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Primary membranoproliferative glomerulonephritis (MPGN) is an ultrarare
disease characterized by immunofluorescence microscopy as either immune-
complex mediated (IC-MPGN) or C3 glomerulopathy (C3), the latter subdivided
by electron microscopy to C3 glomerulonephritis (C3GN) and dense deposit
disease (DDD). Both IC-MPGN and C3G typically have obvious C3 staining
differentiating them from other causes of MPGN histology. Secondary causes
must be excluded, including infections, autoimmune disease, and neoplasia.
Clinical presentations are variable, including urinary sediment abnormalities,
nephrotic syndrome, or a rapidly progressive course. The prognosis is
unfavorable with about 50% reaching kidney failure by 10 years. Recurrence
following transplantation is frequent, and allograft survival is shortened. The
pathogenesis involves dysregulation of the alternate pathway (AP) of
complement. Possibly 20% of patients harbor pathogenic mutations in AP
proteins or their regulators, and up to 80% have autoantibodies impairing
normal regulation. Paraproteins are found in 20 — 40% of otherwise primary
MPGN, either directly detectable on biopsy (IC-MPGN) or as dysregulators of the
AP. Therapy of MPGN begins with supportive care as for all glomerulopathies.
Paraproteins require clone-directed therapy. When immunosuppression is
considered, complement inhibition should be first line. Two agents are now
FDA approved for C3G, the oral Factor B inhibitor iptacopan and the
subcutaneous C3-inhibitor pegcetacoplan, the latter also approved for IC-
MPGN. If complement inhibition is unavailable, MMF/steroids may be
considered. Following transplantation, protocol biopsies are needed to detect
early recurrence with the intent of complement inhibition.
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Introduction

Membranoproliferative glomerulonephritis (MPGN) is a light
microscopic (LM) pattern of injury characterized by mesangial
hypercellularity, endocapillary proliferation, and basement
membrane reduplication (“double contours”), features that
typically result in a lobular accentuation (1). Before considering
MPGN as a primary glomerulopathy, secondary causes must be
ruled out, most notably infection, autoimmune disease, monoclonal

10.3389/fneph.2026.1747678

gammopathy, and chronic thrombotic microangiopathy. Some
series of primary MPGN exclude monoclonal gammopathies, but
others include them.

Primary MPGN, the topic of this review, is an ultrarare disease
(incidence of 1-3 per million population). Diagnosis requires
immunofluorescence microscopy showing significant glomerular
basement membrane staining for C3, with or without associated
immunoglobulins (Figure 1). Primary MPGN is now characterized
as either immune-complex mediated (IC-MPGN), when
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electron microscopy (EM); further work-up can be directed at potential causes. If C3 is positive, the main differential is between immune-complex
mediated MPGN (IC-MPGN), which shows immunoglobulin staining of equal or even greater intensity than C3, and C3 glomerulopathy (C3G), where
immunoglobulins are negative or at least 2 orders-of-magnitude less intense than C3. C3G can be further subdivided by EM into dense deposit
disease (DDD), characterized by highly osmiophilic, ribbon-like deposits replacing the lamina densa, or C3 glomerulonephritis, characterized by
subendothelial +/- subepithelial electron dense deposits. Before considering C3 positive MPGN as primary MPGN, secondary causes must be
excluded. For IC-MPGN, these include infections, autoimmune disease, and neoplasia (including monoclonal gammopathy). For C3G (DDD and
C3GN) infection- related glomerulopathy and monoclonal gammopathy must be excluded. After such exclusions, IC-MPGN, DDD, and C3GN are
considered primary MPGN. Evaluation for genetic mutations and autoantibodies affecting complement regulation should proceed as outlined in the
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immunoglobulins stain with equal or greater intensity than C3, or
as C3 glomerulopathy (C3G) when C3 staining is at least 2 orders of
magnitude greater than any immunoglobulins that may or may not
be present. C3G is divided by electron microscopic findings (EM)
into C3 glomerulonephritis (C3GN), characterized by electron-
dense subendothelial deposits with or without subepithelial
deposits, and dense deposit disease (DDD), characterized by
highly electron-dense, ribbon-like deposits within the glomerular
basement membrane. If EM is not available, enrichment of
apolipoprotein E, which can be detected by mass spectrometry or
immunohistochemistry, indicates DDD is more likely than C3GN
(2, 3). Notably, C3G may have a variable LM appearance, including
mesangial proliferative, endocapillary proliferative, crescentic, or
sclerosing patterns, but such variants are still considered part of the
primary MPGN spectrum based on the predominant C3 staining.

Clinical manifestations

Clinical manifestations of primary MPGN are variable and
range from asymptomatic urinary sediment abnormalities with or
without reduced GFR to nephrotic syndrome to chronic nephritic
syndrome to a rapidly progressive course. Primary MPGN occurs at
any age but is more common in children. Although the spectrum of
clinical manifestations is similar when comparing children with
adults, differences in the frequency and severity of particular
syndromes are noted. For example, Nakagawa et al. surveyed the
Japan Renal Biopsy Registry from 2007 to 2015 and identified 332
cases of primary MPGN (4). Nephrotic syndrome was significantly
more frequent in adults (40.4%), especially the elderly (54%), than
in children (14.9%). A chronic nephritic picture (subnephrotic
proteinuria with hematuria) was more common in children
(66.2%) than adults (34.4%) or the elderly (31.2%). Importantly,
DDD was excluded, and it was not specified whether cases were IC-
MPGN or C3GN. Other series from Brazil (5) and Russia (6)
confirm a predominance of nephrotic range proteinuria, usually
with hematuria, in adults. In children, Bajeer et al. confirmed a
relatively high incidence (> 60%) of nephritic syndromes (acute or
rapidly progressive GN) (7). The long-term outlook of primary
MPGN is poor with about 50 - 60% dying or reaching kidney failure
in 10 years (8). Overall, adult-onset primary MPGN progresses
more often to ESKD than cases with pediatric onset (9, 10). Recent
series suggest a similar prognosis comparing IC-MPGN with C3G
both in children (7, 11) and adults (10, 12).

Pathogenesis of MPGN

Central to the pathogenesis of MPGN (herein used as a blanket
term to encompass primary IC-MPGN, C3GN, and DDD,
including those C3G cases with other histologic patterns) is
dysregulation of the alternate pathway of complement (AP) as
indicated by obvious C3 glomerular staining. A similar LM
appearance is produced by chronic thrombotic microangiopathies
(TMA), such as antiphospholipid antibody syndrome and atypical
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hemolytic uremic syndrome (aHUS), although C3 staining will not
be found. Interestingly, a similar AP dysregulation underlies aHUS
as in MPGN but involves predominantly tissue-based AP
dysregulation, as opposed to MPGN in which AP dysregulation
involves predominantly the fluid phase.

The complement system

The complement cascade is composed of approximately 30
plasma or membrane-bound proteins (see Figure 2) (13, 14). There
are 3 initiating pathways for the complement cascade that result in
activation of the C3 convertase first, and subsequently the C5
convertase. The classic pathway (CP) involves Clq binding to
antigen-antibody immune complexes that results in activation of
C4 and then C2 to produce C4b2a, the C3 convertase of the CP. The
lectin pathway (LP) is activated by mannose-binding lectins
attaching to carbohydrate moieties on microbial cell walls to
activate mannose-binding-lectin-associated serine proteases,
which serve to activate C4 and then C2 to produce the C3
convertase of the LP, also C4b2a. The AP is constitutively active
with spontaneous hydrolysis of C3 to form C3(H2O). Circulating
complement Factor D (CFD) then cleaves complement Factor B
(CFB) into Ba and Bb, the latter forming the soluble C3 convertase
C3(H20)Bb which then cleaves C3 into the anaphylatoxin C3a and
C3b. C3b binds to cell surfaces, where it can bind CFB to form C3bB
that then is cleaved by CFD to form C3bBb, the main C3 convertase
of the AP (14). Properdin stabilizes C3bBb, increasing its half-life 5-
10 times. C3bBb can amplify the C3 convertases of all 3 pathways by
producing more C3b. The result is activation of the C5 convertases
(C4b2aC3b of the CP/LP and C3bBbC3b of the AP, also stabilized
by properdin) that cleaves C5 into C5a, a potent anaphylatoxin, and
C5b, the latter which initiates the membrane attack complex (MAC)
C5b-9 on cell surfaces.

