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RESUMO 

Introdução: As Glomerulopatias de C3 compreendem um grupo de doenças raras 

mediadas pelo complemento que partilham o mesmo processo patológico. Definem-se 

histologicamente por uma predominância de deposição glomerular de C3, evidenciada 

por técnicas de imunofluorescência. O prognóstico é desfavorável, com metade dos 

doentes a progredir para doença renal terminal dez anos após o diagnóstico. 

Atualmente, o tratamento restringe-se essencialmente a uma estratégia conservadora, 

uma vez que ainda não foram aprovadas opções terapêuticas dirigidas a esta entidade. 

Objetivos e metodologia: Esta revisão pretende promover uma compreensão atualizada 

relativamente à C3G, com particular foco na patogénese da doença e respetivas 

implicações para as opções terapêuticas em desenvolvimento. Nesse sentido, foi 

realizada uma revisão bibliográfica primariamente pela perquirição dos artigos 

pertinentes publicados na base de dados PubMed®. Ademais, foi realizada uma análise 

das referências citadas nos artigos selecionados, por forma a incluir publicações 

relevantes à revisão que pudessem não ter sido abrangidas na pesquisa inicial. Quando 

relevante, foram incluídos dados não revistos por pares relativos a terapêuticas de 

inibição do complemento em desenvolvimento, nomeadamente resultados apresentados 

em congressos e em comunicados de imprensa. 

Discussão: Tendo em conta o papel fundamental da desregulação da via alternativa na 

patogénese da C3G, a inibição do eixo C3/Convertase de C3 tem sido assumida como 

uma estratégia terapêutica promissora para esta entidade. Nesse sentido, foram 

desenvolvidos vários fármacos com o intuito de inibir especificamente cada um dos 

fatores envolvidos neste eixo. Da mesma forma, foram desenvolvidos fármacos com o 

intuito de replicar os reguladores naturais da ativação do complemento e fármacos com 

o intuito de silenciar a produção sistémica de C3. Embora a inibição da via terminal 

tenha mostrado resultados insatisfatórios, a eficácia terapêutica da inibição específica 

da anafilatoxina C5a também tem sido investigada. 

Conclusão: Os desenvolvimentos recentes na terapêutica dirigida ao complemento, 

inicialmente motivados pelo sucesso do eculizumab e, mais recentemente, pela 

aprovação do pegcetacoplan, cunham com esperança o surgimento de novas 

terapêuticas que possam alterar a gestão do doente com C3G. Pela complexidade e 

heterogeneidade da doença, será provavelmente essencial uma abordagem 

personalizada a cada doente. 
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ABSTRACT 

Introduction: The C3 Glomerulopathies (C3G) comprise a group of rare complement-

mediated diseases, which share the same disease process defined histopathologically by 

a predominance of complement C3 deposition on immunofluorescence. The prognosis 

is poor, resulting in progression to end-stage renal disease (ESRD) within ten years of 

diagnosis in approximately half of the patients. Currently, the management of C3G 

primarily relies on a conservative therapeutic strategy, as no disease-specific therapies 

have yet been approved. 

Objectives and methodology: This review aims to provide a current, comprehensive 

understanding of C3G, with an emphasis on its pathogenesis and respective implications 

for emerging approaches in the rapidly evolving field of complement therapeutics. To 

achieve this, a literature review was performed, primarily focusing on pertinent articles 

published in the PubMed® database. The references cited in these articles were also 

examined to incorporate any significant publications that might have initially been 

overlooked. Additionally, non-peer-reviewed findings on emerging complement 

therapeutics were considered, as presented in congresses or press releases. 

Discussion: Considering the pivotal role of alternative pathway (AP) dysregulation in the 

pathogenesis of C3G, inhibition of the C3/C3 convertase axis has swiftly risen as a 

promising therapeutic strategy for this condition. Thus, several drug candidates have 

been developed to specifically inhibit each of the factors involved in this axis, as well as 

to mimic natural regulators of complement activation or silence systemic expression of 

C3. While terminal pathway inhibition has shown limited efficacy, the efficacy of specific 

impairment of the anaphylatoxin C5a is also being investigated. 

Conclusion: Recent developments in complement therapeutics, initially fueled by the 

success of eculizumab and, most recently, by the approval of pegcetacoplan, raise the 

very realistic hope for the emergence of new therapies that could change the course of 

clinical management in C3G. Considering the complexity and heterogeneity of this 

disease, a personalized medicine approach will likely be necessary. 

Keywords: C3 Glomerulopathy, C3 Glomerulonephritis (C3GN), Dense Deposit Disease 

(DDD), Alternative complement pathway, Complement therapeutics 
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INTRODUCTION 

C3 Glomerulopathies (C3G) are a rare group of kidney diseases that arise from the 

dysregulation of the alternative complement pathway (AP). Diagnosis is established by  

kidney histopathology, characterized by a predominance of glomerular C3 staining on 

immunofluorescence, at least two orders of magnitude greater than any other immune 

reactant1. Based on the specific localization patterns and characteristics of deposits 

within renal tissue, electron microscopy permits the distinction between two subgroups: 

Dense Deposit Disease (DDD) and C3 Glomerulonephritis (C3GN). 

 Given the extreme rarity of this disease, precise epidemiological data is difficult to 

gather, particularly since the only diagnostic criterion is based on the interpretation of 

a renal biopsy sample. Consequently, incidence and prevalence estimates are vary 

between regional biopsy and referral practices. Despite these challenges, small cohort 

studies have produced rough estimates, suggesting an estimated incidence of 0.2–2 

cases per million per year2,3. Although more frequently diagnosed during childhood and 

adolescence, the disease can also affect individuals later in life. Manifestations of C3 

glomerulopathy can vary widely, ranging from asymptomatic hematuria and proteinuria 

to more acute presentations that show the classic signs and symptoms of 

glomerulonephritis, often accompanied by low serum C3 levels. Typically, the 

persistence of these symptoms and sustained low C3 levels prompt the need for a 

biopsy, leading to a formal diagnosis and thorough evaluation. 

Despite carrying one of the highest risks for kidney failure of all primary glomerular 

diseases, there are currently no approved therapies targeting the underlying cause of 

C3G. Consequently, about 50% of the patients progress to end-stage renal disease (ESRD) 

within 10 years of the diagnosis, although cases of more rapid progression are not 

unusual2,3. Furthermore, the recurrence of the disease and subsequent allograft loss is a 

common complication among post-transplantation patients, a predicament faced by 50-

75% of patients in this group3,4. 

Considering the multifaceted role of the complement system in human 

pathophysiology, precise, targeted inhibition and well-timed spatial modulation of its 

activity may offer novel opportunities for therapeutic drug design and efficient clinical 

intervention. Thus, taking into account the central role of complement dysregulation in 

the pathogenesis of C3 glomerulopathy, recent attention has been directed toward anti-

complement agents as potential therapeutic options. 

This review provides an up-to-date survey of current knowledge regarding C3G, 

particularly emphasizing its pathogenesis and the implications for emerging approaches 
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in the rapidly evolving field of complement therapeutics. 

Of note, this article adheres to the most recent complement nomenclature5. In line 

with this, the larger fragments resulting from cleavage, which bind to the cell surface to 

propagate the cascade, are signified with a “b”. Conversely, the smaller, liberated 

fragments are denoted with an “a”.  

METHODS 

The literature search strategy employed in this review article involved querying articles 

published in the PubMed® database, with no temporal restrictions for inclusion. Initial 

article selection was based on title, followed by a review of the respective abstracts. 

Subsequently, the selected articles were read in their entirety. Relevant articles 

referenced in those initially selected were examined and included if considered 

pertinent. Furthermore, web searches were conducted to identify recent findings 

regarding new complement therapeutics presented in congresses or press releases that 

were not yet peer-reviewed. The Zotero software was utilized to facilitate the 

organization and management of bibliographic references and prevent article 

duplication. 

