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Defining Nephritic Factors as Diverse
Drivers of Systemic Complement
Dysregulation in C3 Glomerulopathy
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Introduction: C3 glomerulopathy (C3G) is an ultrarare renal disease characterized by deposition of com-
plement component C3 in the glomerular basement membrane (GBM). Rare and novel genetic variation in
complement genes and autoantibodies to complement proteins are commonly identified in the C3G
population and thought to drive the underlying complement dysregulation that results in renal damage.
However, disease heterogeneity and rarity make accurately defining characteristics of the C3G population
difficult.

Methods: Here, we present a retrospective analysis of the Molecular Otolaryngology and Renal Research
Laboratories C3G cohort. This study integrated complement biomarker testing and in vitro tests of auto-
antibody function to achieve the following 3 primary goals: (i) define disease profiles of C3G based on
disease drivers, complement biomarkers, and age; (ii) determine the relationship between in vitro auto-
antibody tests and in vivo complement dysregulation; and (iii) evaluate the association between autoan-
tibody function and disease progression.

Results: The largest disease profiles of C3G included patients with autoantibodies to complement proteins
(48%) and patients for whom no genetic and/or acquired drivers of disease could be identified (43%). The
correlation between the stabilization of convertases by complement autoantibodies as measured by
in vitro modified hemolytic assays and systemic biomarkers that reflect in vivo complement dysregulation
was remarkably strong. In patients positive for autoantibodies, the degree of stabilization capacity pre-
dicted worse renal function.

Conclusion: This study implicates complement autoantibodies as robust drivers of systemic complement
dysregulation in approximately 50% of C3G but also highlights the need for continued discovery-based
research to identify novel drivers of disease.
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n 2013, C3G was defined by consensus as a glomer-
I ular disease in which deposition of the third com-
plement component, C3, is present in the GBM with an
intensity that is at least 2-fold higher than any other
immune complexes.l Disease-specific treatments are
lacking and as a result, end-stage renal disease develops
in approximately 50% of patients within 10 years of
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diagnosis. Prognosticating disease outcome, however,
in individual patients is not yet possible.”” Dysregula-
tion of the alternative pathway of complement drives
the disease and with multiple anticomplement therapies
now in clinical trials, it has become imperative to define
as accurately as possible the underlying causes of com-
plement dysregulation. This added clarity may inform
patient inclusion criteria and/or a more optimal selec-
tion of a trial, ultimately enabling precisely targeted
anti-complement therapy.

A renal biopsy with immunofluorescence is required
to diagnosis C3G.' Disease subclassification into either
C3 glomerulonephritis (C3GN) or dense deposit disease
(DDD) is based on electron microscopy. The former is
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characterized by amorphous, subepithelial deposits,
whereas the latter is distinguished by thick, intra-
membranous deposits." Low serum C3 levels are pre-
sent in approximately 60% of patients and indicate
ongoing systemic complement dysregulation.” To
characterize and quantify potential causes of in vivo
complement dysregulation, patients should be screened
for genetic variation in complement genes, autoanti-
bodies to complement proteins, and serum levels of
complement proteins and their cleavage products.’

Options for managing C3G include blood pressure
and proteinuria control, general immunosuppression,”’
kidney transplant,”” and complement blockade thera-
pies'”'"; however, given the rarity and heterogeneity
of C3G, data supporting the efficacy of specific treat-
ment regimens are relatively sparse. The optimal
treatment to prevent progression to end-stage renal
disease for those with more aggressive disease is yet to
be determined.

The complement system is a network of proteins that
bridges innate and adaptive immunity by identifying
pathogenic material, activating proinflammatory path-
ways, and inducing opsonization and lysis of identified
pathogens. Its activity is driven primarily by the alter-
native pathway, which is continuously activated by the
spontaneous hydrolysis of C3 in a process known as tick-
over.'*"? Once activated, the complement response is
amplified by the C3 convertase, a molecular serine pro-
tease complex comprised of C3b and Bb that cleaves C3,
leading to the generation of C5 convertase and terminal
pathway activation.'* Proper regulation of the comple-
ment response to mitigate self-damage is provided by
both soluble and cell-surface regulators."’

