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ABSTRACT

The complement system is part of innate immunity and is pivotal in protecting the body against pathogens and
maintaining host homeostasis. Activation of the complement system is triggered through multiple pathways,
including antibody deposition, a mannan-binding lectin, or activated complement deposition. C3 glomerulop-
athy (C3G) is a rare glomerular disease driven by complement dysregulation with high post-transplantation
recurrence rates. Its treatment is mainly based on immunosuppressive therapies, specifically mycophenolate
mofetil and glucocorticoids. Recent years have seen significant progress in understanding complement biology
and its role in C3G pathophysiology. New complement-tergeting treatments have been developed and initial
trials have shown promising results. However, challenges persist in C3G, with recurrent post-transplantation
cases leading to suboptimal outcomes. This review discusses the pathophysiology and management of C3G,
with a focus on its recurrence after kidney transplantation.

1. Introduction

C3 glomerulopathy (C3G) is a complement-mediated renal disease
known for its high rates of recurrence post-transplantation [1-3]. The
last decade has witnessed remarkable advancements in our under-
standing of complement biology and the emergence of therapeutic in-
terventions targeting complement dysregulation. Notably, eculizumab,
a C5 inhibitor, has revolutionized renal transplantation for patients
diagnosed with atypical hemolytic uremic syndrome (aHUS) [4] —
another complement-associated nephropathy once deemed unsuitable
for transplantation, while the ideal treatment for C3G remains unclear.
Recently, novel therapies, especially those targeting the C3, offer hope,
with various clinical trials underway. This review delves into the ther-
apeutic approaches to C3 nephropathy, emphasizing its management
post-transplantation.

2. Method

To ensure a comprehensive understanding of C3G and its recurrence
post-kidney transplantation, as well as to review the available treatment
options, a comprehensive literature search was conducted using
PubMed. The keywords employed for this search included “C3

(LIS

glomerulopathy”, “C3 glomerulonephritis”, “Dense deposit disease” and
“kidney transplant,”. The timeframe for the publications was between
January 1, 2020 until Dec 31 December2023.

2.1. Histological and clinical features

C3G is a rare disease caused by dysregulation of the alternative
complement pathway. It is characterized by the sole or dominant C3
deposition in the glomeruli with little or no immunoglobulin (Ig)
deposition on immunofluorescence (IF) staining. Electron microscopy
(EM) findings subclassify C3G into dense deposit disease (DDD) and C3
glomerulonephritis (C3GN), based on the presence or absence of char-
acteristic intramembranous high electron-dense deposits, respectively
[5]. Light microscopy findings vary greatly, showing patterns of
mesangial proliferative, membranoproliferative, and endocapillary
proliferative glomerulonephritis with or without crescents [6].

The presentation of C3G can vary from asymptomatic hematuria/
proteinuria to an acute onset with classic signs and symptoms of
glomerulonephritis, such as proteinuria, hematuria, and hypertension
[7]. C3G is associated with chronic deterioration of kidney function,
resulting in kidney failure within ten years of diagnosis in 36.5% of the
cases [8]. The recurrence rate of C3GN and DDD after transplantation is

* Corresponding author at: Icahn School of Medicine at Mount Sinai, 1 Levy Place, 10029 New York, NY, United States of America.

E-mail address: paolo.cravedi@mssm.edu (P. Cravedi).

https://doi.org/10.1016/j.trre.2024.100839

Received 25 January 2024; Received in revised form 17 February 2024; Accepted 19 February 2024

Available online 21 February 2024
0955-470X/© 2024 Elsevier Inc. All rights reserved.

Downloaded for Anonymous User (n/a) at Harvard University from ClinicalKey.com by Elsevier on August 17, 2024.
For personal use only. No other uses without permission. Copyright ©2024. Elsevier Inc. All rights reserved.


mailto:paolo.cravedi@mssm.edu
www.sciencedirect.com/science/journal/0955470X
https://www.elsevier.com/locate/trre
https://doi.org/10.1016/j.trre.2024.100839
https://doi.org/10.1016/j.trre.2024.100839
https://doi.org/10.1016/j.trre.2024.100839
http://crossmark.crossref.org/dialog/?doi=10.1016/j.trre.2024.100839&domain=pdf

S. Obata et al. Transplantation Reviews 38 (2024) 100839

Classical Pathway
9
= IgG
c1 antibody

=¥ N
— @ gz
=P8~z UyE '

convertase
L
cs/

Avacopan

MBL, MASP-2, |— Narsoplimab C3a
Ficolin

Complement 3

Kectnlatmay Memb rlane Attack ___ Glomerulopathy
Iptacopan Amplification loop Complex (MAC) (C3G)
Danicopan { e T '
. ’ 03"\ 2 Oc5a
= R Eculizumab
Spontaneous hydrolysis X ’/ t \ T
conver ase 1 -
1
= s [ 1519
T & 3 i 7 convertase ﬁ@
Pegcetacopan e
e C3 glomerulonephritis Dense deposit disease

(C3GN)

Alternative Pathway S S (DDD)

Fig. 1. Complement 3 glomerulopathy (C3G), its pathogenesis and potential therapeutic targets.