THE COMPLEMENT SYSTEM 

Unraveling the complexity of C3G demands a foundational comprehension of the 

complement system (Figure 1). This intricate network, comprised of more than 40 

individual proteins or activation fragments that can exist either bound to surfaces or in 

a soluble form, plays a central role in innate and adaptive immunity. It maintains a 

delicate equilibrium between activation and regulation processes, allowing it to identify 

and target harmful microorganisms for elimination, clear immune complexes and 

apoptotic cells from the bloodstream, and enhance the humoral response, all while 

sparing healthy cells. Additionally, the complement system is intricately interconnected 

with numerous other pathways, contributing to a broad spectrum of responses, which 

range from the activation of platelets6 and the induction of coagulation responses7 to 

the release of cytokines and the modulation of T-cell responses8, reviewed 

elsewhere9,10,11. The effectiveness of the complement system relies on its quick response 

time and broad range of activity, and, as a result, its sensing abilities may not always be 

highly specific and completely reliable, thus paving the way for complement-associated 

diseases. While the relationship between the complement system and disease has long 

been acknowledged12, it is only in recent times that we have begun to grasp the full 
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extent of its complexity, significance, and impact on disease processes, mainly 

motivated by the anti-C5 antibody eculizumab’s clinical and commercial success in 

treating paroxysmal nocturnal hemoglobinuria (PNH)13. 

The complement system is activated through three distinct initiation pathways: the 

classical, lectin, and alternative pathways. Each pathway is triggered by unique stimuli, 

leading to an amplification phase that transitions into the terminal phase of the 

complement system. The classical pathway (CP) and lectin pathway (LP) share a similar 

activation mechanism. The CP is triggered by detecting immune complexes or non-

immunoglobulin activators, such as pathogen- or damage-associated molecular patterns 

(PAMPs, DAMPs), while the LP is triggered by the recognition of microbial 

polysaccharides on a surface through mannose-binding lectin (MBL), ficolins (Fcn), or 

collectins (CL). Upon detection of these triggers, C1r/C1s proteases or MASP-1/MASP-2 

(mannose-associated serine proteases) are respectively activated, leading to the cleavage 

of C4 and C2. This results in the formation of C4b2b, the C3 convertase of the CP and 

LP, which cleaves available C3 to release an anaphylatoxin, C3a, and induce a 

conformational change in the remaining C3b, thus opsonizing the cell in proximity to 

the initiating surface. Notably, the formation of C3b enables the binding of the protease 

Factor B (FB), creating a pro-convertase (C3bB) that is quickly transformed by Factor D 

(FD) into an active C3 convertase (C3bBb). This convertase can cleave more C3 into C3b, 

creating an amplification loop for C3b deposition that can contribute up to 80% of the 

overall response14,15.  

Concurrently, the complement system employs a "tick-over" mechanism in its 

alternative pathway (AP), characterized by its indiscriminate nature that allows for an 

increase in baseline activity. In this process, a small fraction of C3 undergoes 

spontaneous hydrolysis to form a distinct conformer termed C3(H2O), which interacts 

with and binds to FB to form C3(H2O)B, further cleaved by FD to generate C3(H2O)Bb, 

another C3 convertase. This process is swiftly halted in healthy human cells or the fluid 

phase; however, an amplification process is initiated on foreign or damaged cells. This 

positive feedback mechanism results in an increased deposition of C3b, which converts 

C3 convertases into C5 convertases once the density of C3b reaches a certain threshold.  

Subsequently, these convertases cleave C5 into two components: the smaller 

anaphylatoxin C5a and the larger C5b, the foundational unit for assembling the 

membrane attack complex (MAC), also known as C5b-9. While the lytic activity of the 

MAC is often the most identifiable effector function, it applies only to a subset of 

susceptible cells. In numerous instances, the overarching response is driven by the 

broad receptor-mediated functions of complement opsonins, such as C3b/iC3b and, to 
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a lesser degree, C4b and C1q. The inflammatory impact of the anaphylatoxins, such as 

C3a and C5a, further supports these functions. Thus, during the activation process, the 

release of C3a and C5a instigates the chemoattraction and priming of various immune 

cells, facilitated by signaling through anaphylatoxin receptors; in parallel, the interaction 

of opsonins with complement receptors (CR) in these cells triggers immune responses, 

which include immune shuttling via CR1, the stimulation of adaptive immune responses 

via CR2, and phagocytosis through integrin receptors CR3 and CR416. 

To focus complement activation on proper targets and prevent damage to the host, 

the system is delicately regulated by fluid-phase and surface-bound molecules, which 

control activation in body fluids and on various cellular and non-cellular surfaces (such 

as basement membranes)17–21. In the glomerular microenvironment, the need for rigorous 

complement control is emphasized by the observed presence of C3 immunoreactivity in 

the glomeruli in approximately 33% of kidneys obtained from clinically healthy donors 

and at post-mortem examinations22,23, which may be attributed to the specific affinity of 

this complement component for certain glycocalyx proteins, paralleling the finding that 

C3 shows preferential binding to laminin rather than type IV collagen and fibronectin24. 

Fluid-phase regulators include C1 inhibitor (C1-INH), C4 binding protein (C4BP), 

factor H (FH) and factor H-like 1 (FHL-1), factor I (FI), anaphylatoxin inactivators 

(carboxypeptidase-N and carboxypeptidase-R), vibronectin (Vn, S protein) and clusterin, 

while most nucleated cells express a panel of four membrane-bound complement 

regulators that act at the convertase/opsonin level, including decay accelerating factor 

(DAF, CD55), membrane cofactor protein (MCP, CD46), and complement receptor 1 (CR1, 

CD35); or, at the MAC level, specifically CD59. 

These regulators engage at each stage of the complement system. In the initiation 

phase, excessive complement activation on a target and in plasma is mitigated by C1-

INH by associating with C1r or C1s, instigating their release from C1q, or by blocking 

the analogous active sites in MASPs25,26. In the amplification phase, these operate in three 

unique ways: inhibiting the generation of the convertases; dismantling or separating the 

convertases, an action termed as decay-accelerating activity (DAA); or via the restricted 

proteolytic cleavage of C4b and/or C3b, a mechanism referred to as cofactor activity 

(CA), which demands a synergistic interaction between the plasma-serine protease, 

factor I, and a cofactor protein, such as MCP on cell membranes or FH/C4BP in the fluid-

phase27–29. During the terminal phase, vibronectin controls the fluid-phase MAC by 

inhibiting its adherence to cell membranes, while CD59 suppresses the final steps of 

MAC assembly that deposit on self-tissue30,31. Furthermore, anaphylatoxins can be 

rendered inactive by plasma enzymes carboxypeptidase-N and carboxypeptidase-R32,33.  
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As the main soluble regulator of the AP, FH is considered the most critical regulator 

in C3G34–36, exerting its influence on the C3 convertase by functioning as convertase 

decay accelerator and as co-factor for factor I in the cleavage of C3b. Structurally, FH is 

a linear protein composed of 20 short consensus repeat (SCR) units, and its inhibitory 

effects are contingent on the ability of the initial four N-terminal SCRs to interface with 

C3b effectively37,38. The two terminal SCRs of FH on the carboxyl end are constituted by 

another primary binding site for C3b, which is specifically devised to bind with C3b or 

its by-product, C3d, when covalently bonded to a self-surface39–42. This binding site 

interacts with the glycomatrix, whose composition varies at different anatomic 

sites, thereby modulating the interaction potency of this complement regulator with 

diverse surfaces43. 

In addition, there is a growing appreciation for the splice variant of FH, FHL-1. This 

shorter isoform of FH, which comprises the initial seven SCRs and a unique four-amino-

acid C-terminus44,45, is characterized by distinctive cell surface specificity, thus partaking 

in a unique role in complement control on surfaces compared to its larger 

counterpart43,46. Analogous to FH, FHL-1 binds to C3b and exhibits both cofactor and 

convertase decay accelerating activities38. Despite its relatively smaller size (seven as 

opposed to twenty domains), which imposes constraints on its regulatory impact in 

circulation due to a decreased surface recognition capacity, the role of FHL-1 may gain 

considerable prominence in tissue environments owing to its advantageous penetration 

profile47. 

An even larger change in perception has been observed for FH-related proteins 

(FHRs). These proteins share specific characteristics with FH, such as surface- and 

opsonin-binding properties, but do not seem to possess the same complement-

regulatory capacities and may present in a dimeric form21. While the role of FHR proteins 

is less characterized and, in part, remains a matter of controversy48, their clinical 

significance has been unequivocally established since their discovery, with numerous 

reports linking anomalous FHRs to 'typical' complement-associated diseases49–53. While 

there have been indications of some forms of complement-inhibiting activity associated 

with FHRs, recent findings solidly endorse a counterpoint role to FH and FHL-1 for FHRs 

in the complement activation process. They are proposed to drive the activation of the 

AP directly by binding C3b and fostering the formation of the C3 convertase C3bBb, and, 

in parallel, they appear to augment the activation of the alternative pathway by 

competing with the regulators FH and FHL-121,48,54–59. Additionally, FHRs may influence 

complement activation through interactions with other host molecules, such as by 

attracting pentraxins that can bind C1q and permit CP activation, or by being drawn in 



 

6 

 

by C-reactive protein to stimulate AP activation further56,57. These functionalities warrant 

further research, particularly concerning their physiological significance. Nevertheless, 

the correlation between increased complement activation and elevated FHR levels, or 

pathological, avidity gain-of-function dimerization mutants of FHR-1, FHR-2, and FHR-5 

in complement-mediated diseases, such as C3G (see “Drivers of Disease” section), is 

compellingly indicative of a substantial role for FHR as balancing agents for the 

inhibitory effects induced by FH/FHL-1, thereby modulating the primary regulators of 

the alternative pathway. 