Patients with C3G often carry factors—immunologic
and/or genetic—that are believed to be permissive to
dysregulation of the alternative pathway. Most common
among the immunologic factors are autoantibodies to C3
and C5 convertases, known as C3 and C5 nephritic factors
(C3Nefs and C5Nefs), respectively, which are identified
in 40% to 60% of patients.'**° Given the labile nature of
convertases, the identification of C3Nefs and C5Nefs is
not trivial, and consequently their in vivo impact has
been debated. Several assays'®*'** are available to
quantify convertase activity and characterize the
mechanism of action of Nefs; however, the interpretation
of these tests and their relationship to in vivo complement
biomarkers has remained unclear. This limitation reflects
the small sample size of most studies and/or the inclusion
of patients with a variety of complement-mediated dis-
eases in the same cohort.””*” As a result, data describing
Nefs as primary drivers of systemic complement dysre-
gulation in C3G remain conflicting.”” ™

In addition to C3Nefs and C5Nefs, other autoanti-
bodies reported at much lower rates in C3G include
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those to factor B (FB) (FBAAs; 3% of patients),ﬁ’37
factor H (FH) (FHAAs; 3% of patients),”" "' and C4
(C4Nefs; 5%—15% of patients).”’@’44 The C3G popu-
lation is also enriched for persons with rare genetic
variations (~20%) in complement proteins, which can
contribute to abnormal complement activity."* In
aggregate, these assorted immunologic and genetic
factors create a complicated picture.

Here, we present a large-scale, retrospective analysis
of our C3G cohort that supports a primary role for
C3Nefs, C4Nefs, and C5Nefs as drivers of in vivo sys-
temic complement dysregulation. Our data highlight the
diversity of Nef function across patients with C3G and
demonstrate that in the patient subset positive for Nefs,
Nef stabilization capacity is predictive of renal function.
These data also emphasize the importance of following
Nef activity over time and support the need for targeted
discovery-based studies for novel drivers of local rather
than systemic complement dysregulation. To that end,
we propose a framework for evaluating the different
patient cohorts within the C3G population.

C3G Cohort

Patients for this study were selected based on a C3G
diagnosis as provided from the referring health care
provider. Of 886 patients in our C3G cohort, 554 were
included in this study based on concurrent testing (with
60 days) for Nefs and complement biomarkers. A smaller
subset (7 = 129) included patients with comprehensive
genetic testing, Nef and biomarker analysis, and manual
review of biopsy images by scientists at the Molecular
Otolaryngology and Renal Research Laboratories, with
consensus classification of each patient as either C3GN or
DDD. Pediatric patients were defined as patients
younger than 18 years old at the time of testing. Forty-
four patients on eculizumab were excluded from any
analyses that include sC5b-9 as a variable (Figure 1a). The
diagnosis, sex (male or female, as reported in medical
records), and age at clinical testing is shown in Figure 1b.
The Institutional Review Board of the University of Towa
approved this study, and the described research was
performed in accordance with the Declaration of
Helsinki.

Only the comprehensively tested and biopsy-reviewed
subset of patients (7 = 129) was used to draw conclusions
regarding what percentage of the C3G population carries a
certain disease profile. There were no significant differ-
ences between age, sex, Nef occurrence, or abnormal
biomarker occurrence between the large Molecular
Otolaryngology and Renal Research Laboratories C3G
cohort and the smaller comprehensive patient subset
(Supplementary Table S1).
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Figure 1. Data from 886 patients in the Molecular Otolaryngology and Renal Research Laboratories C3 glomerulopathy database. (a)
Of these, 554 patients with C3 glomerulopathy had complement biomarker, functional, and autoantibody testing performed within a
60-day window of diagnosis (defining the biopsy diagnosis as time zero). In 129 patients (comprehensive subset), biopsy images
were manually reviewed to confirm a diagnosis of dense deposit disease or C3 glomerulonephritis and genetic screening was
performed. (b) In the large cohort, in 27 individuals only a diagnosis of C3 glomerulopathy was made. In 1 patient, age was un-
known. (c) C3 and sC5b-9 testing was available in 285 and 416 patients, respectively (shaded red, abnormal levels). (d) A total of 268
patients had both C3 and sC5b-9 testing; 25% of patients had only 1 convertase dysregulated (low C3 or high sC5b-9), 37% had both
convertases dysregulated (low C3 and high sC5b-9), and 37% had normal biomarkers (normal C3 and sC5b-9). C3G, C3 glomerul-
opathy; DDD, dense deposit disease.