The complement system can be activated through three different pathways: the classical, lectin, and alternative pathways. The classical and lectin pathways are
triggered when foreign agents or immune complexes are detected (e.g., MBL, MASP-2, ficolin). In contrast, the alternative pathway maintains a state of low-level
activation through the spontaneous breakdown of C3 into the anaphylatoxin C3a and C3b (referred to as “tick over” by spontaneous hydrolysis). The production
of C3b initiates the controlled formation of C3 convertase (C3bBb), which not only enhances the alternative pathway by generating more C3b through C3 cleavage
but also facilitates the creation of C5 convertase (C3bBbC3b). C5 convertase, in turn, cleaves C5 to produce the anaphylatoxin C5a and C5b. C5b combines with other
complement split products to form the membrane attack complex (MAC), known as C5b-9, which causes cell lysis and is directly associated with the pathogenesis of
C3G. The alternative pathway is tightly regulated by complement activity regulators. However, in C3 glomerulopathy, this regulatory control becomes disrupted due
to genetic or acquired defects in complement regulators or complement activators. Multiple innovative anti-complement therapies for C3Gare currently undergoing
clinical trials, with their primary targets depicted in the figure. C3G can be divided in two subtypes: C3 glomerulonephritis (C3GN) and dense deposit disease (DDD).
In C3GN, C3 fragment deposition and deposits with similar electron density to matrix components are present. On the other hand, in DDD the electron microscopy
reveals highly electron-dense, sausage-shaped and osmiophilic deposits that promote thickening of the lamina densa of the glomerular basement membrane. Electron

microscopy images retrieved from Pathology Outlines. This figure is created by BioRender.

60% to 86% and 55% to 86%, respectively [9].

2.2. C3 glomerulopathy classification

Initially described in 1965, DDD is characterized by dense intra-
membranous deposits [10]. The discovery of C3 nephritic factor
(C3NeF), an antibody against Complement Factor H (CFH), along with
familial cases of DDD, has led to the understanding that DDD results
from dysregulation of the alternative complement pathway [11].
Concurrently, C3GN, characterized by proliferative glomerulonephritis
with isolated C3 deposits but without dense deposits on electron mi-
croscopy, was proposed as a separate clinical entity. The recognition of
genetic variants in complement-regulating genes in most C3GN cases [8]
and familial nephritis in Cyprus due to CHFR5 gene mutations under-
scored the genetic underpinnings in this condition [12]. Thus, C3G, a
new disease entity consisting of C3GN and DDD, was proposed in a 2013
consensus statement as complement-mediated nephropathy character-
ized by genetic and acquired abnormalities in the alternative pathway
[5].

C3GN and DDD may present as membranoproliferative glomerulo-
nephritis (MPGN), a glomerular injury pattern characterized by
mesangial hypercellularity, endocapillary proliferation, and duplication
of the glomerular basement membrane (GBM). In the past, MGPN cases
were classified into three types based on EM findings: type I MPGN with
immune deposits in the mesangium and subendothelial space, type III
MPGN with immune deposits in subepithelial besides the subendothelial
area, and type Il MPGN (DDD) with highly dense deposits along the GBM
[13]. However, MPGN can also be secondary to various underlying

diseases, such as autoimmune disease, paraproteinemia, infectious dis-
ease, and thrombotic microangiopathy (TMA). In 2011, the IF-based
classification was introduced to classify the disease based on the un-
derlying etiology[14]. This classification divided MPGN mainly into
immunocomplex-mediated MPGN (IC-MPGN), complement-mediated
MPGN or C3G, and the no deposits group. Glomerular Ig and comple-
ment deposition characterize IC-MPGN, while C3G is characterized by
dominant glomerular C3 deposition with little or no Ig deposition. This
IF-based classification is based on the idea that immune complexes
activate the classical complement pathway in IC-MPGN, resulting in the
deposition of immune complex and C3 fragments in the glomeruli. In
contrast, dysregulation of the alternative pathway in the fluid-phase
plays a primary role in the development of C3G.