Lessons from complement inhibition therapeutics 

Recent basic, translational, and clinical research has begun to cast doubt on the 

traditional understanding of the TP’s initiation, specifically through the proteolytic 

activation of C5. The genesis of this investigative interest was the demonstration of 

unexpected results in clinical complement analytics and patient monitoring among 

patients treated with eculizumab for PNH60,61 and aHUS62. These investigations uncovered 

a phenomenon of pharmacodynamic breakthrough, where residual C5 activity 

persevered even in the presence of excessive quantities of distinct C5 inhibitors63, which 

bind their target with picomolar or nanomolar affinity64. Intensive research showed that 

a C5 priming event on C3b is needed for proteolytic activation of C5 by bimolecular 

complement convertases (C3bBb or C4b2b)65–68, challenging the function of the 

conventionally accepted trimolecular convertase C3bBb3b (and by analogy, 

C4b2b3b)69,70. The research findings illustrated that only high surface densities of C3b 

(in the absence of convertases) can reversibly recruit C5.  

It was also demonstrated that C4b shares this functionality with C3b, enabling C5 

activation without C3, a phenomenon now referred to as C3 bypass activation of C568, 

posing a contradiction to a central dogma of complement biology. Although it has little 

physiological relevance, this finding is important for developing complement 

therapeutics and thus has immense translational importance. This finding offers a 

compelling explanation for the inconsistent outcomes observed with inhibiting TP 

activation across various in vitro and ex vivo assays when using compstatin71,72, a small 

cyclic peptide designed to target C3 whose analogs are presently evaluated for their 

therapeutic potential in clinical trials for complement-mediated diseases, including C3G. 

In addition, it has been demonstrated that C5 can undergo conformational 

activation even in the presence of stoichiometric C5 inhibitors. Specifically, it was shown 

that eculizumab-bound C5 can potentially become 'entrapped' on a highly concentrated 
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C3b surface, ultimately assuming a conformation capable of assembling cytolytic MACs. 

Mannes et al. postulated that eculizumab-bound C5, when interacting intensively with 

an unnaturally dense C3b surface, remains in a primed conformation for a prolonged 

period, eventually transitioning to a C5b-like conformation68. This transition, which 

resembles C3's autoactivation to C3(H2O), has been denoted as C5conf, representing C5's 

conformational activation to a C5b-like state on dense C3b surfaces. 

Considering these recent findings regarding the central complement proteins C3 

and C5, there appears to be unexplored potential for uncovering novel insights further 

upstream in the complement cascade. In one seminal study, Zhang et al. assessed the 

potential therapeutic benefits of mitigating FD, through elimination or inhibition, in a 

C3G mouse model73. The C3G mouse model used in this study was FH-KO, widely 

recognized as a disease model due to its ability to mimic the underlying causes of C3G 

observed in a specific patient subset characterized by FH deficiency74. Surprisingly, the 

study revealed that serum from the FH/FD double-KO mice could deposit small amounts 

of C3b on surfaces conducive to activating the AP sufficiently to incite complement-

mediated rabbit erythrocyte hemolysis. On a mechanistic level, this can be elucidated by 

the persistent presence of C3(H2O)FB, which permits FB to adopt an open, enzymatically 

active conformation even without proteolytic activation by FD. Essentially, this flexibility 

in conformational change facilitates a limited degree of AP activation confined to tissue 

surfaces without FD, culminating in considerable AP-induced tissue damage73. 

The novel insights unraveled in this extensively explored field can be attributed to 

the swift progress in complement-targeted therapeutics (further reviewed elsewhere75). 

Consequently, future seemingly scientific inconsistencies harbor the potential to offer 

novel mechanistic insights and refine therapeutic strategies. 

DRIVERS OF DISEASE 

The flip side of this instant, forceful, and broadly applicable defense machinery is that 

it may cause considerable damage when directed against host tissue. This is the case 

especially in the AP, as it is constitutively active at a low level and plays a pivotal role in 

amplifying the complement response, ultimately accounting for more than 80% of 

terminal pathway activation regardless of the activating pathway14,15. Such dysregulation 

of the AP in the fluid phase forms the pathological basis of C3G. 

The foundational understanding of the pathophysiological process in C3G is 

primarily attributed to seminal studies employing mouse models, which elucidated 

critical aspects of the pathological mechanism. One of the earliest observations made 
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was that FH-deficient (Cfh-/-) mice exhibited reduced C3 plasma levels coupled with 

elevated plasma C3b levels, a pattern indicative of C3 convertase hyperactivation. Shortly 

after birth, these mice developed renal pathology similar to human C3G, including C3 

glomerular deposition in the absence of immunoglobulin, and subendothelial electron-

dense deposits resembling C3GN76. In addition, it was evidenced that the absence of FB 

in these FH KO mice (Cfh-/- Cfb-/-) resulted in the cessation of C3 cleavage due to the 

inhibition of C3bBb formation, effectively preventing the manifestation of the C3G 

phenotype, which further affirmed the essential role of C3 convertase formation in 

disease occurrence76. In contrast, the absence of C5 in the FH KO mice (Cfh-/- C5-/-) did 

not prevent the disease but notably attenuated its severity74. This finding aligns with the 

known function of C5, operating in the terminal but not the initiating pathway of the 

complement cascade. Remarkably, this protective effect was not seen in FH KO mice 

deficient for C6 (Cfh -/- C6 -/-), suggesting a significant role for C5 (specifically C5a), 

but not the MAC, in the development of renal lesions74. 

Data accumulated in these experimental models correlate with in vivo studies in 

humans. Through the use of laser microdissection and mass spectrometry, a significant 

accumulation of AP and TP complement components within C3G glomeruli has been 

documented, with C3 being the most prominent and present at concentrations 5–10 

times higher than other complement components77,78. Furthermore, a series of in vivo 

investigations underscore the active and continuous nature of C3 deposition in C3G 

glomeruli. Research carried out by Medjeral et al. revealed the presence of C3b/iC3b/C3c 

or C3dg deposits in the majority of C3G patients studied2, while an investigation 

involving 12 C3G cases by Sethi et al. demonstrated that glomerular C3 deposits were 

primarily composed of C3dg79. These findings substantiate the notion of active C3b 

deposition, as opposed to passive entrapment of intact C3 within the C3G glomeruli. In 

parallel, in a study examining 19 different complement biomarkers, Zhang et al. 

documented notably lower C3 levels in C3G patients and decreased FB levels, with an 

accompanying increase in FB breakdown products, Bb and Ba80. Thus, these results 

reaffirmed the significant involvement of AP C3 convertase in the pathogenesis of C3G. 

Intriguingly, a correlation between C3 cleavage and disease activity or severity has not 

yet been substantiated2,3,81,82, implying the possible involvement of additional factors 

downstream of the C3 cleavage step in determining the severity of renal pathology. 

Complement dysregulation in patients with C3G is frequently driven by 

autoantibodies to various complement proteins and complexes. The primary 

autoantibodies linked with C3G are denoted as nephritic factors (NeFs), a heterogeneous 

group of antibodies against neoepitopes mainly generated within C3 or C5 convertases. 
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These antibodies have the capacity to stabilize the respective molecules, extending their 

half-life, which leads to an associated decrease in serum levels of C3 or C5 and a 

corresponding elevation in the levels of their cleavage products83. The most frequently 

identified autoantibodies target C3bBb, known as C3NeFs, and are reported in 40-80% 

of patients3,82,84, although there are broad interindividual differences in the nature and/or 

the level of C3NeFs. Crucially, a study comprising 40 C3NeFs-positive patients (13 

children and 27 adults) investigated the relationship between C3 nephritic factors and 

disease outcome, discovering that patients' IgG's ability to stabilize C3 convertase was 

markedly higher in the group exhibiting rapid disease progression (defined as a decline 

in GFR ≥5 ml/min per year) than in the group with slow progression (defined as a decline 

in GFR <5 ml/min per year). The two groups did not significantly differ in age at disease 

onset, proteinuria, and renal function; however, the median renal survival was 30 months 

for patients with rapid progression versus 288 months for those with slow progression. 