Sample Preparation at —80 °C. Patient-specific IgG was isolated using
Serum and plasma were prepared by centrifugation the Melon Gel IgG Purification Kit (Thermo Scien-
of whole blood samples, aliquoted, and stored tific, Rockford, IL).
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DNA Extraction and Genetic Testing

Genomic DNA was extracted from peripheral blood and
evaluated on 1% agarose gel and by NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific, Wil-
mington, DE) to assess integrity and purity, respec-
tively. Samples tested before January 2014 were
sequenced using Sanger Sequencing’’*’; samples
tested after January 2014 were sequenced on a tar-
geted, high throughput, next generation sequencing
panel.”® C3G-associated complement genes included
CFH, CFI, CD46 (MCP), CFB, CFHRS5, and C3.

C3Nef and C5Nef Detection

Convertase stabilization by Nefs was detected using
hemolytic-based assays (C3 convertase stabilizing
assay, and C3 convertase stabilizing assay with pro-
perdin to detect C3Nefs and C5Nefs, respectively) as
previously described.”” In brief, to detect C3Nefs, C3
convertase is built on the surface of C3b-decorated
sheep erythrocytes using purified FB and factor D.
The amount of FB is titrated to yield approximately 1
convertase per erythrocyte at 30 °C after 5 minutes,
at which time patient-purified IgG is added. Twenty
minutes are allowed to lapse for natural decay of the
convertase and then rat serum in ethylenediamine
tetraacetic acid is added to supply terminal comple-
ment components. The addition of rat serum leads to
cell lysis in the presence of Nef-stabilized C3 con-
vertase. C3 convertase stabilizing assay with pro-
perdin includes properdin to facilitate C5 convertase
formation on the erythrocyte, with a longer incu-
bation period to accommodate the longer C5 con-
half-life. Nef stabilization capacity is
measured as a percentage of hemolysis relative to a
negative control. Hemolysis is binned as <20%, 20%
to 40%, 41% to 60%, 61% to 80% and >80%,
corresponding to negative, 1+, 2+, 3+, and 4+ he-
molysis, respectively.

vertase

C4Nef Detection

C4Nefs were detected as described using a hemolytic
assay to quantitate antibody-mediated stabilization of
the classical pathway C3 convertase.”’ In brief, patient-
purified IgG and complement component C2 are incu-
bated with C4b-decorated sheep erythrocytes to allow
for convertase formation and subsequent decay, and rat
serum in the presence of ethylenediamine tetraacetic
acid is added to trigger activity of the terminal
pathway of complement and cell lysis in the presence
of C4Nef-stabilized convertase.”””” As described above,
Nef stabilization capacity is measured as the percentage
of hemolysis relative to a negative control, binning
percent hemolysis in a similar manner.
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FB and FH autoantibody detection
Enzyme-linked immunosorbent assays were used for FB
and FH autoantibody detection, as described.’®***°! In
short, microtiter plates were coated with FB or FH.
Horseradish peroxidase-tagged, antihuman IgG is used
to identify binding of patient-purified IgG to the pro-
tein of interest after incubation.

Tests of Fluid-Phase C3 Convertase Activity

A modified immunofixation electrophoresis (IFE) was
performed to assess fluid-phase C3 convertase activity
by mixing patient serum and pooled normal human
serum. Following an incubation period at 37 °C and
immunoprecipitation by an anti-C3 antibodies, C3
convertase activity is measured by quantifying the
generation of C3 activation products by agarose gel
electrophoresis.*’

Biomarker Quantification

Complement component C3 was detected in patient
plasma using radial immunodiffusion (The Binding
Site, Birmingham, United Kingdom), and soluble C5b-9
by an enzyme-linked immunosorbent assay-based
method (sC5b-9, Quidel Corporation, San Diego, CA).

Proteinuria Measurement

The wurine protein-to-creatinine ratios (UPCRs)
measured within 1 year of Nef testing were used to
quantify proteinuria. Thirty-six patients had both
UPCR and Nef testing available; 23 also had C3
biomarker data.

Statistics and Data Visualization

Statistics and data visualization were completed using
R,” RStudio,”” and visualization packages.”*”” Statis-
tical significance was evaluated using a t-test, 1-way
analysis of variance or 7y test, as indicated.””’