Since the AP is constitutively active, regulation is essential to
prevent overactivation and C5 cleavage on host cells. Fluid phase
regulators include complement Factor H (CFH), which accelerates
C3bBb decay, thereby regulating both fluid phase and cell-based AP
activity, and complement Factor I (CFI), which inhibits C3b (with
help from CFH). Membrane-based regulators include CFH,
membrane cofactor protein (MCP, CD46), decay accelerating
factor (DAF), CD59, and complement receptor 1 (CR1, CD35) (13).

Mutations and MPGN

Overall, about 20% of MPGN cases are caused by classic
Mendelian type mutations with variable penetrance and
expressivity (13) (see Table 1). The genes with the strongest
association with MPGN include C3 (C3, all genes in italics) and
CFB (CFB), the components of the AP C3 convertase, as well as its
regulators, CFH (CFH) and CFI (CFI). Mutations in complement
Factor H-related proteins 1-5 (CFHRI-5) are also a well-known
cause of MPGN. CFHRs 1- to 5 are structurally related to CFH and
antagonize its ability to regulate complement. Mutations include
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The complement cascade. The classical pathway is activated by the binding of Clq to antibody—antigen complexes, while the lectin pathway is
activated by the binding of mannose-binding lectin (MBL) to mannose residues, which activates mannose-binding lectin serine peptidase (MASP)
proteins. Either process results in the formation of the classical/lectin, C3 convertase complex that cleaves C3 to C3b and the anaphylatoxin C3a.
The alternative pathway is continuously activated in plasma by low-grade hydrolysis of C3 (C3H20O, tick-over) that together with factor B, forms
the initiation C3 pro-convertase. FD cleaves factor B to form the active alternative pathway initiation C3 convertase that cleaves C3 to C3b.
Complement activation is then amplified by the covalent binding of C3b produced by all the three pathways to hydroxyl groups on cell surface
carbohydrates and proteins of target cells, such as bacterial cells. This C3b binds factor B, to form the amplification loop C3 convertase C3bBb.
C3b also binds to the C3 convertases, forming the C5 convertase enzymes of the classical/lectin (C4bC2bC3b) and of the alternative (C3b2Bb)
pathways that lead to C5 cleavage and the formation of the anaphylatoxin C5a and of the membrane attack complex, composed of C5b, C6, C7,
C8 and many copies of C9. The colored rectangles denote the categories of complement inhibitors tested in C3G and Ig-MPGN and the red
dashed lines mark their targets. Taken from: Marina Noris, Giuseppe Remuzzi, C3G and Ig-MPGN—treatment standard. Nephrol Dial Transplant.

2024; 39(2):202-214(74).

deletions, duplications with copy number variations, and hybrid
gene formations (15-17). Mutations in MCP have been associated
with MPGN, but the link with aHUS is much stronger (18).
Mutations in diacylglycerol kinase epsilon (DGKE), not a
complement system protein but rather involved in intracellular
lipid signaling, are a rare cause of MPGN (19). Mutations in the
coagulation proteins thrombomodulin (THBD) and plasminogen
(PLG) have been linked to aHUS but not MPGN. Mutations in
properdin (CFP) have not been found to cause MPGN, although the
protein may interact with mutations in the C3 convertase.

It is of interest to compare the loci with mutations common to
both aHUS and MPGN. Over 250 pathologic CFH mutations have
been described causing aHUS and over 50 for MPGN (13). The
mutations responsible for aHUS cluster in the C-terminal region,
and those causing MPGN in the N-terminal region; however, there
is much overlap. Although a given mutation is usually associated
with either aHUS or MPGN, some mutations may cause either
phenotype. This indicates other factors determining the phenotype
of a given patient (aHUS or MPGN), including other genetic
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modifiers, coexisting autoimmune phenomena, or environmental
influences. A similar phenomenon occurs with mutations in the
other genes common to both disorders (C3, CFB, CFI, MCP).

Several studies assessed the underlying genetic make-up of
MPGN. Some combination of 6 genes is typically evaluated (C3,
CFB, CFH, CFI, MCP, CFP), as well as deletions and gene
rearrangements of the CFHRI-5 region. Other non-complement
system genes implicated in aHUS, but not yet in MPGN, include
coagulation system genes (THBD and PLG) and the intracellular
signaling molecule diacylglycerol kinase epsilon (DGKE). In an
earlier study, Servais et al. analyzed a cohort of 134 French patients
(49 IC-MPGN, 56 C3GN, 29 DDD) for mutations in the CFH, CFI,
and MCP genes and found mutations in 24 (17.9%), including 17
CFH, 6 CFI, and 1 MCP. Approximately half also had
autoantibodies targeting and stabilizing the AP C3 convertase,
termed C3-nephritic factors (C3NeF, vide infra), as well as did 53
other patients without mutations (20).

Tatropoulos et al. performed next-generation sequencing (NGS)
to evaluate CFH, CD46, CFI, CFB, C3 and THBD in 140 Italian
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TABLE 1 Genetic analysis of primary MPGN.

10.3389/fneph.2026.1747678

The following complement system-related genes (in italics) should be assessed

Function

Protein (gene)

Mutation frequency

Associated serum
biomarkers

Expected
phenotype

C3 (C3) Complement protein, substrate for C3 | 5 - 10%

Convertase

IC-MGN or C3 low and C5b-9 elevated but
C3G frequency uncertain; C4 normal
(no preference)

Complement Factor B (CFB) | Essential protease that forms C3

convertase together with C3b

Rare (< 5%)

More often C3G
than IC-MPGN

Low C3 common, C5b-9
elevated in some; C4 normal;
elevated Ba/Bb fragments

Complement Factor H 5-20%

(CFH)

Main negative regulatory protein of
AP amplification; both fluid phase
and membrane bound

IC-MGN or Low C3 is hallmark; high C5b-9
C3G is typical; C4 normal; Factor H

(no preference) may be low

Complement Factor I (CFI) Serine protease that inactivates C3b;

requires cofactors (factor H, CD35, or

Rare (< 5%)

IC-MGN or Both low C3 and high C5b-9
C3G are typical; C4 normal; Factor I

MCP (CD46) (no preference) may be low
Membrane Cofactor Protein | Membrane protein regulator of Rare C3 low; C5b-9 variably high; C4
(MCP) complement; a cofactor for Factor I normal
Complement Factor H- CFHR1-5 are tandem CFH-like Deletions, duplications of intragenic C3G much Low C3; variable levels of
Related protein gene family proteins that compete with Factor H segments, extra gene segments, or large more likely than | CFHRPs; C4 normal
1 - 5 (CFHRI-5) hence reducing regulation genomic segments* < 5% IC-MPGN Factor H antibodies with

homozygous CFHR1-CFHR3
deletion

*The Factor H-CFHR gene cluster is on chromosome 12: the 5 CFHRI-5 genes are located downstream from the CFH gene in the order: FH, CFHR3, CFHR1, CFHR4, CFHR2, CFHR5. C3G may
be caused by heterozygous CFHR gene mutations with intact Factor H, or homozygous/compound heterozygous Factor H gene mutations with intact CFHR genes. Examples: the CFHR3::CFHR1
deletion results in a CFHR3/CFHR1 hybrid with abnormal regulatory properties. Cypriot C3 glomerulopathy (CFHRS5 nephropathy) is caused by a heterozygous internal duplication within the
CFHRS5 gene producing an abnormal CFHR5 protein. Other examples include whole—gene CFH deletion and CFHR4 duplication. Other hybrid genes have been described. For a detailed

discussion see (15, 102-104)

CNV, copy number variations; C3G, C3 glomerulopathy; IC-MPGN, immune complex membranoproliferative glomerulonephritis.

patients (67 IC-MPGN, 21 DDD, and 52 C3GN). They found likely
pathogenic variants in 24/135 unrelated patients (18%) with no
differences between the 3 groups. The patients were significantly
enriched with likely pathogenic variants in all 6 genes as compared
to controls from the 1000 Genome Project (21). C3 mutations were
most common, found only in IG-MPGN and C3GN but not in
DDD, whereas mutations in complement regulatory genes were
found in all 3 subgroups. Importantly, the risk was mainly increased
when the mutations were combined with common susceptibility
variants potentially explaining incomplete penetrance. C3 nephritic
factors (C3NeFs, vide infra) were found in 57/116 (49%) tested
patients, especially with DDD (78%). Kidney survival was not
different in the 3 histologic subgroups, but it was worse in those
lacking both mutations and C3NeFs.