Thus, the C3NeFs' stabilizing capacity was identified as a biomarker associated with 

renal outcomes in C3G85. Moreover, C5NeFs, which target the C5 convertase, are also 

prevalent, reported in 42% of patients86. Notably, the ability of C5NeF to stabilize C5 

convertase is correlated with sC5b-9 in patients, substantiating its direct involvement in 

C5 convertase overactivation in C3G. In addition, sC5b-9 levels were found to correlate 

inversely with C3 levels, indicating that a significant portion of C5 convertase 

overactivation results from C3 convertase formation rather than an isolated mechanism. 

Autoantibodies less commonly observed include C4NeFs (directed against C4b2a) and 

autoantibodies against FH, FB, and C3b. Collectively, these are identified in 

approximately 10% of patients diagnosed with C3G87,88. The potential therapeutic value 

of identifying, neutralizing, or eliminating these antibodies is yet to be ascertained. 

Nonetheless, considering the success of such interventions in other autoantibody-

associated glomerular diseases, it seems plausible to regard these antibodies as 

prospective targets for therapeutic intervention in future management strategies. 

Furthermore, comprehensive genetic testing has demonstrated that approximately 

25% of C3G patients carry rare variants or genomic rearrangements in disease-associated 

complement genes, which are either responsible for gain of function in C3 convertase 

components (C3 and FB) or loss of function of AP regulators such as FH and FI3. It is also 

worth noting that multiple variants in complement-related genes are not uncommon in 

patients diagnosed with C3 glomerulopathy. This inherent genetic complexity might 

elucidate the infrequent incidence of familial cases wherein the affected individual 

shares the same diagnosis with a first or second-degree relative. One possible 

explanation for this pattern can be traced to the influence of specific haplotypes, which 
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can contribute to the variable penetrance of C3G, possibly by modulating the circulating 

levels of specific complement proteins3,82,89. Several well-documented familial cases of 

C3G have been reported in recent years, many of which are linked to genomic 

rearrangements within the FH gene family. A significant proportion of these cases are 

characterized by genetic anomalies involving the rearrangement of the CFH locus, the 

susceptibility of which arises from its origin, which can be traced back to partial gene 

duplications of the FH gene, leading to the emergence of unique CFHR fusion genes48,90,91. 

Most genomic rearrangements specifically associated with C3G result in the addition of 

two amino-terminal SCR domains, which generates an extra dimerization domain. These 

abnormal FHR proteins are thought to lead to enhanced complement de-regulation at 

surfaces, especially in the kidney, likely because of their enhanced oligomer formation 

and thus enhanced avidity towards disease-relevant ligands, leading to increased 

glomerular C3 deposition and the manifestation of C3G54,55,92. The prototypical example 

of this process is the CFHR5 gene variant, which is endemic to Cyprus and affects 

approximately 1 in 6,000 persons. This variant creates an FHR5–FHR5 fusion protein in 

which the first two SCRs of FHR5 are duplicated, resulting in variably penetrant C3GN50. 

Of note, even with an observable genotype-phenotype correlation, clear pathological 

effects remain to be functionally validated, an essential step that underpins the 

confirmation of disease association and the elucidation of the underlying disease 

mechanism93. In addition to the aforementioned genetic abnormalities in complement 

genes, some disease-linked polymorphisms in CFH, C3, CFB, and MCP may influence the 

complement activity and susceptibility to inflammatory and infectious diseases. For 

instance, the CFH-H1 haplotype has been found to confer a higher risk for the 

development of C3G, whereas CFH-H2 has been found to confer protection94. 

CURRENT AND EMERGING THERAPIES FOR C3 GLOMERULOPATHY 

At present, the management of C3G primarily relies on a conservative therapeutic 

strategy centered on renin-angiotensin system blockade. General immunosuppressive 

therapy with mycophenolate mofetil (MMF) plus steroids may be considered in moderate-

to-severe cases. If patients fail to respond to these therapies, the off-label use of 

eculizumab is sometimes considered, although no anti-complement therapeutic has yet 

been approved for treating C3G. Given the current lack of specific therapeutic 

approaches, renal prognosis remains poor. 
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Current Standard of Care for C3 Glomerulopathy 

An ideal treatment strategy employing existing therapeutics for C3G has yet to be 

conclusively determined. Nonetheless, the Kidney Disease: Improving Global Outcomes 

(KDIGO) Glomerular Diseases Work Group has proposed guidelines based on expert 

consensus and accumulated clinical experience from numerous clinical case series95.  

According to expert opinion, primarily drawn from retrospective studies and data 

extrapolated from non-correlated proliferative glomerulonephritides, clinical decisions 

regarding initial therapy are based upon moderate-to-marked proliferation on biopsy 

and an arbitrary proteinuria threshold of 2 g/day, splitting patients into two groups: 

mild disease and moderate-to-severe disease96. For patients categorized as having mild 

disease, health-promoting measures are offered along with the administration of anti-

proteinuric drugs such as angiotensin-converting enzyme inhibitors (ACEi) or 

angiotensin receptor blockers (ARB). In severe disease, immunosuppressive therapy with 

MMF plus steroids should be contemplated. The theoretical advantage of this therapeutic 

approach lies in its ability to impede T-cell and B-cell proliferation, thus attenuating cell-

mediated immune responses and autoantibody formation97. However, 

immunosuppressive treatment efficacy varies significantly2,3,98–102. 

For patients with progressive disease that is unresponsive to the aforementioned 

therapies, eculizumab can be considered as an off-label treatment option95. Eculizumab 

is a monoclonal antibody that binds with high affinity to C5, preventing its cleavage and 

thereby inhibiting the formation of C5a and the terminal complement complex (C5b-9) 

without affecting upstream C3 convertase activity. Despite demonstrating clinical 

potential in managing PNH and aHUS, prototypical disorders of complement 

dysregulation13,103, eculizumab has not yet garnered adequate evidence supporting its 

use as a therapeutic agent even for rapidly progressing C3G. No randomized clinical 

trials have been undertaken, and the data primarily stems from two retrospective 

studies104,105 in conjunction with two prospective non-controlled trials106,107. Each trial 

followed a treatment protocol of four weekly 900mg dosages, followed by a biweekly 

1200mg dosage, guided by prior experience of eculizumab use in aHUS. 

The first prospective trial encompassed six participants, each exhibiting 

proteinuria >1 g daily and/or AKI upon enrolment. After 12 months of eculizumab 

intervention, three patients met the study-defined criteria for renal response, following 

reduction of sCr levels (from 1.8 to 1.4 mg/dL) in two of them, and urinary 

protein/creatinine ratio in the other one (5.8 to 1.8 g/g). Additionally, another patient 

exhibited histopathological signs of improvement despite stable clinical parameters, 
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thus culminating in a total response rate of 67%. Given that eculizumab normalized the 

soluble C5b-9 levels in all patients who initially exhibited elevated levels, the authors 

inferred that an elevated soluble C5b-9 level could potentially serve as a valuable marker 

of response to this therapeutic agent106. However, more recent studies have challenged 

this idea. The most comprehensive case series to date, which involved 26 C3G patients 

undergoing eculizumab treatment (including 13 children/adolescents), presented a 

global clinical response in 6 patients (23%), a partial clinical response in another 6 (23%), 

and no response in the remaining 14 (54%). Those who responded to treatment 

demonstrated lower eGFR, more rapidly progressive disease, and increased 

extracapillary proliferation on kidney biopsy. At the same time, features of AP activation 

did not differ between the subgroups104. Furthermore, in a prospective single-arm clinical 

trial involving 10 patients with heavy proteinuria (>3.5 g/24h) and strong terminal 

complement activation (sC5b9 > 1,000 ng/mL), only 3 (30%) achieved a significant 

reduction in 24-hour proteinuria, even though sC5b-9 plasma levels promptly and 

entirely normalized in all patients107. In the most recent retrospective study, 11 patients 

underwent eculizumab treatment with a median follow-up period of 68 months. By the 

end of the treatment, eight patients (57.1%) exhibited a negative outcome, six patients 

(42.9%) had a stable outcome, and none showed an improvement. The study only 

identified young age and shorter durations of treatment initiation as valuable predictors 

of response105.  