RESULTS

Defining the Disease Profiles in C3G

Biomarkers used to quantify C3 convertase activity
(i.e., C3) and C5 convertase activity (i.e., sC5b-9) were
measured in patient plasma and represent an in vivo
snapshot of systemic complement activity. In the large
cohort, C3 levels distributed in a bimodal pattern,
with a large portion of patients having normal C3
levels and a large portion having almost entirely
depleted levels. Soluble C5b-9 biomarkers were also
normal in a large portion of patients. When biomarker
distribution was stratified by age, 69 of 121 (57%)
pediatric patients and 51 of 163 (31%) adult patients
had low C3 levels (P < 0.0001). High sC5b-9 was
identified in 109 of 175 (62%) pediatric patients and
129 of 240 (54%) adult patients (P < 0.0883)
(Figure lc). In 268 patients with both C3 and sC5b-9
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levels, 69 patients (26%) showed dysregulation of
only 1 convertase (marked by either low C3 or high
sC5b-9, but not both), 99 patients (37%) had dysre-
gulation of both convertases, and 100 patients (37%)
had biomarkers indicating no active systemic com-
plement dysregulation (Figure 1d). Patients with a
biomarker profile of both convertases dysregulated
were more frequently pediatric patients (Figure 1d).

The comprehensive clinical subset (n = 129) was
evaluated to determine disease profiles in C3G and how
frequently each profile occurs. The general disease
profiles were as follows: (i) 56 patients (43%) with
immunologic driver(s) only, (ii) 56 patients (43%) with
no identified disease-associated factors, (iii) 10 patients
(8%) with genetic driver(s) only, and (iv) 7 patients
(5%) with both immunologic and genetic driver(s)
(Figure 2a). Of the known immunologic drivers, patient
positivity for C5Nefs was most common (47/129,
36.4%), followed by positivity for C3Nefs (37/129,
29%), C4Nefs (17/93 patients tested; 18%), FBAAs (2/
56 patients tested; 4%), and FHAAs (3/125 patients
tested; 2%). Copositivity for C3Nefs and C5Nefs
occurred most frequently. Of patients positive for
C4Nefs, a plurality occurred in concert with C5Nefs
(47%), whereas a smaller portion were copositive with
C3Nefs (29%). FBAAs and FHAAs did not occur in the
presence of C3Nefs or C5Nefs. Of the 3 patients positive
for FHAAs, 1 patient was copositive for C4Nefs, and 1
was copositive for FBAAs. The second patient testing
positive for FBAA had no other immunologic factors
(Figure 2b).

Rare genetic variants in disease-associated genes
were identified in 13% (17 of 129) of patients screened.
Variants were included if they occurred at <1% in any
population in the gnomAD database and either carried
a combined annotation dependent depletion score™ of
>15 or were predicted by Human Splice Finder™ to
disrupt canonical splicing (Table 1). After normalizing
genes by base pair length, C3, CFH, and CFHRS5 all had
a similar genetic burden followed closely by CFI
(Figure 2c). When subgrouped into C3GN and DDD
cohorts, immunologic drivers were identified in
approximately 70% of patients with DDD as compared
to 30% of patients with C3GN; however, patients with
C3GN were almost 3 times more likely to carry genetic
variants as compared to patients with DDD. Over 50%
of patients with C3GN and 24% of patients with DDD
had no identifiable driver of disease; the majority of
these patients were adults (Figure 2d).

Characterizing C3Nefs , C4Nefs , and CbNefs

Because autoantibodies to convertases (including
C3Nefs, C4Nefs, and C5Nefs) are quantified in the
absence of complement regulatory proteins, Nef
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stabilization capacity as measured in vitro was
compared to complement biomarkers measured in vivo
to determine whether there was any correlation. Two
hundred seventy-four patients had both serum C3
measured and C3Nef and C5Nef activity quantitated.
Patients positive for C3Nefs had lower C3 levels as
compared to patients negative for C3Nefs (P < 2.2 X
10~ '°). Of patients tested for C3Nefs and C5Nefs, 359
and 354 patients, respectively had sC5b-9 biomarkers
tested (and were not on eculizumab). Soluble C5b-9 was
increased in patients with mild (1-2+) C3Nef stabili-
zation capacity but not significantly elevated in pa-
tients with 3—4+ C3Nef stabilization capacity (P <
45 X 10708) (Figure 3a, Supplementary Figure S1A).
However, patients positive for C5Nefs had significantly
lower C3 (P < 2.2 x 10" '°) and significantly higher
sC5b-9 (P < 2.2 x 10™'°) compared to patients negative
for C5Nefs (Figure 3a, Supplementary Figure S1B), as
did patients positive for C4Nefs (266 and 307 patients
with C4Nef testing had C3 levels and sC5b-9 levels
available, respectively) (Figure 3a, Supplementary
Figure S1C). When patients were stratified as either
Nef-positive, or Nef-negative, these differences
remained (Supplementary Figure S2). When patients
were broken down by Nef type and Nef stabilization
category, Nef stabilization capacity also correlated with
younger age (Figure 3b, Supplementary Figure S1).