However, this classification does not clearly distinguish IC-MPGN
and C3G based on pathophysiology. [15]. [16,17].

To further untangle this convoluted classification of the diseases,
Iatropoulus et al. performed a cluster classification in which 173 pa-
tients with IC-MPGN and C3G were divided into four clusters based on
histologic, genetic, and clinical data regarding serum and plasma com-
plement parameters [17]. Clusters 1 and 2 were characterized by low C3
levels and high C5b-9, reflecting the activation of both the alternative
and terminal complement pathways. What differentiated Cluster 1 from
Cluster 2 is that Cluster 2 also demonstrated staining of C1q and IgG on
IF, highlighting the involvement of the classical pathway. In contrast,
Cluster 3, into which 84% of the patients with DDD were classified, was
characterized by low C3 levels and normal or mildly increased C5b-9
levels, suggesting the dysregulation in the fluid-phase alternative
pathway but not the terminal pathway. Cluster 4 was characterized by
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bright C3 glomerular staining but normal C3 and C5b-9 levels. This
cluster is less associated with complement gene mutations and autoan-
tibodies than the other three. Of note, 6 of 7 patients diagnosed with
C3G or IC-MPGN on the biopsy later presented with TMA, suggesting
that the alternative pathway in the fluid-phase was considered unaf-
fected, but abnormalities in the cell-membrane phase were suspected in
Cluster 4 patients. This cluster analysis was validated by a different
group, showing similar results [18]. This cluster classification may allow
us to differentiate pathophysiology within the heterogeneous C3G/IC-
MPGN entity.

2.3. Pathophysiology

2.3.1. The complement cascade

The complement system is essential to innate and adaptive immu-
nity, killing pathogens, clearing immune complexes and apoptotic cells,
and boosting the humoral response. This system comprises over 50 in-
dividual proteins or activation fragments to be activated in three path-
ways: the classical, lectin, and alternative pathways (Fig. 1). Activation
of the classical pathway begins with the binding of C1q to an antibody
attached to an antigen, activating Clr and Cls [19,20], which degrade
C2 and C4 into C2a and C2b and C4a and C2b. C4b and C2a fragments
form C4b2a, known as the C3 convertase [21]. The lectin pathway oc-
curs without Ig involvement when mannose-binding lectin (MBL) or
ficolins recognize pathogen-associated molecular patterns and then
activate the MBL-associated serine proteases (MASPs), which in turn
degrade C2 and C4 in the same fashion as the classical pathway [22,23].
Similarly, this process results in the formation of the C3 convertase
(C4b2a).

In contrast to these two pathways, the alternative pathway starts
with C3, which is continuously hydrolyzed to form C3(H20), an analog
of C3b [24]. Once C3(H30) deposits on the cell membrane, it cleaves
Complement Factor B (CFB) into Bb and Ba in the presence of Comple-
ment Factor D (CFD), resulting in the formation of C3(H20)Bb [25], the
initial alternative pathway C3 convertase. This C3 convertase degrades
C3 into C3a and C3b, which can bind to cell surfaces and from C3bBb
[26], the dominant form of the alternative pathway C3 convertase. This
complex is stabilized by properdin (P), further activating the comple-
ment pathway [27]. These two C3 convertases amplify the production of
C3a and C3b [28]. C3a works as anaphylatoxins, triggering smooth
muscle cell contraction and leukocyte recruitment and increasing the
permeability of blood capillaries [29]. Extra C3b production can also
lead to the formation of C5 convertase (C3bBbC3b/C4bC2aC3b), which
cleaves C5 into C5a and C5b. C5a is also an anaphylatoxin. C5b forms
the membrane attack complex (MAC or C5b-9) on the cell-membrane
with C6, C7, C8, and several C9 molecules to lyse cellular membranes
[30]. This final process is called the terminal pathway [31,32].

2.3.2. Regulation of complement activation

The alternative pathway, on standby in the bloodstream, is instantly
activated to initiate a cascade of reactions when exposed to pathogens.
This powerful system is carefully controlled by a wide array of regula-
tors of complement activation (RCAs) to prevent self-damage [33].