Overall, these findings are consistent with the understanding that eculizumab 

primarily targets a single aspect of C3G — glomerular inflammation — and may have 

little to no effect on the primary driver of the disease, C3 complement dysregulation. 

This observation aligns with data from animal models of C3G, which indicate that 

liberation of the anaphylatoxin C5a has a pathophysiological role in C3G, whereas 

cytolysis by MAC formation has not74. Furthermore, these studies highlight the necessity 

for additional research to delineate clinical parameters to identify patients who might 

derive at least some benefit from anti-C5 therapy. 

Emerging Therapies: Focus on Anti-Complement Strategies 

The complement cascade, comprised of over 40 effector and regulatory proteins, 

presents a myriad of intervention points for the inhibition of specific steps which may 

be more advantageous in certain pathological conditions than solely targeting the TP. 

Even though eculizumab has shown limited effectiveness in the treatment of C3G, it is 

essential to acknowledge that its clinical and commercial success in other complement-
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mediated disorders has ignited renewed interest in complement inhibition as a 

therapeutic strategy, motivating numerous large and small pharmaceutical firms to 

launch development programs with a diverse range of targets. 

Taking into account the limited efficacy of anti-C5 therapy, coupled with the 

present understanding that C3 convertase overactivation is a central pathophysiological 

driver of C3G, inhibition of the C3/C3 convertase axis has swiftly risen as a promising 

therapeutic strategy for this condition, by targeting one of the three components of AP 

convertase - C3, FB, or FD. A notable deviation from this approach is avacopan, which 

blocks the signaling of anaphylatoxin C5a. In addition to these stoichiometric inhibitors, 

which adhere to their activated targets in a 1:1 ratio and maintain inhibition as long as 

they remain bound, a couple of non-stoichiometric inhibitors are also under 

investigation in clinical trials for their potential use as complement inhibitors in C3G. 

These include TP10, also known as soluble complement receptor 1 (sCR1), and ARO-C3, 

an RNA interference (RNAi) approach aimed at silencing the expression of C3. The 

unique appeal of non-stoichiometric inhibitors lies in their potentiated inhibitory mode, 

whereby a single inhibitor molecule has the capacity to inhibit multiple target proteins. 

Table 1 provides a comprehensive overview of clinical trials currently investigating novel 

complement inhibitors for the treatment of C3G. 

Moreover, the recent approval of pegcetacoplan for patients with PNH108,109 

represents a seminal event in the evolution of complement therapeutics that could 

potentially transform the clinical management trajectory of numerous complement-

mediated diseases, particularly those where anti-C5 therapy has demonstrated mixed or 

insufficient responses. Until recently, clinical experience with complement inhibition was 

limited to a singular mechanistic strategy. Therefore, this recent shift is a crucial turning 

point, as it not only validates the effectiveness of compstatin technology in a clinical 

context but also alleviates safety concerns related to sustained C3 inhibition. 

Anti-C3 Therapies: The Role of Compstatin 

Compstatins comprise a family of structurally related cyclic peptides which exhibit 

selective binding affinity to primate and human native C3 and its bioactive fragments 

C3b and C3c110. Their primary mechanism of action involves hindering the access of C3 

to the preformed convertases and interrupting the formation of new convertases111,112, 

which stands in contrast to the strategies adopted by natural regulators, which either 

destabilize the C3 convertase or accelerate the degradation of the enzyme complex. 

Importantly, compstatins do not inhibit the hydrolysis of C3 into its active form, C3(H2O) 
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(i.e., tick-over activation), nor do they obstruct the convertase-independent cleavage of 

C3 by certain proteases, such as thrombin, which might occur under specific disease 

states. Consequently, compstatin and its analogs efficaciously regulate the primary 

pathways of complement activation and mitigate amplification of the response whilst 

preserving residual (upstream) complement activity. 

This family of complement C3 inhibitors was identified in 1996 by phage display 

screening, resulting in a 13 amino acid-long, disulfide-bridged peptide113. Since then, 

compstatin analogs with increased inhibitory activity, enhanced target residence and 

favorable pharmacokinetic profiles for systemic administration have been developed. In 

the case of C3G, clinical trials are being developed for Pegcetacoplan (second-

generation) and AMY-101 (third-generation). 

Pegcetacoplan (also known as APL-2) is a compstatin analog bridged by a PEG 

moiety to improve plasma residence, thereby enhancing its half-life. An in vitro study 

conducted within a hemolysis model utilizing C3b-recovered sheep erythrocytes and 

purified complement proteins, supplemented with IgG positive for C3NeF or C5NeF, 

demonstrated that Pegcetacoplan (at a concentration of 25 µg/mL) effectively prevents 

the formation of both alternative pathway C3 and C5 convertases. Furthermore, it 

inhibited the activity of preformed convertases and concurrently attenuated the 

prolonged convertase activity mediated by C3NeF and C5NeF114. A 48-week, open-label 

Phase II trial (DISCOVERY; NCT03453619) further revealed Pegcetacoplan's potential as 

a C3G treatment in a multi-center evaluation involving five patients. The trial aimed to 

assess preliminary efficacy and safety, with patients receiving daily subcutaneous 

infusions of 360 mg Pegcetacoplan, which was later adjusted to 1080 mg per infusion 

twice weekly from Week 24. The primary endpoint was the change in proteinuria from 

baseline to Week 48, measured via 24-hour urine protein-to-creatinine ratios (uPCR), with 

additional evaluations of serum C3, albumin, and creatinine levels, alongside safety 

parameters. The study concluded with a significant 73.3% reduction in proteinuria (3.48 

mg/mL at baseline to 0.93 mg/mL at week 48), along with increased serum albumin and 

C3 levels and stable serum creatinine. Notably, no severe adverse events were reported, 

nor did any treatment-emergent adverse events (TEAEs) result in discontinuation. Thus, 

these findings support the contention that Pegcetacoplan reduces proteinuria while 

preserving renal function and maintaining a solid safety profile115. A phase III trial 

(VALIANT; NCT05067127) is currently in progress. Simultaneously, this trial is being 

expanded to provide more comprehensive data on its long-term safety and efficacy 

(NCT0580953). 

AMY-101 is a third-generation non-PEGylated compstatin analog based on Cp40, 
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which has entered clinical development as a complement inhibitor for patients with C3G. 

It has shown largely improved activity, target residence, and pharmacokinetic properties. 

Compared to the original compstatin, it offers significant improvement in binding 

affinity to human C3 (6,000-fold), enhanced inhibitory potency, and an extended in vivo 

half-life (~12 hours after a single intravenous injection)116,117. The underpinnings of AMY-

101's potential clinical impact have been substantiated through in vitro investigations 

involving Cp40 using sera from C3G patients118. In this study, Cp40 demonstrated its 

ability to halt abnormal C3 turnover consistently across all tested C3G patient sera. 

Parallelly, it was observed that Cp40 prevented proteolytic activity when introduced after 

C3 convertase formation. An additional experiment involved patient-derived 

C3NeF/C4NeF hemolytic assays, where the inclusion of Cp40 effectively prevented the 

cleavage activity of NeF-stabilized convertases. Transitioning from the in vitro realm to 

human trials, AMY-101 was subjected to a Phase 1 clinical study in 2017 to assess the 

drug's safety, tolerability, pharmacokinetics, and pharmacodynamics (NCT03316521)119. 

Involving 50 healthy male volunteers as study subjects, the trial's results demonstrated 

a favorable safety profile for AMY-101, as it was well tolerated and did not result in 

significant adverse events. At the time of this review's composition, no ongoing clinical 

trials evaluate the use of AMY-101 in the context of C3G treatment. 

Anti-FD and Anti-FB Therapies: A Targeted Approach 

Unlike the total inhibition of the amplification loop achieved by C3 inhibition, FD or FB 

inhibition only partially restricts the classical or lectin pathway activities due to the 

absence of C3b amplification by the alternative pathway, thereby offering a more 

targeted approach. To date, clinical trials pertaining to C3G have utilized Danicopan 

(also known as ACH-4471, ACH-0144471, or ALXN2040) and BCX9930 for FD inhibition, 

while FB inhibition has been pursued with the use of Iptacopan/ LNP023. Furthermore, 

a novel Phase I study has been registered exploring the use of NM8074, a monoclonal 

antibody that selectively binds to Bb (NCT05647811). 