Coupling NGS with targeted genomic enrichment, Bu et al.
evaluated the Genetic Complement-Mediated Renal Disease Panela
panel of 10 genes (CFH, CFI, CFB, C3, CFHR5, CD46, DKGE,
ADAMTSI13, THBD, PLG, plus copy number variation in CFHR3-
CFHRI) in 193 patients, including 37 C3G and 147 TMA. They
found a positive genetic diagnosis (including pathogenic/likely
pathogenic/variants of undetermined significance) in 43% of C3G
patients (22). Whereas C3G patients had variants in both C3
convertase (C3 and CFB) and AP regulator genes, variants in
aHUS patients clustered only in AP regulator genes.

Mueleman et al. evaluated 398 French patients (102 IC-MPGN,
296 C3G) for rare variants (MAF < 0.1%) of the CFH, CFI, and C3
genes and found 53 rare variants, including 30 in CFH, 13 in CFI,
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and 10 in C3, in 66/398 patients (17%, including 55 C3G and 11 IC-
MPGN) (23). Thirty-eight of the 53 variants (72%) were classified as
pathogenic, including 20 of 30 CFH variants and 11 of 13 CFI
variants. A total of 48 patients had a pathogenic variant. Compared
to controls from the 1000 genome project, the C3G group harbored
a higher frequency of pathogenic variants in all 3 genes, whereas the
IC-MPGN group only in CFH and CFI genes, but not C3. Stigmata
of TMA were significantly more frequent with CFI variants (5/14)
as compared to CFH and C3. Kidney survival was significantly
worse in patients harboring variants than in those that did not,
unlike the Italian series of Iatropoulos et al. (21) noted above.

By contrast, Levine et al. performed whole genome sequencing in
146 primary MPGN patients (46.5% IC-MPGN, 34.2% C3GN, 19.3%
DDD) and 6,442 controls and found no significant enrichment of
rare variants in complement pathway genes or other genes associated
with aHUS (24). However, they did find a significant association with
an HLA class II haplotype that was replicated in a separate group, a
result that suggests primary MPGN is an autoimmune disease.

A Kidney Disease Improving Global Outcomes (KDIGO)
controversies conference on the role of complement in kidney
disease suggests that all patients with primary IC-MPGN and
paraprotein-negative C3G should have genetic analysis given that
rare variants (MAF < 0.1%) are found in about 20%, especially
involving C3, CFB, CFH, and CFI (25). Such rare variants are
associated with reduced serum concentrations of their
corresponding proteins (21-23). Additionally, non-monogenic
and common genetic risk factors for MPGN may be identified
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that of themselves are insufficient to cause disease, but they may
alter the expressivity of pathogenic rare variants if also present (26,
27). In our opinion genetic testing should be performed for primary
MPGN (see Table 1).

Autoantibodies in MPGN

In addition to mutations, autoantibodies against various
complement components are frequently found in MPGN (see
Table 2). The most common autoantibodies are nephritic factors
which target the C3 and/or C5 convertases. C3 nephritic factors
(C3NeF) target and stabilize the AP C3 convertase (C3bBb) and are
found in 70 - 80% of DDD cases, 40 — 50% of C3GN cases, and 40 —
50% of IC-MPGN cases (28). Serum C3 levels are low in most
C3NeF-positive cases, but a minority may have persistently normal
C3 levels (29). C4 nephritic factors (C4NeF) stabilize the C3 or C5
convertases of the CP and LP (C4b2a and C4b2aC3b) and are found
in <10% of MPGN cases. Serum C4 levels are typically normal, and
C4NeFs can coexist with C3NeFs (30). C5 nephritic factors
(C5NEeF) target the AP C5 convertase (C3bBbC3b) and are found
in about 30% of DDD cases and in about 70% of C3GN cases and
commonly coexist with C3NeFs (31). C5NeFs correlate with both
low C3 serum levels and elevated serum C5b-9 levels (31).

CFH autoantibodies are found in about 3% of MPGN cases and
in about 10% of aHUS cases where they are associated with deletion
of CFHR3-CFHRI1 (over 90% with anti-CFH antibodies have this
deletion) (32). Rarely, a monoclonal protein may have anti-Factor H
activity and produce MPGN, a form of monoclonal gammopathy of
renal significance (33). The epitope specificity of CFH autoantibodies
may determine the phenotype. In MPGN, the antibodies tend to
target the N-terminus, thereby impairing fluid phase complement
regulation. By contrast, in aHUS these antibodies tend to target the C-

TABLE 2 Autoantibodies and serum complement levels to consider
measuring in primary MPGN.

Antibodies, Assays,
and Components

Frequencies

Antibodies C3NeFs (40 - 80%)

C4NeFs (10 - 15%)

C5NeFs (~50%)

Anti-Factor H antibodies (3 - 6%) noted with
homozygous CFHR1-CFHRS5 deletions
Anti-Factor I antibodies (extremely low
prevalence)

Anti-C3 antibodies (5 - 15%)*

Anti-Factor B antibodies (6 — 11%)*

AP functional assays** Frequent

C3 (low in 40 - 80%)

C4 (low in 10 - 20%)

C5b-9 (elevated in 50 - 80%)
Complement Factor H (< 10%)***

Complement components

*distinct from C3NeFs which interact with C3 convertase as a whole (34).

**Various assays to assess functional activity of the alternate pathway are available. See (105).
Also, assumes secondary causes already excluded. Requires proper handling and may require a
specialized laboratory.

***associated with mutations in Factor H gene or autoantibodies.

NeF, nephritic factor.
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terminus to impair control on the cell surface, mimicking the
clustering of mutations with associated phenotypes (32).
Autoantibodies against CFB and/or C3, the constituents of the AP
C3-convertase, may be found in up to 10% of MPGN cases (34).

The KDIGO controversies conference recommends screening
for C3/5NeFs in addition to complement biomarker profiling (C3,
C4, C5b-9, etc.) as NeFs may be found in 40 - 80% of cases and
indicate an autoimmune pathogenesis (25). As outlined above, a
majority of MPGN patients have either complement gene
mutations or autoantibodies, with many having both. However, a
significant minority have neither, and such “double-negative”
patients, perhaps one-quarter of MPGN patients, may have the
worst prognosis (21, 30).

