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Abstract

Background C3 glomerulopathy (C3G) is defined by dominant glomerular deposition of C3 and minimal or no immunoglobulin,
with two subtypes—dense deposit disease (DDD) and C3 glomerulonephritis (C3GN)—distinguished by features on electron
microscopy (EM). Given that this rare disease has generally unfavorable yet highly variable outcomes, we sought out to review
the histopathology, complement/genetic studies, and renal outcomes of pediatric patients with C3G at our institution.

Methods All native kidney biopsies performed in a single pediatric hospital over a 10-year period were reviewed for features of
C3G. Of 589 biopsy reports, we identified 9 patients fulfilling the diagnostic criteria for C3G and retrospectively reviewed their
clinical chart and renal biopsy findings.

Results We identified 4 patients with DDD, 4 with C3GN, and 1 indeterminate case, with features of both C3GN and DDD. Five
patients were positive for one or more nephritic factors (C3NeF, C4NeF, C5NeF) with 1 patient additionally positive for
complement factor H (CFH) autoantibody. Genetic testing done in 5 of the 9 patients failed to identify any causative mutations.
Three patients showed progressive renal dysfunction over a mean follow-up period of 33 months.

Conclusions Complement and genetic studies are now routinely recommended for patients with a histopathological diagnosis of
C3G. Careful interpretation of these studies and their prognostic and therapeutic implications in conjunction with biopsy findings
is needed to further understand the pathophysiology of this rare disease in children.
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Introduction immunofluorescence (IF) at least two orders of magnitude
brighter than any other immune reactant and electron-dense

Though defined by its characteristic histology, C3 glomeru-  deposits on EM [1, 2]. Dense deposit disease (DDD) and C3
lopathy (C3G) has emerged as a disease process primarily  glomerulonephritis (C3GN) are subsets of C3G, both of which
driven by abnormal complement activation, deposition, and/  are defined by dominant C3 IF staining. While heterogenous
or degradation. Renal biopsy findings demonstrate predomi-  histologic changes are seen by light microscopy, distinction
nant glomerular C3 fragment deposition, with C3  between the two entities is made by EM [3]. In DDD, there is
hyperosmiophilic, electron-dense transformation of the lami-
na densa of the glomerular basement membrane. In C3GN,
mesangial and/or glomerular basement membrane deposits
are present in variable combinations of subepithelial,
subendothelial and/or less dense, discontinuous intra-
54 Allen R. Hendricks membranous deposits [4, 5]. The pathogenesis of C3G in-
allen.hendricks@UTSouthwestern.edu cludes dysregulation of the complement alternative pathway
(AP). Identification of genetic mutations, circulating autoan-
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responsible for 3—5% of all pediatric nephrotic syndromes
[7-9]. Histological recurrence post-transplant occurs in C3G
and DDD and has been reported as possibly universal in DDD
[3], which can lead to graft loss in a high percentage of pa-
tients making it a potentially devastating disease for children.
Previous publications describing C3G have largely incorpo-
rated children and adults together, with limited pediatric cen-
tered studies detailing serologic and genetic complement data
[8, 10-15]. For instance, Servais et al. reported that 17 out of
29 DDD patients and 14 out of 56 C3GN patients in their
study were children and found progression to end-stage kid-
ney disease (ESKD) and low serum C3 were reportedly more
common in DDD compared to C3GN [16]. Recent research
by Bomback et al. involving pediatric and adult patients found
no differences between DDD and C3GN in progression to
CKD and low C3 at diagnosis, with 3 out of 24 DDD patients
and 32 out of 87 C3GN patients in their study < 18 years old
[17]. These studies both included autoantibody and genetic
testing and consistently identified complement regulatory
genes and acquired autoantibodies in patients with C3G, in-
cluding C3NeF, which stabilizes the AP C3 convertase,
preventing its inactivation. However, there have been consid-
erable advances in complement pathway assays, with in-
creased numbers of autoantibodies and pathogenic mutations
identified. Since standardized serologic and genetic testing for
inherited and acquired abnormalities of AP of complement
has only recently become common practice, with limited data
in pediatric C3G patients, we sought to retrospectively review
this information along with a comprehensive histopathologi-
cal analysis for all cases of pediatric C3G at our single insti-
tution over a 10-year period. Our inclusion of available com-
plement studies enhances identification of underlying abnor-
malities, which is necessary in larger studies to contribute to
guiding treatment, predicting outcomes, and facilitating devel-
opment of complement-directed therapeutics.