Before delving into the current landscape of anti-FD therapeutics, it is crucial to 

understand the evolving perspective on the role of FD. Until recently, FD was thought to 

be the rate-limiting protease of the AP, a viewpoint grounded in the observation of low 

plasma concentrations and investigations using reconstituted FD deficient plasma120,121. 

However, more recent insights suggest that under conditions marked by increased AP 

activity, such as C3G, extremely low levels of FD – approximately 1% of plasma levels – 

are sufficient to activate it, particularly if the C3 convertase is stabilized. This notion 
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implies that to achieve a comprehensive shutdown of the AP, over 90% enzyme inhibition 

may be necessary122. Additionally, the recent recognition that FB can undergo 

conformational activation in the absence of FD73 (see “Lessons from complement 

inhibition therapeutics” section) can explain why FD inhibition might not succeed in 

completely preventing C3b kidney deposition in C3G patients. 

Danicopan (also known as ACH-4471, ACH-0144471 or ALXN2040) was the 

pioneering oral, clinical-stage inhibitor of FD. In initial results from a Phase 1 study, 

Danicopan exhibited rapid and complete inhibition of AP activity for at least 16 hours 

following a single oral dose of 1200 mg. However, complications arose when multiple 

doses at and above 500 mg twice daily were linked to elevations in liver enzymes in 

some subjects, thereby limiting the maximum dosage for future clinical trials to 200 

mg123. Subsequent Phase 2 trials, which targeted patients with C3G or various types of 

immune complex-mediated membranoproliferative glomerulonephritides (IC-MPGN) 

(NCT03369236 and NCT03124368), demonstrated suboptimal bioavailability and 

consequently did not meet key efficacy endpoints. This occured as plasma Ctrough values 

did not reach the projected concentrations required to maintain ≥90% AP inhibition 

derived from Phase 1 studies124, which aligns with current knowledge of C3G and IC-

MPGN, as even minute breakthrough AP activation - quickly amplified via the AP 

amplification loop - can uphold C3 convertase upregulation, C3b deposition, and 

consequent disease progression. As a result, the development of Danicopan for the 

treatment of C3G has since been discontinued. At present, a second oral FD inhibitor 

molecule, ACH-0145228, based on the same chemical scaffold, is under development. 

More recently, another clinical-stage FD inhibitor, BCX9930, was discovered. Initial 

evaluations of the compound revealed an encouraging safety and tolerability profile, as 

in separate single ascending dose (SAD) and multiple ascending dose (MAD) cohorts, 

with dosages varying from 10 to 1200 mg and 50 to 400 mg every 12 hours, 

respectively, 108 healthy subjects were found to generally tolerate the drug well across 

all evaluated doses, without any serious adverse events or dose-related safety signals125. 

Furthermore, a Phase 1 open-label study employing ex vivo activated serum from both 

healthy individuals and C3G patients demonstrated rapid and sustained suppression of 

AP activity after the administration of a single oral 600 mg dose of BCX9930125. Within 

just an hour, maximal suppression (median ≥ 98% relative to pre-dose levels) was 

achieved in both healthy subjects and subjects with C3G, with a median 97% inhibition 

persisting 24 hours post-dose. Following these initial evaluations, BCX9930 was 

advanced to Phase 2 clinical trials at a dosage of 500 mg twice daily, in a basket trial 

encompassing C3G, IgAN and primary membranous nephropathy (NCT05162066). 



 

17 

 

However, these trials were placed under a transient partial clinical hold due to observed 

increases in serum creatinine levels, potentially indicative of kidney-related adverse 

effects. Following these developments, the company explored the efficacy of a reduced 

dose of 400 mg twice daily. Nonetheless, shortly after this, the development of BCX9930 

was discontinued. Following this, the company that was advancing BCX9930 has shifted 

its focus towards the development of a similar compound, BCX10013. 

 Currently in clinical development, Iptacopan (also known as LNP023) is a potent 

and selective FB inhibitor. This molecule emerged from optimizing an initial compound 

identified through a screening of a chemically diverse collection using a proteolytic assay 

that employed a cobra venom factor (CVF):Bb complex as a stable surrogate of the C3 

convertase126. In preclinical studies, it has been observed that abnormal C3 cleavage in 

C3G patient sera can be effectively prevented through FB inhibition, which appears to 

require lower concentrations compared to FD inhibitors127. This enhanced efficacy may 

stem from the fact that in C3G serum, the stabilization of C3 convertase is primarily 

responsible for maintaining AP activity rather than its production. Notably, while FD 

inhibitors restrict only the formation of convertase, FB inhibition has the capacity to also 

interfere with already assembled convertases, given that the Bb fragment of FB forms 

the enzymatic foundation of the C3 convertase. The efficacy of Iptacopan was examined 

in a Phase 2 trial in C3G patients (NCT03832114), in which 27 patients followed a 12-

week treatment with Iptacopan, resulting in a significant 45% reduction in proteinuria 

(measured via uPCR), sustained normalization of plasma C3 levels, significant 

stabilization of eGFR in native kidneys of C3G patients and a significant reduction in C3 

deposit scores on renal biopsy in patients with recurrent C3G after transplantation. 

During the treatment period, Iptacopan showed a favorable safety and tolerability profile 

in both cohorts128. Lastly, for the seven patients who entered the extension study, their 

eGFR remained stable until 25 weeks (NCT03955445 )128. Iptacopan is currently in Phase 

3 clinical trials for C3G (APPEAR-C3G; NCT04817618). 

Anti-C5a Therapies: Therapeutic Impairment of a Single Effector Arm 

Considering the animal study findings which highlight the pathophysiological role of 

anaphylatoxin C5a in C3G, while MAC formation appears to be non-pathogenic (see 

“Drivers of Disease” section) and acknowledging the limited efficacy of anti-C5 therapy 

in C3G patients (see “Current Standard of Care for C3 Glomerulopathy” section), it is 

logical to pursue the development of inhibitors that specifically target the C5a-C5aR1 

signaling axis.  
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Avacopan (also known as CCX168) is a low molecular weight C5aR1 antagonist. It 

holds the potential to inhibit C3a, C4a, and C5a, thereby manifesting a potent anti-

inflammatory action. Lately, this molecule has demonstrated an encouraging safety 

profile along with promising signs of efficacy in patients with ANCA-vasculitis129. A Phase 

2 randomized, double-blind, placebo-controlled trial for C3G has recently been 

conducted using Avacopan (ACCOLADE, NCT03301467)130. In this study, 57 patients 

were randomized in a 1:1 ratio to either receive a twice-daily dosage of 30 mg avacopan 

(n=28) or a placebo (n=29) over a span of 26 weeks. Following this period, consenting 

patients received avacopan for an additional 26 weeks. In this study, the effectiveness 

of avacopan was assessed using the C3G Histologic Index (C3-HI), a tool designed to 

measure renal disease based on renal biopsy. The primary endpoint of this trial was the 

C3HI Disease Activity Score, an indicator of acute glomerular inflammation. After the 

initial 26 weeks, avacopan treatment resulted in a non-significant 2% improvement in 

the primary endpoint C3G-HI disease activity, contrasted with a notable 38% 

deterioration observed in the placebo group. The secondary endpoint of this trial was 

the C3-HI Disease Chronicity Score, which specifically assessed the progression of 

fibrosis. Remarkably, avacopan showed a significantly lower rise in patients' disease 

chronicity score compared to placebo. The mean percent change from baseline was 

31.7% in the avacopan group (N=26) versus 57.5% in the placebo group (N=26), 

reflecting a score change of 0.8 versus 1.6, respectively. Consequently, these outcomes 

suggest that avacopan may demonstrate a favorable effect in attenuating the 

progression of C3G. The importance of this study's findings is underscored by a 2021 

publication that validated the use of the C3-HI and established the Disease Chronicity 

Score as an independent predictor of kidney failure131. 

Non-Stoichiometric Inhibitors: The Potential of TP10 (sCR1) and ARO-C3 

Contrary to the previously mentioned inhibitors, which exhibit a 1:1 binding ratio with 

their respective targets, non-stoichiometric inhibitors possess the ability to inhibit 

multiple target proteins with just a single inhibitor molecule. Within the field of 

complement inhibition pertinent to C3G, the only non-stoichiometric inhibitors that have 

undergone or are currently undergoing investigation include the protein TP10, also 

known as soluble complement receptor 1 (sCR1), and the RNA interference (RNAi) 

method implemented through ARO-C3, which is designed to repress C3 expression. 