MPGN recurrence following
transplantation

MPGN recurs following kidney transplantation. At least 7 case
series together transplanting 318 total patients with IC-MPFN or C3G
as their primary disease found a total of 123 recurrences (38.7%) (35-
41). The largest series from The Spanish Group for the Study of
Glomerular Diseases (GLOSEN) included 132 patients with IC-MPGN
and 34 with C3G; recurrences occurred in 20/132 (15%) with IC-
MPGN at a median of 30 months and in 21/34 (61.7%) with C3G at a
median of 14 months (39). Graft loss occurred in 13 of 20 recurrent IC-
MPGN cases and 12/21 recurrent C3G cases. In other studies, the
longest reported time to recurrence was a median of 1.2 years in the 7
patients that recurred out of 41 transplanted Swiss patients (41). By
contrast and aided by routine protocol biopsies, Tarragon et al. found
C3G recurrence in 16 of 18 patients (11/12 with C3GN and 5/6 with
DDD) at a median of 33 days (40). Initial detection of recurrence was
predominantly established by immunofluorescence microscopy and
electron microscopy as light microscopic changes were very subtle.
Clinical manifestations were mild (only 31% had UPCR > 300 mg/g).
Importantly, repeat protocol biopsies at 1 and 2 years revealed
persistent C3 staining, activity increasing at 1-year that persisted to 2
years, and chronicity increasing from years 1 to 2.

There is no reliable way to predict recurrence of MPGN following
transplantation. A workgroup established by the American Society of
Transplantation Kidney Pancreas Community of Practice and the
Pediatric Community of Practice recently concluded that genetic
variants do not define recurrence risk nor susceptibility to specific
medications and should not guide decisions regarding transplant
candidacy; however, some members recommended consideration of
genetic screening (C3, CFB, CFH, CFI, and CFHRI-5) and evaluation
for autoantibodies (42). Likewise, the KDIGO controversies conference
suggests recurrence risk is unreliably determined by genetic testing
given variable penetrance and phenotypic dissimilarities (25).
Pretransplant testing typically includes measuring serum levels of
complement proteins (CEB, C3, C4, C5b-9), regulators (CFH, CFI,
MAC), and autoantibodies (C3/5NeFs, anti-CFH, anti-CFB). Attieh
et al. opined that demonstration of autoantibodies or abnormal
measurements of complement protein levels should not influence
transplantation suitability (43).
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Prognosis in MPGN

Given the variability in clinical presentation, clinical course,
pathology, and pathophysiology, attempts have been made to better
predict long-term outcome, as well as to hopefully guide precision-
based therapy for the individual patient. Earlier studies indicated
worse kidney survival with DDD versus C3GN (44), at least in
adults (20). More recent data, however, indicate no significant
difference in risk of kidney failure (KF) between C3GN, DDD
(45), or IC-MPGN (10, 46, 47).

Bomback et al. studied 111 C3G patients at Columbia
University (24 with DDD, 87 C3GN) and developed a C3G-
histologic index comprised of 7 active components and 4 chronic
components. There was no difference between DDD and C3GN in
the hard endpoint of doubling of serum creatinine and/or
progression to KF. In multivariable analyses, eGFR at diagnosis
was the only significant clinical predictor of the adverse kidney
outcome or death. In additional analyses that included pathology,
interstitial fibrosis and tubular atrophy were significant predictors,
as were total activity and chronicity scores in a third analysis.
Baseline proteinuria was found to be a significant risk for adverse
renal outcomes in some studies (48-51), but not in all (47). Perhaps
more important is change in proteinuria over time. In a study from
GLOSEN, Caravaca-Fontan et al. evaluated 85 patients (70 C3GN
and 15 DDD) for the risk of KF based on the longitudinal change in
proteinuria (52). Over a median of 42 months, 25% reached the
endpoint. An inverse relationship between the change in
proteinuria and the slope of eGFR was found. Considering the
change in proteinuria continuously, a doubling resulted in a 2.5-fold
increase in KF. A > 50% reduction during follow-up resulted in
reduced KF by 21% (p<0.001). Furthermore, > 50% reductions at
either 6- or 12-months were significantly associated with reduced
KF (by 4% at 6-months, p=0.02 and by 17% at 12 months, p<0.001).

In a multinational study, Ghaddar et al. followed 225 European
patients (157 C3GN, 37 DDD, and 31 IC-MPGN) over a median of
3.7 years for a combined endpoint of > 30% decline in eGFR or KF. In
a multivariable model, lower baseline eGFR, a paraprotein (present in
5%), and interstitial fibrosis were significantly associated with higher
risk. In contrast, white ethnicity, lower C4 levels, and native kidney
disease (versus recurrence in a transplant) were associated with lower
risk. Baseline proteinuria was not associated with increased risk, but
in patients with baseline proteinuria > 1 g/day, a > 50% reduction to <
1 g/day significantly reduced the risk by 65%. Modeling log-
transformed proteinuria over time versus the primary endpoint, the
risk significantly increased at 1 g/day.

In the largest study to date, the UK National Registry of Rare
Kidney Diseases (RaDaR) analyzed data from 371 incident patients
(138 with C3GN, 65 with DDD, and 168 with IC-MPGN) followed
for a median of 11 years for development of KF that occurred
overall in 138 patients (40%) (10). There was no difference in KF
rate between C3G (42%) and IC-MPGN (37%). Data at diagnosis
and 1 year from 91 patients (44 with C3G and 47 with IC-MPGN)
allowed assessment of how relatively short-term changes in eGFR
and proteinuria affected development of KF. Overall, baseline
proteinuria was not associated with KF by multivariable analysis,

Frontiers in Nephrology

10.3389/fneph.2026.1747678

whereas female sex and lower CKD stage at diagnosis were. In the
91 with evaluable data, annualized 2-year eGFR slope was
significantly associated with KF, but only modestly (by 68% -
99%) for a 10 ml/min/1.73m* decline. More impressively,
absolute reductions of urine protein in the combined cohort (91
patients) between 0 and 12 months greatly reduced risk: attaining <
100 mg/mole creatinine (< 880 mg/g) reduced the risk by 90%
(p<0.0001). Furthermore, a 50% decline from baseline at 6 or 12
months significantly reduced risk (by 38% - 60%), and a 50 mg/
mmole decline significantly reduced KF at 1 year (37%). There was
no substantial difference between the 44 with C3G and the 47 with
IC-MPGN.

Overall, the data from these 3 studies (GLOSEN, Ghaddar et al.
and RaDaR) indicate that proteinuria at 1 year is at least a
“reasonably likely” surrogate endpoint, if not a “validated” one
that can be used as an endpoint of randomized controlled trials
(RCTs) of therapy.

Chauvet et al. analyzed a French national cohort of 165 patients
(64 children, 101 adults) with C3G (no IC-MPGN) and emphasized
the role of baseline serum complement abnormalities on progression
to KF with a median follow-up censored for KF of 47 months (53).
Patient were divided into 4 groups based on C3 (low in 59%) and
C5b-9 levels (high in 51%): normal C3/normal C5b-9 (47 patients, 30
adults), low C3/high C5b-9 (53 patients, 37 adults), low C3/normal
C5b-9 (34 patients, 20 adults), and normal C3/high C5b-9 (21
patients, 14 adults), the latter 2 groups suggesting disparate
overactivity between the C3 and C5 convertases, respectively. By
multivariable analysis in the whole cohort, adult onset, reduced
eGFR, disease-predicting genetic variants, and low C3/normal C5b-
9 as well as normal C3/high C5b-9 predicted risk for KF. However,
analyzing by age, the only significant factor in children was presence
of a mutation, whereas in adults, disease-predicting mutations, low
eGFR (< 60), and either low C3/normal C5b-9 or C3/high C5b-9
remained independently significant. In adults, assigning a score of 1
for each of the 3 factors significantly determined median survival free
of KF: score= 0, 20 patients (median undefined), score 1, 28 patients
(median 115 months), score 2, 23 patients (median 21 months), and
score 3, 4 patients (median 3 months).

Tatropoulos et al. studied 173 patients from an Italian registry,
including 88 with C3GN, 25 with DDD, and 80 with IC-MPGN. By
performing unsupervised hierarchical clustering utilizing histologic,
clinical, immunologic, and genetic parameters, they identified 4
distinct clusters having somewhat different pathogenetic patterns
(54). Cluster 1 (62 patients, including 42 C3GN, 4 DDD, and 16 IC-
MPGN) had a high prevalence of genetic mutations and/or C3NeF,
low serum C3, and very high C5b-9 levels with a young age of onset
(15 years). Cluster 2 was similar except for strong immunoglobulin
staining (32 patients, including 2 C3GN and 30 IC-MPGN). Cluster
3 (33 patients, 4 C3GN, 21 DDD, 8 IC-MPGN) was similar to
cluster 1 except for normal or mildly elevated C5b-9, more
crescents, and more intra-membranous deposits. Cluster 4 had
lower mutations and antibodies, later age of onset, and more
sclerosis. Cluster 3 had a significantly higher risk of KF.