Materials and methods
Patient selection

Using the natural language processing tool in Cerner electron-
ic medical record software a search was conducted to retrieve
renal biopsies accessioned at Children’s Health Dallas from
April 2007 through February 2017. The following terms were
used for the search: membranoproliferative glomerulonephri-
tis, membranoproliferative glomerulonephritis with dominant
C3, dense deposit disease, acute diffuse proliferative glomer-
ulonephritis, diffuse proliferative glomerulonephritis,
endocapillary proliferative glomerulonephritis, post-
streptococcal glomerulonephritis, and post-infectious glomer-
ulonephritis. All cases with one or more of these terms in the
original final diagnosis, and C3 dominant staining (defined as
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> 2 orders of magnitude more than any other immune reactant
on a semiquantitative scale of 0—4) by routine IF evaluation
were included for use in the study. All retrieved cases were
examined by two pathologists (N.E. and A.R.H.) to confirm
that they met inclusion criteria, thus satisfying pathologic
criteria for a diagnosis of C3G. The study was approved by
the UT Southwestern Institutional Review Board having
met all applicable requirements.

Biopsy sample processing techniques

All cases were processed by light, IF, and EM using standard
techniques [18]. Kidney biopsy samples were fixed in buff-
ered formalin, dehydrated in graded alcohols, and embedded
in paraffin using standard methods. Serial 3-mm-thick sec-
tions were cut and treated with hematoxylin and eosin (H
and E), Jones methenamine silver, Masson trichrome, and
periodic acid—Schiff (PAS) reagent.

Samples submitted for IF studies were transported in
Michel’s or other acceptable transport medium, washed in
buffer and frozen in a cryostat. Sections, cut at 4 pm, were
rinsed in buffer and reacted with fluorescein-tagged polyclon-
al rabbit anti-human antibodies to immunoglobulin (Ig) G,
IgA, IgM, C3, Clq, albumin and fibrinogen [Agilent (former-
ly Dako), Carpenteria, CA] for 1 h, rinsed and a coverslip
applied using aqueous mounting media. The staining intensity
was graded 0 to 4+ on a semiquantitative scale.

EM was performed on specimens submitted for ultrastruc-
tural examination. The specimen was dehydrated using graded
alcohols, and embedded in epon resin. Sections 1 mm thick
were cut using an ultramicrotome, stained with toluidine blue
and examined with a light microscope. Thin sections were
examined in a Hitachi H-7500 transmission electron micro-
scope. Photomicrographs were routinely taken at varying
magnifications.

Clinical data collection

Clinical and laboratory data at the time of the first renal biopsy
were manually obtained through retrospective chart review
and included age, sex, ethnicity/race, presenting symptoms,
family history of renal disease, serum creatinine, serum albu-
min, serum C3 and C4, and serum antibodies (anti-streptoly-
sin-O titer ASOT, ANA, ANCA, dsDNA). Hematuria was
defined by urine dipstick analysis and/or > 4 RBCs/hpf.
Proteinuria was defined by the protein-creatinine ratio (g/g)
in spot urine > 0.2. Estimated glomerular filtration rate (GFR)
was determined using the revised Schwartz equation. When
performed, complement autoantibodies, assays for comple-
ment biomarkers, and genetic screening results were obtained,
with performing laboratories, detailed methods and
established reference ranges for each test detailed in Table 3
and in supplementary material.
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DDD

C3GN, TMA
MPGN

DDD

Indeterminate

DDD
MPGN

C3GN
MPGN

C3GN
MPGN

C3GN
MPGN

DDD

Diagnosis

MPGN

MPGN, focal (30%)

MPGN

DEPGN, focal (10%)

Light microscopy

crescents

necrotizing
crescents

0/81

pattern of Injury

7127

2/12

2/68 0/86 0/61 0/24

128

1/52

Number of GS

glomeruli/total
glomeruli
IFTA %

10%

10%

10

0

C3 (2+), Ig negative

C3 (3+), Ig negative C3 (44), 1eG (2+), C3 (@44, IgM (1) C3 (@), IgG (14), IgM  C3 (4+), IgM (24) C3 (3+), 1gG (14),

C3(2-3+), Ig

Immunofluorescence C3 (4+), IgM (1+)

IgM

(1+)