 TP10 (also known as sCR1) constitutes the soluble variant of the natural convertase-

oriented complement inhibitor CR1, which is a membrane-bound complement receptor. 
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CR1 functions as an essential regulator of complement activation, concurrently 

demonstrating decay-accelerating activity through competitive displacement of Factor 

Bb and C2a catalytic fragments from convertases132,133, and acting as a cofactor in Factor 

I-mediated fragmentation of C3b to iC3b, as well as in the subsequent cleavage of iC3b 

into C3dg and C3c134,135. Acknowledging CR1's multifaceted roles and implications in 

disease manifestation, therapeutic strategies based on CR1 are being developed to 

manage C3 deposition on tissues and regulate complement activation in the fluid-phase. 

Among these potential treatments is TP10, which comprises the soluble full-length 

extracellular domain of human CR1. The development of TP10 involved the synthesis of 

complementary DNA (cDNA) encoding the entire extracellular domain of CR1, employing 

molecular biology techniques, while preserving all the biological functions of its parental 

molecule136–138. In vitro, TP10 proved its efficacy in preventing C3 convertase activity in a 

hemolytic assay using sera from patients with DDD, restoring AP control in a dose-

dependent manner and preventing hemolysis even when DDD sera contained C3NeFs139. 

This effectiveness was substantiated in animal models using FH-KO mice transgenic for 

human CR1, in which the utilization of TP10 led to the normalization of serum C3 

concentrations, a significant reduction in new C3 deposition, and the clearance of old 

C3 as evidenced by the marked decrease in C3c staining139. Considering these findings, 

the United States Food and Drugs Administration (FDA) authorized a compassionate 

clinical trial in a pediatric patient with ESRD attributable to C3G. In this patient, a seven-

dose TP10 regimen led to transient normalization of circulating levels of C3 and C5b-9, 

with no recorded adverse effects or detected immunogenicity associated with sCR1 

administration139. However, a phase 1 trial designed to study TP10 in a broader collective 

of C3G patients (NCT02302755) was withdrawn due to recruitment challenges140. In this 

study, only a single patient was enrolled, who showed an initial, but not sustained, 

clinical improvement. At present, CSL040, a truncated soluble variant of CR1, holds 

promise as a therapeutic candidate in the management of complement-mediated 

disorders141. 

Furthermore, the applicability of a RNAi strategy in patients with C3G is being 

studied using ARO-C3, with the objective of either abolishing or significantly diminishing 

systemic C3 expression in the liver. This is accomplished by delivering small interfering 

RNA (siRNA) into the cytoplasm of the target cell type, which is subsequently 

incorporated into the RNA-induced silencing complex (RISC). The siRNA serves as a 

template, aligning the RISC with target messenger RNA sequences, thereby facilitating 

their ensuing degradation142. The precedence set by RNAi-mediated silencing of C5 is 

noteworthy. Cemdisiran (also known as ALN-CC5) is an RNAi therapeutic targeting C5 
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expression in the liver, and it is currently being evaluated for its potential in treating 

diseases driven by the AP of complement activation. In healthy individuals, the 

administration of cemdisiran was shown to be safe and well tolerated, achieving up to 

99% reduction in C5 levels and decreasing serum hemolytic activity by as much as 61%. 

Notwithstanding, when administered to patients with PNH (n=6), it was observed that 

despite a maximum C5 knockdown of approximately 98% and a mean maximum classical 

pathway inhibition of approximately 94%, the target of lactate dehydrogenase levels less 

than 1.5 times the upper limit of normal was not met143. This outcome could potentially 

be attributed to the local production of extra-hepatic C5, the requirement of greater than 

99% C5 inhibition for achieving a therapeutic effect, or inadequate treatment or dosing 

of cemdisiran. Such findings have instigated the investigation into multi-modal 

combination strategies (for instance, RNAi coupled with monoclonal antibodies), where 

the target is addressed on both transcriptional and translational fronts. Recent interim 

outcomes from a Phase 1/2a study assessing the safety, tolerability, pharmacokinetics, 

and/or pharmacodynamics of ARO-C3 in healthy volunteers (NCT05083364) have 

revealed an average reduction of 88% in serum C3 and a mean reduction of 91% in AH50 

at the highest tested dose, while demonstrating favorable safety and tolerability 

profiles144. In light of documented local C3 synthesis in various tissues, including 

kidneys145, and the potential need for near-complete alternative pathway inhibition to 

elicit a therapeutic effect in C3G patients, the effectiveness of this approach within this 

context awaits further evaluation. 

CONCLUSIONS AND FUTURE DIRECTIONS 

C3G is an ultra-rare renal disease typically associated with poor prognosis. In the 

absence of specific treatment options, approximately half of the patients diagnosed with 

C3G develop ESRD within a decade. 

Recognizing the fundamental role of complement dysregulation in the 

pathogenesis of C3G, significant attention has been directed toward complement 

inhibitor agents as potential therapeutic strategies. Notably, eculizumab's clinical and 

commercial success played a pivotal role in fueling interest in complement therapeutics 

among clinicians, pharmaceutical industries, and patients. Consequently, there is 

substantial anticipation surrounding the potential benefits of complement modulation 

in treating various kidney diseases, including C3G. 

Currently, several drug candidates are approaching the final stages of 

development, heralding the potential introduction of these novel therapies as feasible 
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treatment alternatives for C3G in the near future. Within this promising context, the 

recent approval of pegcetacoplan for patients with PNH stands as a significant 

breakthrough. As the first-in-class C3 inhibitor, pegcetacoplan establishes a new 

precedent for the application of C3-targeted therapeutics across a broad spectrum of 

diseases driven by C3 dysregulation, such as C3G. 

However, akin to the complement system itself, inhibiting this host defense 

pathway poses unique and substantial challenges. As evidenced by our experiences with 

eculizumab, the advent of new inhibitors of the complement system may yield 

unexpected findings in clinical complement analytics and patient monitoring, findings 

that our current understanding may not fully comprehend. These scientific puzzles are 

crucial to unravel, as they hold the potential to reveal unknown aspects of the 

complement cascade. Moreover, considering the inherent complexity of C3G, it is 

improbable that a “one-size-fits-all' solution will be suitable. As such, patient 

stratification will become an indispensable tool for tailoring the most effective 

complement-specific therapy. This tailored approach will need to factor in various 

elements such as clinical presentations, histologic findings, biochemical markers, and 

genetic predispositions.  

More than a century after the discovery of the complement system, we stand on 

the precipice of groundbreaking developments in the field of complement-mediated 

diseases. With its unique challenges and complexities, C3G may well be the next 

beneficiary of these scientific advances. 
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APPENDIX 

Table I - Clinical trials investigating complement inhibitors in C3G listed with any statuses except with status “unknown”. 

Stoichiometric inhibitors 

Complement 
target 

Complement inhibitor Clinical 
phase 

Reported statuses 
(04/2023) 

ClinicalTrials.gov 
identifiers (date first 
posted) 

C3 Pegcetacoplan (APL-2) Phase 2 Active, not recruiting NCT03453619 (2018) 

Phase 2 Recruiting NCT04572854 (2020) 

Phase 3 Recruiting NCT05067127 (2021) 

Phase 3 Not yet recruiting NCT05809531 (2023) 

AMY-101(Cp40) Phase 1 Completed NCT03316521 (2017) 

FD Danicopan (ACH-4471, ACH-
0144471, ALXN2040) 

Phase 2 Completed NCT03124368 (2017) 

Phase 2 Completed NCT03369236 (2017) 

Phase 2 Terminated NCT03459443 (2018) 

BCX9930 Phase 2 Terminated NCT05162066 (2021) 

FB Iptacopan (LNP023) Phase 2 Completed NCT03832114 (2019) 

Phase 2 Recruiting NCT03955445 (2019) 

Phase 3 Recruiting NCT04817618 (2021) 

FBb NM8074 Phase 1/2 Not yet recruiting NCT05647811 (2022) 

C5a Avacopan Phase 2 Completed NCT03301467 (2017) 

Non-stoichiometric inhibitors 

Complement inhibitor Clinical 
phase 

Reported statuses 
(04/2023) 

ClinicalTrials.gov 
identifiers (date first 
posted) 

TP10 (sCR1) Phase 1 Withdrawn NCT02302755 (2014) 

ARO-C3 Phase 1 Recruiting NCT05083364 (2021) 
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Figure 1- The complement system. The complement system is activated through three distinct pathways: classical, lectin, 
and alternative. Each pathway is initiated by specific stimuli, leading to the formation of C3 convertases. These 
convertases cleave C3 into anaphylatoxin C3a and C3b, the latter of which opsonizes cells near the initiating surface. 
Simultaneously, an amplification loop for C3 cleavage is created, resulting in augmented C3a generation and C3b 
deposition. Once a certain surface C3b density is reached, C5 is primed for cleavage by these convertases into 
anaphylatoxin C5a and C5b, with the latter assembling the membrane attack complex (MAC or C5b-9). Meticulous 
regulation of this system via fluid-phase and surface-bound molecules across all phases is crucial to avoid host damage. 
Key regulators in C3 Glomerulopathy (C3G) are Factor H (FH), the primary fluid-phase regulator of the alternative pathway 
(AP), and its splice variant, FHL-1. These regulators interact with the C3 convertase, acting as decay accelerators and as 
co-factors for Factor I in C3b cleavage. This figure was created using BioRender.com. 