Garam et al. performed a validation cluster analysis on 92
eastern European patients (37 C3GN, 11 DDD, 44 IC-MPGN) and
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also found 4 clusters with features overlapping the clusters of
Tatropoulos et al (55). Significant differences in progression to KF
were found. Patients in clusters 3 and 4 had more progression to KF
than those in clusters 1 and 2.

Expanding on their Italian registry (54) to include 295 patients
(125 with C3GN, 35 with DDD, and 135 with IC-MPGN), Benigni
et al. applied cluster analysis utilizing 29 clinical, histological, genetic,
and biochemical variables to define now 5 clusters by separating
cluster 4 of the original analysis into 2 clusters with an eye on
personalizing therapy (56). Cluster 1 (70 patients) had low C3, high
C5b-9, mesangial and subepithelial deposits with a mean age of onset
of 16 years, enriched with C3GN cases (69%). Nephritic factors were
present in one-third, predominantly C5NeF that explains the high
serum C5b-9. Factor B antibodies were more common possibly
driving AP activation. Presumably, these cases would benefit most
from Factor B inhibition (e.g., iptacopan, vide infra) or Factor 5aR
blockade to reduce inflammation (e.g., avacopan, vide infra). Cluster
2 (67 patients) was similar (low C3, high C5b-9, NeF positivity) but
had positive immunoglobulin staining that indicates a contribution of
classical pathway activation (perhaps as an initiating factor). Hence
the suggestion that these cases may benefit from C3 inhibition, since
both classic and alternate pathways may be involved (e.g.,
pegcetacoplan, vide infra). Cluster 3 (41 patients) had low C3 but
minimally elevated C5b-9 (suggesting Factor B inhibition preferred as
opposed to C5 inhibition) with intramembranous highly electron-
dense deposits; 25 of 35 DDD cases were in this cluster. Cluster 4 (44
patients) had essentially normal serum complement levels, more
glomerulosclerosis and interstitial fibrosis, and an older age of
onset (35 years). Cluster 5 (73 patients) also had essentially normal
serum complement but less sclerosis than cluster 4 and an earlier age
of onset (19 years). For clusters 4 and 5, agents targeting cell-surface
complement activation (e.g., eculizumab, vide infra) may be optimal.

The 5 clusters had distinct kidney outcomes over approximately 10
years. The best kidney survival was cluster 1 (87%), the worst was
cluster 4 (48%). Renal survival was 77% in cluster 2, 83% in cluster 3,
and 69% in cluster 5. The hazard ratio for KF for cluster 4 versus cluster
1 was 7.82 (p=0.0012). At the end, 74% of cluster 1 had normal kidney
function, and 44% had normal-range proteinuria compared to 0% of
cluster 4. Standard histopathological differentiation (C3GN, DDD, IC-
MPGN) did not predict outcomes. A publicly available web application
allows assignment of a given patient to a specific cluster based on data
available at the time of diagnosis: https://www.izbi.uni-leipzig.de/lha/
interactive-mpgn-classification-tool/. This would be most useful if
differential responses to various complement inhibitors suggested
above can be demonstrated in randomized controlled trials (RCTs).
Otherwise, considerations for immunosuppression should be based
on conventional biomarkers, such as proteinuria (baseline and over
time), eGFR, and biopsy findings (activity/chronicity).

Treatment

The optimal treatment for MPGN remains uncertain. It is an
ultrarare disease that evolves over years with a variable clinical
course. Most likely, one size does not fit all, and therapy should be
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individualized as much as possible. Generalized supportive care
should be implemented, as for all proteinuric glomerular diseases,
including smoking cessation, weight loss (if overweight or obese),
salt restriction, strict BP control (< 120/80), renin-angiotensin-
aldosterone system inhibition, and SGLT2 inhibition (57).

Personalized therapy for otherwise primary IC-MPGN and C3G
begins with exclusion of a paraprotein. Proliferative glomerulonephritis
with monoclonal immunoglobulin deposits, a form of MGRS,
frequently presents with membranoproliferative histology, although
other patterns are also possible, such as mesangial proliferative
glomerulonephritis, endocapillary proliferative glomerulonephritis,
and rarely an atypical membranous pattern (58). Large series of IC-
MPGN find a paraprotein in approximately 20% (46) — 40% (59) of
otherwise idiopathic cases, with a similar frequency in C3G.
Immunofluorescence microscopy findings of kidney biopsies in IC-
MPGN typically mirror the associated paraprotein with monoclonality
serving as a clue to the etiology. In the case of C3G, monoclonal
deposits are not found in the kidney biopsy. Paraproteins presumably
cause the disease by interfering with alternate complement pathway
regulation analogous to C3 and C5 nephritic factors or possibly anti-
CFH antibodies.

The benefit of paraprotein clone-directed therapy in C3G was
nicely demonstrated a series of 50 paraprotein-positive patients out of
201 total French C3G patients treated with clone-directed
chemotherapy (29 patients), immunosuppression (8 patients), or
conservative therapy (13 patients) (60). Chemotherapy was clone-
directed, and included alkylating agents-dexamethasone in 5,
bortezomib-dexamethasone-based regimens in 22, and prednisone-
rituximab in 2 (CLL patients). Hematological response rate occurred
in 17/29 chemotherapy patients and 1/20 others. Of the 17 with
hematologic response, 15 (83%) had a renal response (partial or
complete), as compared to 5 of 18 (28%) without a hematologic
response. Comparing patients over the age of 50 with C3G, those with
paraprotein-associated disease had similar overall patient survival but
significantly worse kidney survival in comparison to similarly aged
C3G patients without a paraprotein.

MMF +/- corticosteroids

Earlier uncontrolled case series suggested a benefit to MMF and
steroids (61, 62). The GLOSEN group retrospectively studied 60
patients with C3GN (no DDD) followed for a median of 47 months
and treated either with MMF and steroids (22 patients), steroids +/-
cyclophosphamide (18 patients), or no immunosuppression. No
patients treated with MMF/steroids had doubling of serum
creatinine or reached ESKD versus 7/18 and 3/18, respectively, in
the steroid +/- cyclophosphamide and no immunosuppression
groups. Remission was significantly higher (86%) in MMF-treated
patients compared to the other 2 groups (50 and 25%) (63).

The GLOSEN group expanded their retrospective analysis to
include 97 patients (81 C3GN, 16 DDD) treated with MMF/steroids
(42 patients), other immunosuppressants (29 patients), eculizumab
(9 patients), or conservatively (17 patients). They analyzed
remission rates and progression to KF with a median follow-up of
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46 months (51). Respective remission rates were 79%, 24%, 33%,
and 18%, and progression to kidney failure occurred in 14%, 59%,
67%, and 65%, respectively, results that suggest superiority of
MMF/steroids. Restricting analysis to 34 MMF-treated patients
propensity matched to 34 patients treated with other
immunosuppressants confirmed the reduced progression to
kidney failure with MMF. In the overall cohort, remission
occurred regardless of underlying complement gene mutations
(18 patients) or autoantibody detection (29 patients), although
only partial remissions (6/18 patients) occurred with underlying
mutations, whereas both complete (10/18 patients) and partial (6/
18 patients) remissions occurred in those with autoantibodies.