Clq (2+),

negative

(1+4), Clq (1+)

Subepithelial,

Dense

Subendothelial, dense  Subepithelial, dense Subepithelial, dense

Subepithelial,

Subepithelial,

Subendothelial,

Electron Microscopy —Subepithelial,

intra-membranous
and mesangial

deposits

subendot]

intra--

dense

intra-membranous,
and subendothelial

intra-membranous,
deposits

intra-membranous,
and mesangial

deposits

intra-membranous,

intra-membranous,

and mesangial

subendothelial, and
mesangial deposits

subendothelial, and
mesangial deposits

subendothelial, and

membranous,

intra-membranous,
and mesangial

deposits

deposits; fibrin
tactoids and

mesangial deposits

and mesangial

deposits

subendothelial
flocculent
material

C3GN C3 glomerulonephritis, DDD dense deposit disease, DEPGN diffuse endocapillary proliferative glomerulonephritis, GS globally sclerosed, /FTA interstitial fibrosis and tubular atrophy, MPGN

membranoproliferative glomerulonephritis, 7MA thrombotic microangiopathy

Results
Clinical features and laboratory findings

Out of 589 total native kidney biopsies examined from April
2007 through February 2017, eleven biopsy specimens from
nine patients met inclusion criteria. Four patients (1 male, 3
female) had DDD, four patients (2 male, 2 female) had C3GN,
and one patient (male) was deemed indeterminate based upon
overlapping features seen by EM. The clinical and laboratory
findings are described in Table 1. Of the 9 patients included in
our study, mean age at diagnosis was 11 years (range 8-16),
and 55% were females. All patients presented with hematuria
and proteinuria. At onset, 2 patients with DDD presented with
decreased kidney function (eGFR < 90 ml/min/1.73 m?). The
mean follow-up was 33 months (range 2—120). Three patients
showed progressive renal dysfunction (defined as declining
eGFR < 90 ml/min/1.73 m?), including 2 patients with DDD
(1 of whom required a kidney transplant) and 1 patient with
C3GN and thrombotic microangiopathy (TMA) on the pa-
tient’s initial biopsy. Upon review of available records for this
patient (including CBC done at the time of the biopsy and
serial CBCs over the next 24 months), the patient had mild
anemia (Hgb ranging from 10 to 12) without thrombocytope-
nia (platelets ranged from 233,000 to 320,000), thus lacking
clinical manifestations of TMA.

Kidney biopsy findings

The complete kidney biopsy findings are summarized in
Table 2. Six cases had weakly positive Ig staining by IF, but
all met inclusion criteria with dominant C3 IF staining. EM
studies showed mesangial and glomerular capillary wall
electron-dense deposits in all biopsies of C3GN, and highly
electron-dense intra-membranous deposits in all biopsies of
DDD. Chronicity was minimal with all cases showing 0—
10% interstitial fibrosis and tubular atrophy. All initial biop-
sies at our institution showed a membranoproliferative pattern
of injury, except patient 1 whose biopsy showed a diffuse
endocapillary proliferative and exudative glomerulonephritis
with focal (10%) necrotizing crescents and medullary angiitis
by light microscopy; representative kidney biopsy findings are
shown in Figs. 1 and 2. Medullary angiitis has been reported
in other causes of acute glomerulonephritis, but not in C3G to
our knowledge [19].

Patient 7 also had focal crescents. C3G with a crescentic
phenotype has been previously described [10]; however, the
extent of crescent formation they reported was greater than
that seen in our two patients.

Patient 8 had features of TMA by EM, including fibrin
tactoids and expansion of subendothelial spaces by electron-
lucent material (Fig. 2d). Features of TMA were not seen by
light microscopy.
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Fig. 1 Kidney biopsy findings in
C3GN (a—c¢, patient 4) and DDD
(d—f, patient 5). a Light
microscopy showing
membranoproliferative pattern of
injury (PAS, original
magnification x 400), b
immunofluorescence microscopy
shows granular staining in the
mesangium and segmentally
along the capillary walls for C3
(IF, x 400), ¢ electron micrograph
shows numerous subepithelial
electron-dense deposits, many of
which appear to replace areas of

basement membranes without
clearly defined borders. A few
subendothelial and mesangial
electron-dense deposits are also
seen (EM, x 1800) d light
microscopy showing
membranoproliferative pattern of
injury (PAS, original
magnification x 400), e
immunofluorescence microscopy
shows band-like staining of
capillary walls and granular
staining in mesangium with ring-
shaped forms in some areas for
C3 (IF, x 400), f electron
micrograph shows linear band-

like electron-dense
transformation of the lamina
densa and rounded electron
densities within the mesangium
(EM, x 1200)

Patient 6 was classified as “indeterminate” due to EM,
which showed subepithelial, subendothelial, and mesangial
electron-dense deposition in addition to segmental ribbon-
like highly electron-dense intra-membranous deposits.

