) NS (0.4510)
35 (31-38) 39 (37-41) 0.0226"
0.0033° <0.0001¢
0.26 (0.16-0.36) 0.39 (0.19-0.59) NS (0.71)
0.50 (0.30-0.70) 0.82 (0.63-1.0) 0.0141°
0.0066" 0.0003°
0.24 (0.07-0.40) 0.43 (0.22-0.64) NS (0.1485)
0.21 (0.14-0.27) 0.25 (0.10-0.40) NS (0.6937)
0.22 (0.18-0.32) 0.21 (0.16-0.25) NS (0.5284)
NS (0.8054) NS (0.5105)
460.3 (204.6-716.0) 395.6 (160.7-630.5) NS (0.56297)
207.9 (49.7-366.0) 117.9 (62.1-183.7) NS (0.2067)

NS (0.1170) 0.0267°

C3, serum C3 level (reference range 0.83-1.52 g/l); C4, serum C4 level (reference range 0.13-0.37 g/l); C3G, C3 glomerulopathy; Cr, serum creatinine; eGFR, estimated glomerular filtration
rate; IC-MPGN, immune-complex membranoproliferative glomerulonephritis; NS, not significant.

2Statistically significant.
Numeric data shown as the mean with 95% confidence interval.

steroid responsiveness in C3G. Of note, hypo-
complementemia remained significantly more pro-
nounced in IC-MPGN at the last follow-up, although
serum C3 levels had normalized in patients with C3G.
Patients with C3G also had a statistically significant
reduction in proteinuria, which was not achieved in
patients with IC-MPGN, although between-group dif-
ferences in urinary protein-to-creatinine ratios were
not significant.

The reclassification of MPGN into the 2 disease en-
tities has led to a paradigm shift, identifying a primary
complement-driven disease in approximately 50% of
the patient population. Histology provides evidence of
a distinct pathophysiology between these disease
groups, driven by underlying complement activity.
However, our results suggest that histologic classifica-
tion alone may be insufficient to adequately risk
stratify patients. In addition, it has previously been
shown that pathologic criteria alone may not distin-
guish between disease activity driven by the comple-
ment alternative pathway and that genetics in
combination with susceptibility factors (such as com-
plement activity or pathologic antibodies) may be
better indicators of prognosis.”’

As previously discussed, it is postulated that in IC-
MPGN classical pathway activation may be second-
arily triggered by immune-complex deposition,
whereas C3G may result from a primary dysfunction of
complement proteins or regulators. It was also sug-
gested in the 2013 C3 glomerulopathy consensus report

Kidney International Reports (2020) 5, 2313-2324

that the morphologic appearance can indicate the
likelihood of the C3 glomerulopathy disease process.'
However, our results and previous genetic analyses
now appear to highlight the limitations of renal biopsy
alone to differentiate the 2 disease processes.”'

Comparison to Adult Patients

Data have been limited in pediatric patients with IC-
MPGN and C3G, with most data coming from adult
studies or mixed cohorts with relatively few children.
The literature from adults suggests a poor renal prog-
nosis in both diseases,”*” although previously it has
been unclear as to whether this held true in children.
Patients in our cohort had several key differences from
the data published in prior adult IC-MPGN and C3G
cohorts. Of note the most common initial presentation
of C3G reported in adult studies is nephrotic syn-
drome,”” whereas in the present study only 11.8% of
pediatric patients presented with nephrotic syndrome,
with no significant difference noted between patients
with IC-MPGN and C3G.

Bomback et al.”” previously found a 40% rate of
progression to advanced chronic kidney disease (CKD),
ESKD, or death in a large American cohort study of 111
patients (approximately one-third pediatric) with C3G.
Similar results have been found in MPGN; Nakagawa
et al.” found worse renal outcomes in adults compared
with children with MPGN (types I and III) in a cross-
sectional survey of patients in a Japanese renal bi-
opsy registry. These results would suggest a more
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Survival Without eGFR < 30 mL/min/1.73m?2, 50% Reduction in eGFR, or Kidney
Replacement Therapy
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Figure 3. The Kaplan-Meier curve of kidney survival in the total cohort. The composite outcome of eGFR under 30 ml/min per 1.73 m? 50%
reduction in eGFR, or need for kidney replacement therapy (KRT) was used to define the primary end point. The graph shows survival free of this

end point.

favorable disease course in children versus adults;
however, as mixed cohorts, the generalizability of these
studies to pediatrics has been unclear because the
number of children in each study was relatively small
compared with adults.