Avasare et al. retrospectively analyzed 30 C3G cases (29 C3GN,
1 DDD) at Columbia University treated for at least 3 months with
MMF/steroids. They found that 20 (67%) responded (10 partial, 10
complete remissions) and 3 progressed to KF (all non-responders).
Response rates to other regimens were less robust: 39% of 23 with
steroids alone, 29% in 7 with steroids/calcineurin inhibitors, 33% in
6 with steroids/cyclophosphamide, and 29% in 7 with steroids/
rituximab. Bharati et al. retrospectively evaluated 17 Indian C3G
patients given MMF and found complete remission in 4 and partial
remission in 7 for a 54% overall response (64).

Others found no benefit to MMF-based regimens (65-67).
Ravindran et al. reviewed the Mayo clinic experience of 114 C3G
patients evaluated over a 10-year period (49). Of 24 patients given
an MMF-based regimen, there was only 1 complete remission and 2
partial remissions as compared to 13 of 34 treated conservatively (6
complete remissions, 7 partial). Similarly, Caliskan et al.
retrospectively compared 27 C3G patients treated with MMEF-
based regimens to 16 only receiving conservative care and found
no significant difference in KF or > 50% decline in eGFR between
the groups (48).

Other immunosuppressive therapies for MPGN have been tried
in case reports or case series, but data are insufficient to make
recommendations. These include cyclophosphamide/steroids
(children) (7), rituximab (68), and rituximab combined with
belimumab (69).

The 2021 KDIGO guidelines suggest using MMF as first line
therapy for patients with C3G (after excluding monoclonal
gammopathy), if they are at risk for progression based on
moderate-to-severe disease (proteinuria >1 g/d and/or declining
kidney function over several months) (57). For IC-MPGN,
recommendations were even less specific, including consideration
of a limited course of corticosteroids for nephrotic syndrome with
preserved GER or consideration of steroids and immunosuppression
if GFR is declining or if there is a rapidly progressive course; if GFR is
< 30, they recommend supportive care only (57). We expect these
recommendations to be updated given the data on anti-
complement therapy.

Complement inhibition

Central to pathogenesis of MPGN is dysregulated AP activation,
and numerous anti-complement agents have been and are being
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tested (see Table 3). The Kidney Health Initiative (KHI), a
partnership between the FDA and American Society of
Nephrology, convened a Work Group to review available
evidence and make recommendations on potentially valid
surrogate endpoints for trials of anti-complement therapy (70).
Optimally, three specific endpoints should be met: reduction of
proteinuria, stabilization or improvement of eGFR, and histologic
improvement on repeat biopsy (reduction of C3 staining intensity
and reduced activity on the C3G-histology index), although
meeting the first 2 may be considered effective. Unfortunately,
minimum thresholds were not defined. The results of the
following anticomplement therapies should be considered in
this light.

C5 activation contributes to the pathogenesis of C3G as shown
by elevated C5b-9 levels in many patients. The C5 inhibitor
eculizumab has been used with earlier case reports indicating
benefit (71-73). Numerous other case reports have been
published (referenced in (74)). Results in reported case series,
however, have been variable.

Bomback et al. treated 6 adult patients C3G (3 native kidney, 3
recurrent in allografts) manifesting as elevated UPCR or AKI with
eculizumab for 12 months (75). Two patients had reduced serum
creatinine, one partial remission of nephrotic syndrome, and one
had histologic improvement despite stable labs. The remaining two
had declining kidney function on treatment.

Le Quintrec et al. gave eculizumab predominantly as second-
line therapy to 26 patients (13 adults) from France and Quebec and
found that 6 had a global response (reduced creatinine and/or
proteinuria) and 6 had a partial response; 14 (54%) had no
response. Global response was predicted by lower eGFR at
initiation, a rapidly progressive course, and greater extra-capillary
proliferation (76). On repeat biopsies, C3 staining was not reduced
as expected, since eculizumab inhibits complement distal to the
C3 convertase.

Ruggenenti et al. published a multicenter prospective off-on-off-
on open label trial in 10 Italian patients with elevated C5b-9 levels
and urine protein > 3.5 g/day (6 IC-MPGN, 4 C3GN) given
eculizumab for 48 weeks followed by a 12-week washout and then
another 48 weeks of active therapy (77). The primary outcome was
the change in urine protein at 24 and 48 weeks. Proteinuria
decreased significantly at both times, rebounded during washout,
but did not decrease thereafter. Partial remission was only achieved
by 3 patients. All patients had normalized C5-9 during active
therapy only, but C3 remained low during active therapy.

Factor H deficient mice develop a lesion analogous to C3GN,
which can be significantly ameliorated with concurrent C5
deficiency (78). When factor H deficient mice were exposed to an
anti-GBM antibody, excessive neutrophil accumulation was found.
Concurrent C5 deficiency abrogated this response, but Cé6
deficiency did not, thereby indicating a more prominent role for
C5a versus C5b-9. A multicenter, double-blind, placebo-controlled
phase 2 trial (ACCOLADE) compared the oral C5aR blocker
avacopan 30 mg bid to placebo in 57 patients for 6 months, with
an open label 6-month phase where all patients received active drug
(79). This 12-month format (6 months with placebo control and 6
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TABLE 3 Randomized controlled trials of complement inhibition versus placebo or SOC*.

Medication/ Trial Population Number Primary Result Comments
target endpoint
Pegcetacoplan NOBLE Transplant 13 Reduction of C3 5/10 pegcetacoplan > 2 Reduced C3G activity score
C3 Bomback (81) | recurrent C3G staining on repeat OOM reduction; 8/10 > 1 50% reduction UPCR
or IC-MPGN biopsy at week 12 vs OOM reduction versus 1/3 | eGFR stable
SOC only SOC C3 increased, C5b-9 decreased
VALIANT Native or 124 Log transformed 68% vs placebo (p<0.0001) | GEFR stabilized and C3 staining
Nester (83) recurrent C3G, UPCR reduction at reduced.
native IC- week 26 vs placebo
MPGN
Danicopan Study 204 C3G 13 Change in histology at | No change in either group | Terminated early due to lack of
Factor D Nester (84) 6 months histologically efficacy
> 30% reduction in 24 | Proteinuria reduction: 0/6 Incomplete AP suppression; not
urine protein (g/day) given danicopan vs 1/7 sustained during 8-hour dosing
placebo period
Iptacopan APPEAR- C3G 74 Log transformed 24- 35.1% vs placebo 30% of iptacopan patients vs 6%
Factor B C3G hour UPCR reduction (p=0.0014) placebo reached composite: >
Kavanagh at 6 months vs 50% reduction UPCR with stable
(87) placebo GFR
Avacopan ACCOLADE C3G 57 Percent change from Difterence 0.0 No difference in chronicity index,
C5a receptor Bomback (79) baseline in Histologic UPCR, or GFR
activity Index at 26 Signal suggesting reduced
weeks progression of fibrosis in placebo
patients given active drug from
weeks 26 to 52

*only randomized controlled trials included. For uncontrolled studies, see descriptions in the text.
AP, alternate pathway; C3G, C3 glomerulopathy, includes C3 glomerulonephritis and dense deposit disease; IC-MPGN, immune complex membranoproliferative glomerulonephritis; OOM,

orders of magnitude; SOC, standard of care; UPCR: urine protein/creatinine ratio

months open label active drug given to all patients) is the blueprint
for such complement inhibition trials for MPGN as recommended
by the KHI workgroup (70). The primary endpoint in ACCOLADE
was change in the C3G-histology index activity score at the end of 6
months on repeat biopsies. There was no significant difference
between the groups in the primary endpoint or in secondary
endpoints (chronicity index, urine protein-creatinine ratio
(UPCR), or eGFR). However, comparing biopsy changes from
baseline to 6 months in the placebo group to subsequent changes
from the 6-month to the 12-month biopsies when placebo patients
received active drug demonstrated both a reduced percent change
and reduced actual change in the C3G-chronicity index, a signal of
potential benefit.