CFH is composed of 20 short consensus repeat (SCR) domains. In the
C-terminal of CFH, SCR 19 and 20 have a surface-binding role, whereas
four SCRs in the N-terminal of CFH bind to C3b to prevent FB from
forming C3 convertase. CFH also works as a cofactor for Complement
Factor I (CFI), a serine protease that inactivates C3b into iC3b, which is
unable to bind to FB [34]. Similarly, membrane cofactor protein (MCP)
and decay-accelerating factor (DAF) work as cofactors for CFI-mediated
cleavage of C3b on cell surfaces. In the glomeruli, the endothelial cells
have membrane-bound RCAs, but the fenestrations between the
glomerular endothelial cells lack these RCAs [35]. Thus, CFH is a pivotal
regulator of complement activation in the glomerulus. Once C3b con-
vertases are generated, CFH, DAF, and complement receptor 1 (CR1)
accelerate their decay [35].
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Complement Factor H-related proteins (CFHRs) are also involved in
regulating the alternative pathway. There are five CFHRs: type 1 CFHRs
(CFHR1, CFHR2, and CFHR5), which form homodimers or hetero-
dimers, and type 2 CFHRs (CFHR3, CFHR4A, and CFHR4B) [36], which
exist as a monomer in serum. Although CFH and CFHRs functionally
compete due to these similarities, the function of each CFHR remains
unclear [37,38]. Deletions, duplications, or hybrid genes induced by
genetic rearrangements in CFHRs result in pathologic diseases such as
aHUS and C3G [39].

2.3.3. Acquired factors

Dysregulation in the alternative complement pathway is considered
the cause of C3G and is driven by genetic or acquired factors [7]. As
acquired factors, C3NeF is the most commonly found autoantibody,
which is reportedly identified in 50-80% of DDD patients and 44-50%
of C3GN patients [16,37,40,41]. C3NeF IgG or IgM stabilize C3 con-
vertase in the fluid-phase and extend its half-time, resulting in uncon-
trolled activation of the alternative pathway. Another antibody is the C5
nephritic factor (C5NeF), which stabilizes C5 convertase (C3bBbC3b)
[42]. Less frequently, C4 nephritic factor (C4NeF) and autoantibodies
against CFH and CFB are reported to cause C3G [43-45].

Monoclonal gammopathy is also associated with C3G. Ravindran
et al. investigated 95 patients with C3G based on the presence and
absence of monoclonal Ig [6]. In this study, 37.9% of patients were
positive for monoclonal Ig. The most common autoantibody in patients
with monoclonal Ig was C3NeF, which was detected in 45% of patients.
Two patients showed CFH and CFHR genetic abnormalities. C3NeF was
detected in 37% of patients without monoclonal Ig, and genetic abnor-
malities were found in 58.5% of patients with heterozygous mutations in
the CFH, C3, CFI, CFHR2, and CFHR5 genes. The marked difference in
the detection rate of genetic testing between C3G with monoclonal Ig
and without monoclonal Ig suggests that monoclonal Ig stimulates the
activation of the alternative pathway. This theory is supported by the
fact that renal function is preserved in patients who achieve hematologic
remission [46].

2.3.4. Genetic abnormalities

Up to 25% of patients diagnosed with C3G have rare variants in
genes involved in the alternative pathway, such as C3, CFB, CFI, and
CFFR [7,8,47,48]. The CFHR region needs to be investigated by
multiplex-ligation-dependent probe amplification to investigate
genomic rearrangements since novel fusion genes are amongst the most
common genetic abnormalities in C3G. The first found fusion genes by
rearrangement came from Cypriot familial nephritis, named CFHR5
nephropathy. Duplication of exons in the CFHRS5 gene generates a novel
CFHRS5, resulting in complement activation [12,49]. Since this discov-
ery, it has been reported that various cases of C3G are driven by a hybrid
gene between CFH-CFHR or within CFHR and by duplication within
CFHR1 or CFHR5 [50-53]. As with other examples of genetic mutations
leading to C3G, a familial case of DDD induced by heterozygous C3
mutation was reported [54]. This mutated C3 cannot form C3b con-
vertase except for the initial C3b convertase, C3(H20). C3(H20) is not
degraded by CFH-mediated cleavage due to the mutation. Thus, it
continuously degrades the wild-type C3 into C3b, activating the alter-
native pathway [55,56]. Several C3G from mutations in CFH are re-
ported. Complete or functional loss of CFH due to mutations has also
been reported to cause C3G. Homozygous nonsense and missense mu-
tations in CFH result in an undetectable CFH level in the blood [57].
Homozygous mutation in CFH causing deletion of lysine in the area of
SCR4 results in functional loss of CFH, although CFH is detectable in the
blood [58]. These mutations were responsible for unregulated C3 con-
sumption and activation of the alternative pathway.