Fluid-Phase C3 Convertase Activity in C3G
Fluid phase C3 convertase activity as measured by IFE
was evaluated in 271 and 350 patients in whom C3 and
sC5b-9 levels were available, respectively (Figure 4a).
IFE positivity only correlated with in vivo C3 levels
when IFE was robust (3+ and 4+) (P < 0.002) and did
not correlate with sC5b-9 levels at all (P < 0.89)
(Figure 4a, Supplementary Figure S3A). IFE positivity
did not correlate with age (Supplementary Figure S3B).
Patients positive for C3Nefs, C4Nefs, and/or C5Nefs
were significantly enriched for decreased C3 and
increased sC5b-9 levels regardless of IFE status (P <
2.2 x 107 '°) (Figure 4c).

Nefs and Proteinuria

Considering that copositivity for C3Nefs, C4Nefs, and
C5Nefs was common, an aggregate score of C3Nef,
C4Nef, and C5Nef positivity was calculated on a scale of
0 to 12. Patients with mild positivity (sum of Nef sta-
bilization capacity =4) had significantly higher C3
levels and lower sC5b-9 levels as compared to patients
with severe positivity (=5) (P < 2.2 x 10 '%)
(Figure 5a, Supplementary Figure S4A). As expected,
Nef score also correlated with age (Figure 5b,
Supplementary Figure S4B). In 36 patients, UPCR and
Nef activity were evaluated. When patients were

Kidney International Reports (2024) 9, 464-477
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a Disease-Associated Factors in the C3G Population
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Figure 2. Disease drivers in C3 glomerulopathy. (a) Of 129 patients, 63 and 17 carried an immunologic and/or genetic driver, respectively. (b)
C5Nefs were the most common driver, followed closely by C3Nefs. Both were frequently found together with similar stabilization capacities. An
asterisk (*) indicates that autoantibodies were detected using enzyme-linked immunosorbent assay-based assays as described in methods. In
these cases, all positive findings were considered 1+. (c) Likely pathogenic genetic drivers were found in 17 patients. A variant was considered
to be a likely pathogenic driver if it had a minor allele frequency <0.01 and a combined annotation dependent depletion score >15 or if it was
predicted to disrupt canonical splicing. (d) Distribution of these drivers was uneven; patients with dense deposit disease were more likely to
carry an immunologic driver of disease, whereas patients with C3 glomerulonephritis were most likely to have no known driver of disease. C3G,
C3 glomerulopathy; DDD, dense deposit disease; Nefs, nephrotic factors.

divided into Nef-positive and Nef-negative groups, no
significant differences in UPCR distribution were
observed (Supplementary Figure S4C); however, when
patients were stratified by Nef score, patients with a
higher Nef score had worse UPCR as compared to pa-

Nef testing were available, UPCR was compared to C3
levels. No major trends were identified when all pa-
tients were included regardless of Nef status (R* <
0.01). However, when only patients positive for Nefs
were included, a slight negative correlation between

tients with mild or negative Nef scores (Supplementary UPCR and C3 levels was detected (R® = 0.10)
Figure S4D). In 23 patients where UPCR, C3 levels and (Supplementary Figure S4E).
Kidney International Reports (2024) 9, 464-477 469
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Table 1. Genetic variants in complement 3 glomerulopathy cohort