A compstatin derivative, pegcetacoplan, binds to both C3 and
C3b to prevent further cleavage of C3. The result is inhibition of the
alternate pathway amplification loop. By inhibiting the breakdown
of C3 by C4b2a (the C3 convertase of the classic and lectin initiation
pathways), as well as by C3bBb (the C3 convertase of the AP),
pegcetacoplan reduces the formation and activation of both the C3
and C5 convertases (80). Hence, pegcetacoplan inhibits
complement activity triggered by all 3 initiating pathways.

In the NOBLE trial, 13 kidney transplant patients with
recurrent disease (10 C3G, 3 IC-MPGN) received pegcetacoplan
(10 patients, 8 C3G) or standard-of-care only (3 patients, 2 C3G) for
12 weeks (81). The primary endpoint was reduction in C3 staining
on repeat biopsy. At 12 weeks, 5 of 10 treated patients had > 2
orders-of-magnitude reduction (OOM) in C3 staining, including 4
with 0 staining and no deposits on electron microscopy, and 8 of 10
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had = 1 OOM reduction; only 1 of 3 controls had reduction. There
was a median 54% reduction in proteinuria in the 5 pegcetacoplan
treated patients with UPCR > 1g/g, and the C3G histology index
acute score decreased in 8 of 10.

The phase 3 VALIANT trial randomized 124 patients with
native kidney C3G, recurrent C3G, or native kidney IC-MPGN to
pegcetacoplan or placebo for 26 weeks in a double-blind trial (82,
83). The primary endpoint was reduction in UPCR at 26 weeks.
Pegcetacoplan-treated patients had a 68.1% relative reduction
versus placebo (P<0.0001). The composite renal endpoint (= 50%
reduction in UPCR with stable eGFR) occurred in 49%
pegcetacoplan-treated patients versus 3% given placebo
(P<0.0001). However, the C3G histologic index activity score did
not significantly differ in the 69 with evaluable biopsies. Although
not formally tested, the mean difference in eGFR at 26 weeks was 6.3
ml/min/1.73m* and C3 staining on repeat biopsy was reduced.
Pegcetacoplan (Empaveli®, Apellis Pharmaceuticals) is now FDA
approved (July 28,2025) for adults and children > 12 years old for
both primary IC-MPGN and C3G to reduce proteinuria.

Factor D activates Factor B and is the rate limiting step in the
AP amplification loop. Inhibition of Factor D is a logical choice to
suppress AP overactivity. The oral Factor D inhibitor danicopan
was studied in 2 small phase 2 studies involving 35 patients (34
C3G, 1 IC-MPGN), one placebo controlled and one open-label (84).
Unfortunately, in the dosages used, sufficient AP inhibition was not
maintained as recovery occurred in a few hours. The primary
endpoints, change from baseline to 6 months or 12 months in a
composite biopsy score, were not met, nor was there a reduction in
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proteinuria of > 30% by danicopan in the placebo-controlled trial
(13 patients). In the open label trial (22 patients), proteinuria was
reduced in about one-third. The studies were terminated early
for futility.

The oral factor B inhibitor iptacopan does not stop spontaneous
hydrolysis of C3 to C3(H,0). By binding to Factore B, iptacopan
inhibits both formation of the AP C3 convertase C3bBb and, more
importantly, its enzymatic activity. The result is reduced amplified
C3b production. Thus, downstream activation of the alternate
pathway C5 convertase (C3bBbC3b) is inhibited to reduce C5a
and C5b-9 production. Activation of the C3 convertase of the
classical and lectin pathways (C4b2a) is not inhibited, although
amplification is.

An open-label phase 2 study of iptacopan in C3G involved 16
patients with native kidney disease and 11 transplant patients with
recurrence treated for 12 weeks (85). The UPCR decreased by 45%
(p=0.0003) at 12 weeks in the native kidney cohort, and C3 staining
significantly decreased in the transplant cohort (p=0.03). In the 12-
month extension study, the patients with native kidney disease
maintained reduced UPCR (57%, p<0.0001) with improved eGFR
(by 6.83 ml/min/1.73m? p=0.0174) and the transplant patients
maintained low proteinuria and stable eGFR. Both cohorts had
significantly elevation in serum C3 levels (86).

The phase 3, double-blind, placebo-controlled APPEAR-C3G
trial randomized 74 C3G patients with low serum C3, UPCR 2 1.0,
and eGFR > 30 from 18 countries to iptacopan 200 mg bid or
placebo for 6 months followed by a 6-month open-label extension
in which all patients received active drug (87). The primary end-
point (between group relative UPCR reduction at 6-months) was
significantly positive (35% reduction relative to placebo, p=0.0014)
as was the secondary composite renal endpoint (= 50% reduction in
UPCR with stable eGFR, 30% versus 6%, odds ratio 7.15, p=0.0166).
There was no significant difference in GFR between groups at 6
months, although comparing eGER slope for the whole population
pre-iptacopan to post-iptacopan showed a change in slope of 9.01
ml/min/173m*/year (p<0.0001). Serum C3 significantly increased,
and both serum and urine C5b-9 were significantly decreased (P%
0.0001 for all three). In comparing 6-month to baseline biopsies,
glomerular C3 deposition was significantly reduced versus placebo
(p=0.0053). Iptacopan (Fabhalta®, Novartis) has received FDA
approval for treating adults with C3G to reduce proteinuria.

Discussion

Primary MPGN, which includes both IC-MPGN and C3G, is an
ultrarare glomerulopathy that requires a biopsy for diagnosis and is
distinguished from other conditions having a membranoproliferative
pattern on LM by bright C3 staining on immunofluorescence.
However, C3 staining (typically against C3c) may be weak or even
negative in some cases otherwise diagnosable as C3G, especially DDD
(88). Staining for C3d may be positive in such cases (88). MPGN
occurs at any age but is more common in children. The presentation
is variable ranging from asymptomatic urinary sediment
abnormalities with or without reduced eGFR to nephrotic
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syndrome to chronic nephritic syndrome to rapidly progressive,
crescentic glomerulonephritis.

The approach to MPGN begins with exclusion of secondary causes,
especially if immunosuppression is considered. For IC-MPGN, these
consist of infections, autoimmune diseases, neoplasia, and monoclonal
gammopathies. Chronic antigenic stimulation is the likely cause. The
most common infections include chronic hepatitis (B and C, with or
without cryoglobulins), chronic bacterial infections (endocarditis,
ventriculoatrial shunt infections, abscesses), protozoal infections
(malaria, schistosomiasis), and others (89). Autoimmune causes
include systemic lupus, rheumatoid arthritis, primary Sjogren’s
syndrome, primary sclerosing cholangitis, Graves” disease, and others
(90). Underlying cancer should be excluded by age-appropriate
screening, given the 3-fold increased risk (91). B-cell lineage
neoplasms have been associated, such as chronic lymphatic leukemia
(92) via an associated monoclonal gammopathy, but solid tumors are
reported as well (93). Monoclonal gammopathies, non-malignant or
malignant, are found in 20 - 40% of MPGN cases (59, 94). Light chain
restriction indicates monoclonality, but initial immunofluorescence
may be equivocal, and monoclonality can be established with
staining after pronase digestion of formalin-fixed, paraffin-embedded
tissue (95) or by laser microdissection and mass spectrometry (96).
Monoclonality indicates clone-directed therapy, as discussed above,
and not immunosuppression.

Likewise, secondary causes of C3G must be excluded, most
notably monoclonal gammopathies and infection-related
glomerulonephritis (IRGN). Monoclonal proteins can act as
autoantibodies, targeting regulatory proteins such as CFH (97),
CFIL, and CR1, and they may be C3-activating (98). As noted above,
IC-MPGN associated with monoclonal proteins may have masked
immunoglobulins and appear as C3G requiring pronase digestion
or mass spectrometry to uncover the immunoglobulins. Clone-
directed therapy should be implemented, if a monoclonal protein
accompanies C3G, regardless of any monoclonality detectable on
the biopsy. IRGN can completely mimic C3G histologically (99).
Recent or ongoing infection, transient depression of C3 (resolves in
weeks), spontaneous resolution of nephropathy, subepithelial
humps on electron microscopy, moderate-to-strong glomerular
C4d staining (100), anti-CFB autoantibodies in children (101),
and staining for nephritis-associated plasmin receptor (NAPIr)
with enhanced plasmin activity all together suggest IRGN (99).