2.4. Treatment of recurrent C3G after transplantation
C3G is

one of the most frequently recurrent forms of
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Table 1

Epidemiology of C3 glomerulopathy (C3G) recurrence after kidney transplant.

Transplantation Reviews 38 (2024) 100839

Author and year Number of C3G  Time to recurrence C3G Graft loss due Complement abnormality or genetic mutation Study design
transplant recurrence to C3G
patients rate recurrence
10 variants were considered pathogenic (29%, 4
in the C3 gene, 3 in the CHF, 1 in the CFB, 1 in the
Caravaca-Fontan CFHR1, and 1 in the CFHRS5) and 1 as a variant of
34 14 th 62% 35% ’ Ret: ti hort
et al., 2023 [1] months ° ° unknown significance (3%), whereas in 8 patients etrospective conor
no genetic abnormalities were found (24%). 4
(11.7%) had C3NeF
Regunathan- . .
19 (7 DDD and 6 (31.6%) patients had C3NeF, 3 (15.7%) patients .
henk et al. 14-1 h 4% .9%
; o1 [gg A 12 C3GN) 4-15 months 68.4% 76.9% had pathogenic variants (CD46, CFHRS, CFI) Case series
22.6 and 38.8 ths, X . . .
Ravindran et al. 6 (1 DDD and 5 res eilt-livel (O:lonth 33.3% No information on pathogenic variants for Retrospective cohort
2019 [6] C3GN) P y Y 27 recurrent patients, only for all C3G patients P
recurrent cases)
Kumar et al., 18 (9 DDD and No information on pathogenic variants for .
3d 50% 11.1% Ret: t hort
2019 [89] 9 C3GN) ays ’ ’ recurrent patients, only for all C3G patients etrospective conor
F L All pati h hologi i f the CFH| .
rangou et al., 17 165 + 59 months 29.4% 15.5% patients had pathologic variants of the CFHRS Retrospective cohort
2019 [2] gene
Case series — all
W t al., 2016 . . )
??g]e a 5 0.5 to 101 months 60% 40% All patients had hybrid CFHR3-1 gene patients are from the
to)
same family
Alasfar et al., Only C3GN patients
_ 19 0 _
2016 [60] 5 40% 50% Retrospective cohort
Zand et al., 2014 21 2.3 years 66.7% 50% B Only CSGN patients
[61] Retrospective cohort
Le Quintrec et al., o o Only DDD patients
2013 [62] 15 B 33.3% 20% - Case series
Andresdottir
Only DDD patient:
etal,, 1999 13 2.9 months 84.6% 72.7% - Ty DOb patients
. Retrospective cohort
[63]
Droz et al., 1979 1 B 81.8% B B Only DDD Patlents
[64] Retrospective cohort

C3G: C3 glomerulopathy; C3GN: C3 glomerulonephritis; DDD: dense deposit disease; C3NeF: C3 Nephritic Factor.

glomerulonephritis after kidney transplantation, leading to graft loss. As
C3G represents a relatively new medical condition, the studies on C3G
recurrence after transplant are still limited.. (Table 1) [1-3,6,9,59-64].

Zand et al. identified 21 patients who underwent kidney trans-
plantation due to C3GN. The median time to develop kidney failure or
undergo kidney transplantation from diagnosis was 32 months. Seven
patients did not have recurrence C3GN after a median post-transplant
follow-up period of 162 months, while 14 patients (66.7%) developed
recurrent C3GN with a median time from transplantation to recurrence
of 28 months (ranging from 9 days to over 11 years), and 7 out of them
(50%) developed lost their graft. The limitation of this study is that the
population includes patients with and without monoclonal gammop-
athy, indicative of a heterogeneous population [61].

In a small cohort study, Servais et al. reported a recurrence rate after
transplantation of 60% in both DDD and C3GN patients (6 out of 10 in
DDD and 6 out of 10 in C3GN), but the median follow-up period was not
reported [8]. Shenk et al. reported a similar case series of 19 patients (12
of C3GN and 7 of DDD) who underwent transplantation due to C3G. Of
those, 16 patients (84%) developed recurrent disease with a median
time after transplantation of 14 months in C3GN and 15 months in DDD.
The overall graft failure rate was 47% over the median follow-up period
of 76 months, ranging from 9 to 203 months [9]. Fernando et al. per-
formed the largest multicenter retrospective cohort of 220 patients who
underwent kidney transplantation due to MPGN in 11 hospitals. 21 out
of 34 patients diagnosed with complement-mediated MPGN developed
recurrence disease, which is a higher rate of recurrence in comparison
with IC-MPGN (62% and 18%, respectively; 10/100 versus 2/100
patient-years, respectively). Furthermore, 12 out of 21 patients (57%)
had graft loss [65].