Infection-related glomerulonephritis was clinically
suspected in three patients prior to biopsy based upon clinical
symptoms or laboratory parameters; however in these pa-
tients, the C3 remained persistently low at least 6 weeks or
greater and was the indication for biopsy. The presence of
subepithelial “hump-shaped” deposits was identified by elec-
tron microscopy in three patients (cases 1, 4, and 6).
Streptococcal infection may precede the development of
C3G and “hump-shaped” subepithelial deposits are common-
ly seen in both infection-related GN and C3G [1, 20].

Patients 7 and 8 received follow-up biopsies at 72 and 29
months post initial biopsy, respectively. Repeat biopsies
showed proliferative features and only patient 7’s biopsy
showed significant disease progression, with chronic injury
characterized by severe interstitial fibrosis and tubular atro-
phy. Patient 7’s allograft biopsy 30 days post-transplant
showed no evidence of recurrent disease.

Evaluation of complement profiles and genetic
testing

Four patients had extensive complement-profiling performed,

which revealed variable abnormalities in the AP as shown in
Table 3. Five patients in this study had limited or no

@ Springer
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Fig. 2 Kidney biopsy findings in
DDD with medullary angiitis (a,
b; patient 1), and C3GN with
TMA (e, d; patient 8). a Light
microscopy showing
membranoproliferative pattern of
injury with a cellular crescent
(H&E, original magnification x
400), b light microscopy showing
extensive interstitial hemorrhage
with associated interstitial
neutrophils and karyorrhectic
debris (H&E, original
magnification x 200), ¢ light
microscopy showing
membranoproliferative pattern of
injury (PAS, original
magnification x 200), d electron
micrograph showing numerous
ill-defined, confluent
subepithelial, subendothelial, and
mesangial deposits; inset shows
subendothelial electron-lucent,
flocculent material admixed with
a fibrin tactoid (EM, x 700; inset
x 3500)

complement evaluation including patient 7 who was the only
one to have CFH autoantibodies.

Genetic testing done in 5 of the 9 patients failed to identify
any causative mutations. Of note, 3 patients had variants of
unknown significance (VUS) identified. Specifically, patient 2
had a heterozygous VUS in the gene ADAMTSI3
(¢.3287G>A,p.Arg1096His) not predicted to be pathogenic,
and patient 4 also had a heterozygous VUS in gene
ADAMTS13 (¢.2936G>A,p.Arg979GIn) predicted to be path-
ogenic. Patient 8 had a heterozygous variant in the gene CF/
(c.1354G>A,p.Ala452Thr) reported as a VUS though predict-
ed to be pathogenic. Mutations in CFI, along with CFH and
membrane cofactor protein (MCP) genes, have been described
in association with C3G and atypical hemolytic-uremic syn-
drome (aHUS) [7, 21, 22].

Treatment and follow-up

All patients were treated with renin-angiotensin blockade (ei-
ther with ACE inhibitors or angiotensin receptor II blockers),
with 2 patients (patients 2 and 6) treated solely with these
agents without disease progression. Six patients (patients 1,
3,4,5,8, and 9) received steroids, four of whom (patients 1, 3,
5, and 8) were additionally treated with mycophenolate mofe-
til (MMEF) at their initial diagnosis. Patient 8 also received
tacrolimus, with doses outlined in Table 1.