MAF Maximum MAF  CADD Splice  Adapted ACMG  Plasma C3  Plasma sC5b-9
Patient Diagnosis  Gene Genomic coordinate Protein change  (gnomAD) (gnomAD) score  prediction interpretation levels (g/L) levels (mg/L)
A DDD C3 chr19:6718304:6>C p.Tyr129Stop 0 0 35 None Pathogenic <0.16 3.84
B C3GN C3 chr19:6718166:C>T p.Arg148Gin 7.072E-06  0.00001549 27.3 None  Likely Pathogenic 0.30 0.32
C C3GN C3 chr19:6714178:6>A p.Tyr227Tyr 0.0001026 0.002029 12.15 ESE VUS 1.00 0.20
altered
D C3GN C3 chr19:6709748:C>T p.Val598Met 3.187E-05  0.0001149 27.2 None VUS NT 0.17
E C3GN C3 ¢chr19:6707877:C>G p.Gly637Arg 0.000223 0.0005082 219 None VUS 0.30 3.60
F C3GN c3 chr19:6707251:C>A p.Cys694Phe 0 0 258 None VUS 0.60 0.74
G C3GN c3 chr19:6679429:C>T p.Arg1512His  0.0001025 0.000178 234 None VUS 0.70 0.24
H DDD CFH  ¢chr1:196642262:6>A p.Trp71Stop 4.003E-06 8.897E-06 32 None Pathogenic 1.20 0.29
| C3GN CFH  ¢hr1:196646746:A>G p.Met190Val 0 0 15.69 None VUS NT 1.24
J C3GN CFH chr1:196648872:G>- p.Gly247GIuFS°34 0 0 36 None  Likely Pathogenic NT 0.33
K C3GN CFH chr1:196709833:C>T p.Thr956Met 0.001294 0.003364 14.99 None Benign 0.70 0.26
L DDD CFH chr1:196709833:C>T p.Thro56Met 0.001294 0.003364 14.99 None Benign NT 1.51
M C3GN CFHR5 NA Complex 0 0 N/A “Splicing  Likely pathogenic 1.3 0.33
Rearrangement altered
N C3GN CFHRS NA Complex 0 0 N/A “Splicing  Likely pathogenic 1.2 0.23
Rearrangement altered
0 C3GN CFHRS  chr1:196973872:6>A  p.Gly471Glu 0.0006083 0.001386 15.42 None VUS 1.00 0.42
P C3GN CFI chr4:110681720:A>C p.lle244Ser 0.0000358  0.0003806 23 None VUS NT 0.21
Q C3GN CFI chr4:110670411:C>T p.Gly371Ser 0 0 31 None VUS NT 0.23

Splicing effect determined in-house.

ACMG, American College of Medical Genetics; CADD, combined annotation dependent depletion; C3GN, complement 3 glomerulonephritis; DDD, dense deposit disease; ESE, exonic
splice enhancer; MAF, minor allele frequency; NT, not tested; VUS, variants of uncertain significance.

Biomarker Profiles by Immunologic Status
When biomarker profiles were stratified by either the
presence or absence of any autoantibodies (C3Nefs,
C5Nefs, C4Nefs, FBAAs, and/or FHAAs), 79 of 107
(74%) of patients with normal C3 levels and 60 of 80
(75%) of patients with normal sC5b-9 levels were
negative for these drivers of systemic complement
dysregulation (Figure 6a).

DISCUSSION

Numerous studies have explored the role of Nefs as
drivers of complement dysregulation in C3G, but our
understanding of this association remains conflicting
and incomplete.'”"*******%% In this large retrospective
analysis of patients with C3G, we provide a refined
view of C3Nefs, C4Nefs, and C5Nefs and their strong
association with systemic in vivo complement dysre-
gulation in C3G. Our data show the following: (i) the
in vitro stabilization capacity of C3Nefs, C4Nefs, and
C5Nefs correlates with in vivo systemic complement
dysregulation; (ii) Nefs are diverse and cause varying
degrees of in vivo complement dysregulation; (iii) a
high Nef score correlates with proteinuria; and (iv)
patients who lack biomarker evidence of systemic
complement dysregulation are most frequently nega-
tive for Nefs.

Defining the role of Nefs as potential drivers of
systemic complement dysregulation in C3G has been
challenging. Early research focused on their charac-
terization primarily in studies of hypocomplementemic
patients, thus limiting ability to define the extent to
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which Nefs may or may not associate specifically with
complement dysregulation.'””*" More recent studies
have demonstrated an association between C3Nefs and
C5Nefs and decreased C3 and increased sC5b-9 levels,
respectively.zo'zs'28 However, Nefs have also been re-
ported in persons with renal disease and normal com-
plement biomarkers, and in healthy persons.29’32’33'
00-62%% This spectrum of presentations has fueled a
debate as to whether Nefs play a pathogenic role in
driving complement dysregulation or are an epiphe-
nomenon triggered by some other process.(’4 Clarifying
their role is important because Nefs are the most
commonly identified abnormalities in patients with
C3G (Figure 2a and b).