In summary, C3G has a high risk of recurrence after kidney trans-
plantation (60% to 84%), and almost half of the patients with recurrent
disease have accelerated graft loss. Nevertheless, it is essential to note
thatlarger studies are needed to accurately define the incidence of

disease recurrence in this population.

2.4.1. MMF and steroids

In native C3G, a combination of MMF and steroids can be effective,
but this approach tends to be less effective in managing recurrent C3G
after transplant, given that patients recur even when treated with those
immunosuppressive agents used to prevent rejection. A case series from
Mayo Clinic reported that most patients between 1996 and 2010 showed
that, despite ongoing MMF and steroids, the rate of graft loss in patients
with recurrent disease is about 50% [61]. Shenk et al. reported a case
series on recurrent C3G after transplant [9]. In this report, patients were
treated by increasing the dose of MMF, adding steroids, or changing the
CNI to belatacept, besides eculizumab and plasma exchange. However,
10 out of 16 patients with recurrent C3G after transplantation developed
graft failure. Overall, the outcomes using MMF and steroids to treat C3G
are disappointing, suggesting that additional treatments for recurrent
disease are needed.

2.4.2. Eculizumab

Eculizumab, a C5 blocking antibody, has shown promising results in
treating native kidney C3 glomerulopathy (C3G) and recurrent C3G
post-transplant [9,66-69]. Bomback et al. reported that three patients
treated with eculizumab for recurrent C3G exhibited improved kidney
function, reduced proteinuria, and decreased C5b-9 levels, although one
patient experienced a relapse after discontinuing treatment [66]. Shenk
et al. found varied responses; out of seven treated patients, four
responded positively, but the remaining three suffered re-
transplantation or kidney failure [9]. A systematic review of 12
studies involving 122 patients with post-transplant recurrent C3G
revealed that the graft loss rate was 33% with eculizumab, 42% with
plasma exchange, and 81% with rituximab [70]. Of note, 80% of the
patients who responded to treatment exhibited initially increased C5b-9
levels, which normalized post-treatment [70]. In a case report by
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Table 2
Complement inhibitors for C3 glomerulopathy (C3G) recurrence after kidney
transplant.

Treatment Mechanism of action Status
Long-acting humanized
monoclonal antibody targeted ~ Approved, potential treatment
against complement C5, for crescentic rapidly progressive
Eculizumab inhibiting the cleavage of C5 C3 glomerulopathy and has been
into C5a and C5b and tested in transplant recipients
preventing the formation of [67-69,90-95].
MAC
Cyclic pePtlde r'elated to Ongoing phase III. Phase II with
compstatin, which blocks C3, o .
. . positive results, showing the
Pegcetacoplan  preventing the generation of . R
C3b and subsequent C3b redl{cF tonin prt.)t‘elnurla with
loading of the red blood cells stabilized creatinine [52].
Shown to reduce proteinuria and
Selective inhibitor of CFB, to improve eGFR in native C3G
Iptacopan which is essential to form C3 [73]. Ongoing phase II for
convertase and C5 convertase  kidney transplant recipients
[74].
CFD inhibitor that prevents Phase II published for native
Danicopan CFD cleavage of factor B from  C3G, limited clinical response
forming C3 convertase [76].
Phase II was published for native
Avacopan Anti-C5a receptor antagonist, C3G, with mild improvement of
blocking the effect of C5a C3HI, but still no data on clinical
improvement [79].
Monoclonal antibody to
Narsoplimab MASP-2, blocking the Ongoing phase II for native C3G,

activation of the lectin
pathway

still pending data [86].

C3G: Complement 3 glomerulopathy; CFB: Complement Factor B; CFD: Com-
plement Factor D; MAC: membrane attack complex; MASP-2: mannose-binding
protein-associated serine protease 2.

Gurkan et al., a patient with recurrent C3G with positive C3NeF showed
renal function recovery with eculizumab treatment. However, despite
the improvement in renal function, kidney biopsies at six and twelve
months after treatment displayed persistent MPGN patterns with mild
worsening of chronic changes such as fibrosis. These findings led the
authors to suggest that eculizumab might be more effective in patients
with elevated C5b-9 and low or no C3NeF activity [69].