@ Springer

Follow-up ranged from 2 months to 10 years after initial
renal biopsy with a mean follow-up of 11 months. Patient 1
presented with significant renal impairment (eGFR of 30 ml/
min/1.73 m?) with DDD and crescents on her initial biopsy;
however, after treatment with steroids and MMEF, her kidney
function normalized. Three patients, two with DDD (patients
7 and 9) and one with C3GN (patient 8) showed significant
decline in renal function. Despite treatment with steroids,
MMF, and rituximab, patient 7 developed end-stage kidney
disease, requiring peritoneal dialysis for 32 months until re-
ceiving a deceased donor renal allograft. Patient 9, also with
DDD, was treated with steroids alone and showed progressive
kidney disease, with eGFR declining from 93 ml/min/1.73 m?
to 72 ml/min/1.73 m? over a period of 2 months. Patient 8,
with C3GN, was treated with steroids, MMF, prograf, and
rituximab, with continued proteinuria and decline in renal
function at last follow-up from 125 ml/min/1.73 m? to 49
ml/min/1.73 m* (46 months).

Discussion

In this study, we describe the clinical features, kidney biopsy
findings, complement abnormalities, and course of 9 pediatric
patients with C3G. Since the entity of C3G was defined in
2013, a complete evaluation with genetic testing, autoanti-
body screening, and complement function assays are routinely
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recommended. However, how these findings correlate with
prognosis, response to treatment, and variations observed on
renal biopsy remain unknown, particularly in the pediatric
population.

C3G is defined by histopathological findings of dominant
glomerular C3 deposition (two orders of magnitude greater
than any other immune reactant); other glomerular diseases
may occasionally satisfy “C3-dominant deposition with
scanty immunoglobulins” including post-infectious glomeru-
lonephritis (PIGN) [23]. Our study re-examined 589 biopsies
and found one patient that was re-classified as C3G following
our review. Also, several biopsies in this small case series
identified unusual pathological findings after detailed review
of the initial biopsies, highlighting the diagnostic challenges
of this disease.

Previous studies have identified causative genetic variants
and/or acquired factors that dysregulate the complement AP in
only a subset of patients, leaving the etiology of disease un-
known for many [24]. We report evidence of complement
dysregulation in all 6 patients that underwent complement
profile testing. Of the 5 patients who underwent genetic test-
ing, no causative variants were identified. Now that this test-
ing is more readily available, clinicians must be versed in
ordering and interpreting such studies. While complement
profile abnormalities were detected, no single marker was
consistent across all patients tested. Larger studies with exten-
sive complement testing are necessary to investigate the clin-
ical significance of individual markers, and further studies are
needed to understand if the presence of multiple
autoantibodies/nephritic factors are clinically and/or
prognostically significant. As previously reportedly, one of
the most significant pathogenic factors in C3G is autoantibody
against the C3 convertase of the AP (C3NeF): subsequent
studies have shown additional nephritic factors driving dis-
ease. Although our sample size is small and not all patients
were screened for C4NeF, two patients with C3GN were
found to have the presence of both C3Nef and C4NeF.
Zhang et al. studied 168 adults (age range 17-44 years) with
C3G and found C4NeF present in approximately 3%, includ-
ing 3 with C3GN and 1 with DDD. In the C4NeF positive
patients with C3GN, 1 had autoantibodies to FH, and 1 was
positive for C3NeF [3]. A recent study by Marinozzi et al.
investigated C3NeF and C5NeF in C3G. The authors found
that out of 59 tested, 29% were positive for C3NeF only, 10%
were positive for CSNeF only, and 39% were positive for
both. The authors found that children who were double posi-
tive had a better outcome than those who were double nega-
tive [25]. Two of our DDD patients (1 and 5) were also double
positive. Both had persistent hematuria and proteinuria but
saw improvement in eGFR.

There are several limitations to this study. The sample size
is small compared to studies that include pediatric and adult
patients. Currently, there is no standardized treatment for C3G

and with highly variable outcomes; one cannot make predic-
tions regarding prognostic factors for kidney disease progres-
sion. Given that it was done retrospectively, genetics and com-
plement profiles were not completed on all patients reported.
While established clinical laboratories were utilized for com-
plement studies and genetic testing, this was not standardized,
and some tests were not performed in all of the patients.

In conclusion, we present an entirely pediatric cohort of
C3G patients, including their clinical presentation, renal biop-
sy features, results of complement investigation studies, and
renal outcome. Genetic testing, autoantibody assays, and com-
plement pathway functional assays are now routinely recom-
mended in the evaluation of patients with a histopathological
diagnosis of C3G. The outcome of patients with C3G at this
time remains heterogeneous with poor predictive markers for
progression of kidney disease. Thus, large, prospective, multi-
institutional studies are needed to elucidate the prognostic and
therapeutic implications of these varied complement abnor-
malities of this rare disease in children.
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