Difficulty in determining the relationship between
complement dysregulation and Nefs can be attributed
in part to the difficulty in identifying these autoan-
tibodies themselves. They target the labile and
transient C3 and C5 convertases and as such technical
expertise is required to isolate and functionally
characterize these autoantibodies. We used a modi-
fied hemolytic assay”’ and built C3 or C5 convertases
on the surface of sheep erythrocytes using the rele-
vant complement proteins. Patient-purified IgG was
then added to determine whether convertase-
stabilizing IgG was present. Using this assay, we
identified a strong correlation between in vitro sta-
bilization capacity of C3Nefs, C4Nefs, and C5Nefs and
in vivo complement dysregulation as measured by C3
and sC5b-9 serum levels (Figure 3a). The correlation
between increased complement dysregulation and
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Figure 3. /n vivo complement dysregulation. (a) In patients tested for C3Nefs, C5Nefs, and C4Nefs, serum C3 levels were lower (indicating C3
convertase overactivity), and sC5b-9 was higher (indicating C5 convertase overactivity) in most patients positive for the nephritic factor as

compared to the patients who did not carry a nephritic factor. (b) Patients positive for nephritic factors of any kind tended to be younger than
patients testing negative. Nefs, nephrotic factors.

increased Nef stabilization capacity was strongest A second challenge in characterizing Nefs is their po-
with in vivo C3 levels in agreement with data re- tential diversity. Many studies suggest that Nefs show
ported by Marinozzi et al.”’ in 2017. structural diversity and have various mechanisms of
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action, including varied ability to stabilize convertases in
the presence of complement regulatory proteins and/or
properdin.””***>” In this study, Nef diversity is re-
flected in the association between stabilization capacity
and serum C3 dysregulation (Figure 5a) and in the

association between disease severity (estimated by UPCR)
and summed Nef scores (Supplementary Figure S4D). In
aggregate, our data show that Nefs almost universally lead
to C3 consumption; however, the degree of C3 con-

sumption varies across individuals. Whether this
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Figure 5. Summed Nef scores. (a) Because Nefs often occur in combination, a sum score of C3Nef positivity (1-4+), C5Nef positivity (1-4+),
and C4Nef positivity (1-4-+) was calculated (mild Nef score, 1-4; severe Nef score >4). The relationship between Nef score and (b) age was

evaluated. Nef, nephrotic factor.
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variation reflects differences in specific antigenic
epitopes, Nef concentrations, or genetic variation
predisposing to complement overactivation is not
known. When Nef positivity is interpreted with
IFE results, patients positive for C3Nefs, C4Nefs,
and/or C5Nefs and IFE trend toward lower C3
serum levels as compared to patients positive only
for Nefs (Figure 4c). These intricate and complex
correlations show that Nefs drive complement
dysregulation and are not nonfunctional antibodies
generated randomly as an epiphenomenon of com-
plement dysregulation.

To frame these findings in the context of the C3G
population as a whole, we evaluated the frequency
with which immunologic drivers (C3Nefs, C5Nefs,
C4Nefs, FHAAs, and FBAAs) were detected in patients
with abnormal systemic complement biomarkers as
compared to patients with normal systemic comple-
ment biomarkers and found that approximately 40% of
patients with C3G were positive for autoantibodies; of
this subset, approximately 90% had abnormal com-
plement biomarkers. In patients with a normal
biomarker profile, approximately 75% were negative
for Nefs (Figure 6a). This association supports the
classification of Nefs as drivers of systemic complement
dysregulation but equally importantly, focuses our
attention on 2 other patient subgroups: those with
genetic drivers of disease (13%) and those with no
identified drivers of disease (43%). The last subgroup
is particularly intriguing. The majority of these pa-
tients have C3GN and may have complement dysre-
gulation localized to the glomerular microenvironment,
thus explaining the absence of abnormal systemic
complement biomarkers, a hypothesis that warrants
investigation (Figure 2d, Figure 5a, and Figure 6a).