In conclusion, eculizumab is a promising treatment option for
recurrent C3G after transplant. However, it remains unclear which pa-
tients will effectively respond to eculizumab, partly due to the hetero-
geneous nature of C3G. Advances in understanding the pathophysiology
of the disease are expected to lead to more tailored treatments based on
the specific complement abnormalities in individual patients. There is
also anticipation for improved treatment outcomes with emerging drugs
targeting the upstream complement pathway, which are currently in
clinical trials.

2.4.3. Plasma exchange

The efficacy of plasmapheresis for recurrent C3G after transplant
varies. Kurtz et al. reported a 15-year-old girl with a history of DDD who
experienced recurrent C3G three months after the transplantation.
C3NeF activity was strongly positive, and plasma exchange was per-
formed for 63 weeks, maintaining her kidney function [71]. Similarly,
Kumar et al. reported the outcomes of plasma exchange in four patients
with early recurrent C3G after kidney transplantation. All four patients
displayed positive autoantibodies against regulators of the complement
pathway. Among these patients, plasma exchange was effective in 50%
of the cases (two out of four), while the remaining two experienced graft
loss. Notably, one patient who initially responded to plasma exchange
faced a relapse of the disease upon cessation of the treatment, a decision
driven by financial limitations [3]. Conversely, several cases or cohort
studies showed a lack of responsiveness to plasma exchange [9,63,72]
and a meta-analysis showed that 42% of post-transplant patients treated
with plasma exchange developed graft loss [70].

Transplantation Reviews 38 (2024) 100839

It is difficult to fully evaluate the efficacy of plasma exchange since
patients receive steroid pulses or rituximab besides plasma exchange in
most cases. Nevertheless, plasma exchange is worth considering for
treating C3G recurrence, especially in cases with pathogenic antibodies,
such as C3NeF, in the circulation.

2.4.4. Rituximab

The efficacy of rituximab, a B cell depleting antibody, seems limited
in C3G treatment. The evidence primarily comes from case series and
observational studies with mixed outcomes. Zand et al. conducted an
observational study on C3GN post-transplant recurrence, where ritux-
imab was administered in three cases. Of these, only one case showed a
positive response to the treatment, while the remaining two led to graft
loss [61]. Similarly, Shenk et al. reported the use of rituximab in
recurrent C3G post-transplant cases, all of which were positive for
C3NeF or Anti-Factor-H antibodies, yet resulted in graft loss [9].
Furthermore, no reports support the efficacy of rituximab in preventing
recurrent C3G after transplant when administered at the time of
transplantation.

2.4.5. New complement-targeting therapies

As a complement-targeting treatment, eculizumab was expected to
have a better therapeutic effect on C3G than conventional immuno-
suppressive agents. However, eculizumab does not inhibit the activation
of C3, which is a critical factor in the pathogenesis of C3G. This may
account for the poor therapeutic responses to eculizumab in a subset of
patients. Various new complement inhibitors against the upstream
complement pathway are being tested in ongoing clinical trials
(Table 2).

Iptacopan is an oral selective inhibitor of CFB. CFB is degraded by
CFD to a serine protease domain (Bb), forming a component of C3
convertase (C3bBb) and C5 convertase (C5bBbC5b). The phase II trial of
iptacopan for C3G enrolled two cohorts: (1) patients with C3G and (2)
post-transplant patients with recurrent C3G. Iptacopan was shown to
reduce proteinuria by 45% and to improve eGFR in patients with native
C3G after 84 days of treatment. For recurrent C3G after transplant, the
median C3 deposit score decreased from baseline (3.0) to day 84 (0.5)
(80% confidence interval — 3.75, —0.75; P = 0.03). Sustained normal-
ization of serum C3 levels was also observed in most patients [73]. The
APPEAR-C3G trial is ongoing; it is a randomized, double-blind, and
placebo-controlled trial. The study will enroll 68 native adult C3G pa-
tients [74]. The results of this trial may help in future decision-making
regarding C3G treatment.

Danicopan is a small-molecule inhibitor of CFD that prevents CFD
cleavage of CFB, inhibiting the alternative pathway C3 convertase for-
mation [75]. Two phase II proof-of-concept clinical studies with patients
with native C3G and IC-MPGN were recently conducted to evaluate a
change from baseline in biopsy score and a reduction of proteinuria as
the primary outcome. However, danicopan did not inhibit the alterna-
tive pathway sufficiently, leading to limited clinical response [76]. None
of the patients treated with danicopan had a significant change in pro-
teinuria or eGFR, and most presented severe adverse events.

Pelecopan (BCx9930), another small molecule CFD inhibitor, was
tested in a phase II trial (RENEW trial) enrolling 42 patients with native
complement-mediated kidney diseases, including C3G, IgA nephritis,
and primary membranous nephropathy [77]. However, this trial was
discontinued for commercial reasons.