The pathophysiology and prognosis for the 3 major subtypes of
primary MPGN (IC-MPGN, C3GN, and DDD) are similar and
patients can transition from one variant to another on serial
biopsies. Hence, they are considered together. It remains possible
that immune complexes are the initiating factor for IC-MPGN, but
dysregulated AP activity nevertheless drives the process. Also, a
similar proportion of IC-MPGN cases has both complement
mutations and autoantibodies as in C3G.

In our opinion, upon diagnosis, complete genetic screening should
be performed for the full battery of genes typically assessed for aHUS
(or as a minimum C3, CFB, CFH, CFI), as pathogenic mutations are
found in up to 20% of cases. Although defined mutations do not
currently determine therapy nor define suitability for transplantation,
the knowledge may become useful in the future as more is learned.
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Likewise, we recommend screening for autoantibodies (NeFs, anti-
CFH, -CFI, -C3, and -CFB), as they are found in 40 — 80% of patients.
Although not relevant in determining suitability for transplantation,
when present they suggest a better chance for response to non-specific
immunosuppression, such as MMF/corticosteroids, if being considered
and anti-complement therapy is not available.

The prognosis is variable, with about 40 — 50% reaching KF at 10
years. All patients should have background therapy for other primary
glomerulopathies, such as strict blood pressure control, RAS
inhibition, SGLT2 inhibition, weight reduction if obese, etc. The
questions of who to immunosuppress and how to remain to be better
defined. There are obvious limitations to available data. Most studies
are retrospective. The main limitations to evaluating therapy stem
from the rarity of these diseases and the relatively long evolution
requiring surrogate endpoints. Furthermore, the pathogenesis is
multifactorial with genetic influences and autoantibodies potentially
involved to differing degrees among patients; however, neither should
determine immunosuppression or transplantation suitability.

At diagnosis, a reduced GFR for no other reason would be the
worst prognostic factor in our opinion, along with declining GFR over
time. In either circumstance we recommend immunosuppression. The
relationship of baseline proteinuria to outcome has been inconsistent.
However, proteinuria at one year, considered as an absolute amount or
a percentage change from baseline, has consistently been shown to be a
reasonably valid surrogate. An inflection point occurs at approximately
one gram per day above which the risk for KF abruptly increases.
Persisting proteinuria above this level should prompt consideration
of immunosuppression.

Cluster analysis which can be assigned via on-line applicator (vide
supra) is promising, but assignment to a specific cluster as a determinant
of immunosuppression requires validation in other populations and
preferably in RCT's. The simple scoring system of Chauvet et al. (53) also
requires validation but intuitively seems a useful adjunct.

The ongoing development of complement inhibitors has changed
the landscape of immunosuppression for primary MPGN. In general,
we recommend immunosuppression when patients satisfy entry
criteria for the APPEAR-C3G and VALIANT trials, ie., persisting
proteinuria > 1 gram/day (despite maximal supportive care) and eGFR
> 30. Pegcetacoplan inhibits C3 and hence the AP at its genesis.
Furthermore, C5 convertase activity of all 3 pathways would be
reduced. Hence, this would seem the best choice for IC-MPGN,
where both the CP (at least at initiation) and the AP (especially for
propagation) would be involved. The impressive preliminary results of
VALIANT support this contention, but it does require parenteral
administration. Pegcetacoplan would be our first choice for
immunosuppression of IC-MPGN.

The oral CFB inhibitor iptacopan has similarly shown impressive
results in the APPEAR-C3G trial, while patients with IC-MPGN are
being evaluated in a separate trial. In our opinion, either pegcetacoplan
or iptacopan would be first line for immunosuppressing C3G, the
former requiring twice weekly injections and the latter twice daily oral
administration. They appear equally effective and safe based on
available data. The CFD inhibitor danicopan, approved for PNH,
should not be used given its inability to suppress AP activity
completely at available doses.
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Recurrence following transplantation clearly shortens allograft
survival. In our opinion, protocol biopsies are indicated, perhaps at 3
months and one year. If C3 deposits are present, especially with
concurrent electron-dense deposits, immunosuppression (complement
inhibition) should be considered regardless of light microscopic changes
or clinical manifestations. Data indicate progression is likely. Both
iptacopan (85) and pegcetacoplan (81) have shown the ability to
significantly reduce C3 staining on repeat biopsy with clinical
improvement as well. Either should be strongly considered for
early recurrence.

C5 inhibition with eculizumab or ravulizumab seems best suited
for cases with AP dysregulation at the tissue level, such as aHUS, as
opposed to a predominantly fluid phase disorder such as MPGN.
The results with eculizumab in MPGN have been inconsistent, with
observational data suggesting a possible benefit in rapidly
progressive, crescentic cases (76). C3 overactivity, the presumed
pathogenic driver would not be reduced. We prefer iptacopan or
pegcetacoplan even for more aggressive cases given the positive data
from RCTs for MPGN in general and the lack of such trials for
eculizumab. It is unclear if elevated C5b-9 levels may indicate a
better chance to respond to C5 inhibition versus CFB or C3.

The role of avacopan, if any, is unclear. The primary endpoint of
ACCOLADE was negative, although there was a potential signal for
reduced progression of fibrosis. It remains to be determined if cases
with excessive inflammation on biopsy would be more likely to respond
given the potent inflammatory effect of C5a. It also remains unclear if
combining either C5 or C5a inhibition with earlier complement
blockade will have increased efficacy with acceptable safety. No such
combination trials are planned or in progress to our knowledge.

Conclusion

Primary MPGN is an ultrarare group of diseases with variable
presentation and clinical course (see Table 4 for takeaway points).
Perhaps half will progress to kidney failure with a high rate of

TABLE 4 Primary MPGN - key takeaways.

e Primary MPGN is characterized by obvious glomerular staining for C3 with
(IC-MPGN) or without (C3G, including C3GN and DDD) associated
immunoglobulins

o Secondary causes must be excluded, including infections, autoimmune
disease, and neoplasia

« Complement protein mutations are found in about 20% and autoantibodies
in 40 - 80% with overlap

o Neither mutations nor autoantibodies should determine immunosuppression
or suitability for transplantation

« Paraproteins indicate clone directed therapy

o First line immunosuppression includes the C3 inhibitor pegcetacoplan (for
IC-MPGN or C3G) or the Factor B inhibitor iptacopan (for C3G)

«  MMF/steroids can be considered if complement inhibitors are unavailable

o Recurrence following transplantation is common and shortens allograft
survival

« Early surveillance biopsies following transplantation should be performed
with intent of complement inhibition if C3 deposits are found.

C3G, C3 glomerulopathy; C3GN, C3 glomerulonephritis; DDD, dense deposit disease; IC-
MPGN, immune complex membranoproliferative glomerulonephritis; MMF, mycophenolate
mofetil; MPGN, membranoproliferative glomerulonephritis
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recurrence following transplantation. Patients should be screened
for paraproteins, the presence of which dictates clone directed
therapy. Complement protein mutations and/or autoantibodies
can be screened for and are found in most patients but should
not dictate therapy or alter consideration for transplantation. If
immunosuppression is considered, complement inhibition with
pegcetacoplan for IC-MPGN and either iptacopan or
pegcetacoplan for C3G should be first line. The role of C5
inhibition is unclear. If complement inhibition is unavailable,
MMF/corticosteroids can be considered, especially if
autoantibodies are present. Following transplantation, protocol
biopsies should be performed routinely, with consideration of
complement inhibition (iptacopan or pegcetacoplan) if C3
deposits are found regardless of LM findings.
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