Distinguishing between systemic and local drivers
of disease is necessary to select biomarkers that
accurately predict disease progression. When we
divided our cohort into Nef-positive and Nef-negative
groups, there was no statistically significant difference
in the UPCR (Supplementary Figure S4C). However,
when stratified by Nef scores, patients with severe Nef
scores had higher UPCRs than patients with mild or
negative Nef scores (Supplementary Figure S4D). This
association shows that though the presence or absence
of Nefs may not predict disease progression, if pre-
sent, their stabilization capacity may do that. Simi-
larly, when we evaluated the relationship between
UPCR and C3 levels, an inverse relationship was
detected only when patients positive for Nefs were
evaluated alone. When all patients—regardless of
their Nef status—were evaluated, this relationship
was masked. Therefore, though C3 levels may be a
good predictor of disease progression in patients with
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systemic drivers of complement dysregulation, they
fail to predict outcome in patients lacking a systemic
driver (Supplementary Figure S4E,
Figure 6). These associations are based on small sample
sizes and emphasize the need for studies focusing on
the natural history of disease course, which we are
currently completing.

The possibility that C3G can be driven by local
complement dysregulation mediated by properties of
the glomerular microenvironment is an important
hypothesis to consider in patients lacking systemic
complement dysregulation. The glomerular microen-
vironment includes fenestrated endothelial cells, the
GBM, and epithelial podocytes. Blanketing the endo-
thelial cells and covering the GBM is the glycocalyx, a
mesh of proteoglycans, glycoproteins, and glycolipids
that extends into the lumen of glomerular capillaries.
This highly specialized extracellular matrix is an
important protector of the GBM and has many com-
ponents such as heparan sulfate and sialic acid that are
important for FH-mediated regulation of C3. Disrupt-
ing this environment could result in a permissive
extracellular matrix that renders the GBM susceptible
to local overactivation of C3. A key factor in this pa-
tient subset would be that though their systemic
complement biomarker profile may look normal, dis-
ease is still driven by chronic (though localized)
complement dysregulation. Stratification of patients
with C3G based on local versus systemic drivers of
complement dysregulation may be necessary to define
robust predictors of disease progression and select or
develop effective therapeutic strategies. Patients with
local complement dysregulation may benefit from
complement therapeutics or other therapies that target
complement dysregulation at the GBM. For example,
heparan sulfate mimetics are being developed for use
in diseases where heparan sulfate-binding proteins are
driving the underlying disease process.”® Possibly,
these agents may be beneficial in some patients with
C3G by sequestering FH-related proteins that perpet-
uate C3 activation.”’

The major limitation of this study is the dearth of
longitudinal data to define the natural history of C3G.
Nefs are known to change over time, and these changes
remain poorly understood. For example, it remains
possible that some patients with no current identifiable
driver of disease may have been Nef-positive at some
point in time. Collection of consistent, longitudinal data
will resolve this weakness and aid in defining with
greater resolution the disease course across different
subsets of patients with C3G over time. A similar study
in patients with immune complex membranoprolifer-
ative glomerulonephritis would also enhance our un-
derstanding of Nefs in complement-mediated renal

of disease
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Figure 6. Stratifying patients with C3 glomerulopathy. (a) Patients testing positive for 1 or more autoantibodies most often have a complement
biomarker profile consistent with systemic complement dysregulation. Conversely, patients negative for autoantibodies most often have normal
complement biomarkers. (b) Predictors of disease can be identified by subgrouping patients based on local or systemic drivers of disease. C3G,

C3 glomerulopathy; DDD, dense deposit disease.

disease, because this patient population has many
overlapping features with Nef-driven C3G.

CONCLUSIONS

These data show that Nefs are robust drivers of in vivo
complement dysregulation. Differences in stabilization
capacity of Nefs can be quantitated and impact renal
outcome. As a clinical correlate, patients with C3G
should be stratified by disease driver type in order to
identify biomarkers relevant to disease progression.
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In addition to the characterization of C3Nefs,
C4Nefs, and C5Nefs as drivers of systemic complement
dysregulation, this study highlights the need for novel
disease driver discovery. A large subset of patients
lacks any identifiable driver of disease. The correlation
between the absence of a disease driver and normal
complement biomarkers in these patients points to
disease mechanisms that drive local complement dys-
regulation in the glomerular microenvironment in the
absence of systemic complement dysregulation.
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