Avacopan is an oral anti-C5a receptor antagonist. After excellent
results in a trial with ANCA-vasculitis patients [78], avacopan was
evaluated in ACCOLADE trial, a phase II trial enrolling 57 patients with
native C3G. The primary outcome was a C3 histological index (C3HI)
change at week 24. The mean change from baseline in the C3HI was
0.8% with C3G vs. 1.6% with placebo (P = 0.04), indicating that ava-
copan attenuated C3G progression [79]. Nonetheless, there were no
significant changes in proteinuria and eGFR between the study groups
(NCT03301467) [80].
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Table 3

Treatment for C3 glomerulopathy (C3G) recurrence after kidney transplant.

Mild disease

Moderate disease

Severe disease

eGFR slowly
Stable eGFR with declining or Rapidly declining eGFR
Definition proteinuria <1.5/ proteinuria or proteinuria >3.5 g/
day between 1.5 and day
3.5 g/day
MMF (1500 mg orally
twice a day) with
glucocorticoids
(intravenous
methylprednisolone 500
Supportive mg daily for three days
treatment (ACEi or followed by oral
Treatment based R
ARBs for e prednisone, 1 mg/kg/
.. on specific causes . .
proteinuria and day with a maximum
Treatment . of complement
hypertension, . dose of 60 mg per day)
. dysregulation (e.
statins for eculizumab)
cardiovascular 8 Eculizumab, rituximab,
risk) or plasma exchange can
be used on a case-by-
case basis (e.g., patients
with autoantibodies or
complement gene
variants)
Decrease Decrease
Goal proteinuria to <1 proteinuria to <1 Until remission or for a

g/d and BP of
<130/80 mmHg

g/d and BP of
<130/80 mmHg

maximum of 12 weeks

ACEi: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor
blocker (ARB); BP: blood pressure; eGFR: estimated glomerular filtration rate;
MMF: mycophenolate mofetil.

Pegcetacoplan (APL-2) is a cyclic peptide C3 inhibitor that can bind
to C3 and C3b, a C3 and C5 convertase component, inhibiting the acti-
vation of the alternative and the terminal pathways [81]. A phase 2
open-label study evaluated the efficacy and safety of pegcetacoplan in
patients with complement-mediated glomerulopathies, including 8 pa-
tients with C3G. The study showed a 65% reduction in proteinuria with
stabilized creatinine [82]. The VALIANT phase 3 study, a randomized,
placebo-controlled, double-blinded, multicenter study, is underway to
evaluate pegcetacoplan efficacy and safety in 90 patients aged 12 or
older with primary IC-MPGN or C3G. The primary endpoint of this study
is a reduction in proteinuria >50% at weeks 26 and 52 compared to
baseline (NCT03301467) [83]. The NOBLE phase II study, an open-label
randomized controlled study, is underway, enrolling 12 patients with
recurrent C3G or IC-MPGN after transplantation. The primary outcome
endpoint is to evaluate the efficacy of reducing C3c staining on renal
biopsy after 12 weeks of treatment and reduction of C3 staining on bi-
opsy at 52 weeks (NCT04572854) [84]. To date, no results from this trial
in transplant patients have been published.

Narsoplimab (OMS721) is a humanized monoclonal antibody to
MASP-2 (mannose-binding protein-associated serine protease 2), which
inhibits the lectin pathway [85]. Underway is a phase II trial enrolling
patients with native C3G, IgA nephropathy, lupus nephritis, and mem-
branous nephropathy to evaluate the safety and effect on proteinuria of
narsoplimab (NCT02682407) [86].

The rarity of the disease results in limited participants in clinical
trials and an even smaller number in post-transplant patients. Never-
theless, it is anticipated that as the efficacy of native C3G becomes more
established, clinical trials dedicated to transplant patients will also
advance.

3. Conclusion
Managing recurrent C3G after transplant presents significant chal-

lenges. Table 3 is derived from expert consensus and guidelines, sum-
marizing the discussed treatments in this review. [6,87,88].
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The recurrence of C3G post-transplant often occurs despite ongoing
immunosuppression, limiting the choice of therapeutic options. C3G is a
heterogeneous group of diseases, and it is not yet clear which patients
will benefit from treatments like eculizumab or plasma exchange. The
lack of consistent efficacy in patients treated with eculizumab un-
derscores the importance of targeting upstream components of the
alternative pathway. There is growing anticipation for new drugs tar-
geting the complement pathway, which is currently under development.
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