In our study of exclusively pediatric patients,
advanced CKD and ESKD were rare findings, with only
7.3% of C3G patients, 5.7% of IC-MPGN patients, and
12.5% of the total cohort reaching an eGFR = 15 ml/min
per 1.73 m at the last follow-up (mean time of 4 years)
with no documented deaths. We also demonstrate a
longer time to loss of kidney survival in this cohort,
which is in keeping with the umivariate analysis by
Bomback et al.”’ that noted a significantly longer time to
ESKD or death in pediatric patients compared with adults.

The finding of preserved eGFR in the present study
may be related to fewer comorbidities in this pediatric
population compared with prior adult studies.
Furthermore, the etiology of IC-MPGN in children is
most often idiopathic or “primary IC-MPGN,” as
opposed to secondary causes such as infection,

autoimmune disease, or monoclonal gammopathy in
adults, which may portend a worse prognosis in this
subset of patients.

Therapeutic Challenges
The treatment of IC-MPGN or C3G is centered on
ameliorating the underlying immune dysregulation as
well as minimizing the complications of hypertension and
proteinuria. The present management largely relies on
RAS blockade and immunosuppression (typically with
steroids and/or mycophenolate mofetil) because much of
the evidence for therapy again comes from adult data.
In a mixed adult-pediatric cohort study of patients
with C3G, Meena et al.”” showed a significant increase in
time to ESKD in patients treated with steroids compared
with those who did not receive steroid therapy at
diagnosis, and the protective effect of steroid therapy
remained significant in the multivariate analysis. In our
cohort, with a similar follow-up period, no difference in
eGFR was noted between patients treated with steroids
compared with patients who did not receive initial

Survival Without eGFR < 30 mL/min/1 .73m2, 50% Reduction in eGFR, or Kidney
Replacement Therapy

-

o

o
1

Percent survival (%)
(4
o
P PP AT AT AT AT P

— C3G
----- IC-MPGN

Time (years)

Figure 4. The Kaplan-Meier curve of kidney survival in the IC-MPGN and C3G subgroups. The composite outcome of eGFR under 30 ml/min per
1.73 m%, 50% reduction in eGFR, or need for kidney replacement therapy (KRT) was used to define the primary end point. The graph shows

survival free of this end point.
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0.0011¢

0.6 (~0.2 0 1.4)

2.3 (1.7-3.0)

NS (0.1455)

1.4 (0.25-2.6)

0.0004° 2.5 (1.7-3.2)

1.3 (0.8-1.8)

2.4 (21-2.7)

Antihypertensives per patient at

diagnosis
Antihypertensives per patient

NS (0.4902)

1.2 (0.7-1.6)

1.4 (0.7-2.2)

NS (0.3516)

15 (0.2-2.7)

0.0166" 1.9 (1.5-2.4)

1.4 (1.1-1.7)

1.9 (1.6-2.3)

at last follow-up

C3, serum C3 level (reference range 0.83-1.52 g/l); Cr, serum creatinine; eGFR, estimated glomerular filtration rate based on the bedside Schwartz formula; IC-MPGN, immune-complex membranoproliferative glomerulonephritis; NS, not significant.

“Statistically significant.

Numeric data shown as the mean with 95% confidence interval.
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steroid therapy. However, we did find that steroid-
treated patients with C3G had a significant improve-
ment in eGFR over the following 4 years, whereas
steroid-treated patients with IC-MPGN did not.

These findings suggest that the pathophysiology of
primary complement dysregulation in C3G may be
more amenable to treatment. Terminal complement
blockade has been attempted in C3G with mixed suc-
cess,'”** *® and targeted therapy remains an area of
interest in this disease. Although indications and
guidelines for complement blockade have not yet been
firmly established, our results suggest a potential
future role for such disease-modifying therapy.

Another area of interest to improve outcomes in these
patients is the management of hypertension. The present
study highlights the prevalence of hypertension in chil-
dren with IC-MPGN and C3G, which was not explored in
the study by Bomback et al.*’ and is in contrast to find-
ings from the Japan renal biopsy registry.” In our cohort,
57.5% of patients were hypertensive at the time of diag-
nosis, many requiring multiple antihypertensives.
Although the incidence of hypertension was similar in
both IC-MPGN and C3G at diagnosis, fewer patients in the
C3G group were treated with antihypertensives initially. It
is unclear why this was the case, although this may be
related to the use of more RAS blockade primarily for
proteinuria in the IC-MPGN group because these patients
had more proteinuria and a lower serum albumin. The
difference in antihypertension use at diagnosis may also be
related to absolute blood pressure differences or a differ-
ence in the etiology of hypertension (e.g., suspicion of
transient cause in the C3G group) not captured in the data.
At the last follow-up, the use of antihypertensives was
similar in both groups, and there was a significant increase
in the number of patients with C3G started on
angiotensin-converting enzyme inhibitors or angiotensin
receptor blockers. Despite RAS blockade in many patients,
there was still a significant proportion of children with
uncontrolled hypertension after a mean treatment time of
4 years (42.5%), and among those children who were
hypertensive at presentation, 71.6% remained hyperten-
sive at the last follow-up.

Patients who were hypertensive at the time of
diagnosis also had a significantly lower eGFR than
normotensive counterparts both at diagnosis and at the
last follow-up with worse overall kidney survival
(Supplementary Figure S1), and they required more
antihypertensive medications both at diagnosis and at
the last follow-up. These results may reflect the impact
of CKD on blood pressure, with a lower eGFR poten-
tially making blood pressure control more difficult.
These results are consistent with data in adults that
hypertension at the initial presentation is an indepen-
dent risk factor for poor renal outcomes.’
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However, trends toward clinically important differ-
ences between these newly distinguished disease en-
tities are apparent even after only 4 years of mean
follow-up, which suggests that longer follow-ups in
future studies may reveal statistically significant dif-
ferences in outcomes between IC-MPGN and C3G.

CONCLUSION AND FUTURE PERSPECTIVES

In summary, we have found that pediatric patients with
IC-MPGN and C3G appear to have a much more favor-
able clinical course compared with adult patients. Renal
function may be preserved, and progression to advanced
CKD appears to be rare in children. Despite this, using
current treatment approaches, hypertension and pro-
teinuria remain suboptimally controlled in these diseases
as modifiable disease risk factors, even after 4 years of
active management. Our results further suggest there
may be a trend toward worse renal prognosis in C3G
compared with IC-MPGN and that early steroids may be
beneficial in C3G. Current histologic criteria alone may
be insufficient to distinguish disease prognosis in chil-
dren with IC-MPGN and C3G. Given the exciting po-
tential for new highly targeted complement therapy on
the horizon, it is even more important now to better
understand the clinical and molecular similarities and
differences between these 2 diseases in both children and
adults. Future studies in children and adults with
IC-MPGN and C3G should use sequential measurements
of serum complement activity and autoantibody titres
as well as genetic analysis both as prognostic biomarkers
and to further delineate the pathophysiology and
likelihood for response to future targeted molecular
therapies.
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Table S1. Clinical and laboratory results of patients by sex.
C3G, C3 glomerulopathy; Cr, serum creatinine; eGFR,
estimated glomerular filtration rate based on bedside
Schwartz formula; IC-MPGN, immune-complex mem-
branoproliferative glomerulonephritis. Numeric data
shown as the mean with 95% confidence interval.

Table S2. Clinical and laboratory results of patients by
race. C3G, C3 glomerulopathy; Cr, serum creatinine;
eGFR, estimated glomerular filtration rate based on
bedside Schwartz formula; IC-MPGN, immune-complex
membranoproliferative glomerulonephritis. Numeric data
shown as the mean with 95% confidence interval.
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Figure S1. Kaplan-Meier curve of kidney survival in pa-
tients with and without hypertension. The composite
outcome of estimated glomerular filtration rate (eGFR)
under 30 ml/min per 1.73 m?, 50% reduction in eGFR, or
need for kidney replacement therapy (KRT) was used to
define the primary end point. The graph shows survival
free of this end point. HTN, hypertension.
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