 

 

 

 

  



 

24 

 

REFERENCES 

1. Pickering MC, D’Agati VD, Nester CM, et al. C3 glomerulopathy: consensus report. Kidney 
Int. 2013;84(6):1079-1089. doi:10.1038/ki.2013.377 

2. Medjeral-Thomas NR, O’Shaughnessy MM, O’Regan JA, et al. C3 Glomerulopathy: 
Clinicopathologic Features and Predictors of Outcome. Clin J Am Soc Nephrol. 2014;9(1):46-53. 
doi:10.2215/CJN.04700513 

3. Servais A, Noël LH, Roumenina LT, et al. Acquired and genetic complement abnormalities 
play a critical role in dense deposit disease and other C3 glomerulopathies. Kidney Int. 
2012;82(4):454-464. doi:10.1038/ki.2012.63 

4. Lu DF, Moon M, Lanning LD, McCarthy AM, Smith RJH. Clinical features and outcomes of 98 
children and adults with dense deposit disease. Pediatr Nephrol Berl Ger. 2012;27(5):773-781. 
doi:10.1007/s00467-011-2059-7 

5. Complement Nomenclature Sub-committee. International Union of Immunological 
Societies. Accessed February 16, 2023. https://iuis.org/committees/nom/complement-
nomenclature-sub-committee/ 

6. Kim H, Conway EM. Platelets and Complement Cross-Talk in Early Atherogenesis. Front 
Cardiovasc Med. 2019;6:131. doi:10.3389/fcvm.2019.00131 

7. Kenawy HI, Boral I, Bevington A. Complement-Coagulation Cross-Talk: A Potential Mediator of 
the Physiological Activation of Complement by Low pH. Front Immunol. 2015;6:215. Published 
2015 May 6. doi:10.3389/fimmu.2015.00215 

8. Khan MA, Shamma T. Complement factor and T-cell interactions during alloimmune 
inflammation in transplantation. J Leukoc Biol. 2019;105(4):681-694. doi:10.1002/JLB.5RU0718-
288R 

9. Reis ES, Mastellos DC, Hajishengallis G, Lambris JD. New Insights into the Immune Functions 
of Complement. Nat Rev Immunol. 2019;19(8):503-516. doi:10.1038/s41577-019-0168-x 

10. Lupu F, Keshari RS, Lambris JD, Coggeshall KM. Crosstalk between the coagulation and 
complement systems in sepsis. Thromb Res. 2014;133:S28-S31. 
doi:10.1016/j.thromres.2014.03.014 

11. Wiegner R, Chakraborty S, Huber-Lang M. Complement-coagulation crosstalk on cellular 
and artificial surfaces. Immunobiology. 2016;221(10):1073-1079. 
doi:10.1016/j.imbio.2016.06.005 

12. Simon CE, Thomas WS. ON COMPLEMENT-FIXATION IN MALIGNANT DISEASE. J Exp Med. 
1908;10(5):673-689. doi:10.1084/jem.10.5.673 

13. Hillmen P, Young NS, Schubert J, et al. The complement inhibitor eculizumab in paroxysmal 
nocturnal hemoglobinuria. N Engl J Med. 2006;355(12):1233-1243. doi:10.1056/NEJMoa061648 

14. Harboe M, Garred P, Karlstrøm E, Lindstad JK, Stahl GL, Mollnes TE. The down-stream effects 
of mannan-induced lectin complement pathway activation depend quantitatively on alternative 
pathway amplification. Mol Immunol. 2009;47(2-3):373-380. 
doi:10.1016/j.molimm.2009.09.005 

15. Harboe M, Ulvund G, Vien L, Fung M, Mollnes TE. The quantitative role of alternative 
pathway amplification in classical pathway induced terminal complement activation. Clin Exp 
Immunol. 2004;138(3):439-446. doi:10.1111/j.1365-2249.2004.02627.x 



 

25 

 

16. Ricklin D, Reis ES, Lambris JD. Complement in disease: a defence system turning offensive. 
Nat Rev Nephrol. 2016;12(7):383-401. doi:10.1038/nrneph.2016.70 

17. Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina LT. Complement System Part I - 
Molecular Mechanisms of Activation and Regulation. Front Immunol. 2015;6:262. Published 2015 
Jun 2. doi:10.3389/fimmu.2015.00262 

18. Ricklin D, Mastellos DC, Reis ES, Lambris JD. The renaissance of complement therapeutics. 
Nat Rev Nephrol. 2018;14(1):26-47. doi:10.1038/nrneph.2017.156 

19. Sjöberg AP, Trouw LA, Blom AM. Complement activation and inhibition: a delicate balance. 
Trends Immunol. 2009;30(2):83-90. doi:10.1016/j.it.2008.11.003 

20. Meri S. Self-nonself discrimination by the complement system. FEBS Lett. 
2016;590(15):2418-2434. doi:10.1002/1873-3468.12284 

21. Sánchez-Corral P, Pouw RB, López-Trascasa M, Józsi M. Self-Damage Caused by Dysregulation 
of the Complement Alternative Pathway: Relevance of the Factor H Protein Family. Front Immunol. 
2018;9:1607. Published 2018 Jul 12. doi:10.3389/fimmu.2018.01607 

22. Larsen S. Glomerular immune deposits in kidneys from patients with no clinical or light 
microscopic evidence of glomerulonephritis. Assessment of the influence of autolysis on 
identification of immunoglobulins and complement. Acta Pathol Microbiol Scand [A]. 
1979;87A(5):313-319. doi:10.1111/j.1699-0463.1979.tb00058.x 

23. Velosa J, Miller K, Michael AF. Immunopathology of the end-stage kidney. Immunoglobulin 
and complement component deposition in nonimmune disease. Am J Pathol. 1976;84(1):149-
162. 

24. Leivo I, Engvall E. C3d fragment of complement interacts with laminin and binds to 
basement membranes of glomerulus and trophoblast. J Cell Biol. 1986;103(3):1091-1100. 
doi:10.1083/jcb.103.3.1091 

25. Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system for immune 
surveillance and homeostasis. Nat Immunol. 2010;11(9):785-797. doi:10.1038/ni.1923 

26. Gaboriaud C, Ling WL, Thielens NM, Bally I, Rossi V. Deciphering the fine details of c1 
assembly and activation mechanisms: “mission impossible”? Front Immunol. 2014;5:565. 
doi:10.3389/fimmu.2014.00565 

27. Zipfel PF, Skerka C. Complement regulators and inhibitory proteins. Nat Rev Immunol. 
2009;9(10):729-740. doi:10.1038/nri2620 

28. Liszewski MK, Atkinson JP. Complement regulators in human disease: lessons from modern 
genetics. J Intern Med. 2015;277(3):294-305. doi:10.1111/joim.12338 

29. Holers VM. Complement and its receptors: new insights into human disease. Annu Rev 
Immunol. 2014;32:433-459. doi:10.1146/annurev-immunol-032713-120154 

30. Serna M, Giles JL, Morgan BP, Bubeck D. Structural basis of complement membrane attack 
complex formation. Nat Commun. 2016;7:10587. doi:10.1038/ncomms10587 

31. Morgan BP, Boyd C, Bubeck D. Molecular cell biology of complement membrane attack. 
Semin Cell Dev Biol. 2017;72:124-132. doi:10.1016/j.semcdb.2017.06.009 

32. Matthews KW, Mueller-Ortiz SL, Wetsel RA. Carboxypeptidase N: a pleiotropic regulator of 
inflammation. Mol Immunol. 2004;40(11):785-793. doi:10.1016/j.molimm.2003.10.002 



 

26 

 

33. Klos A, Tenner AJ, Johswich KO, Ager RR, Reis ES, Köhl J. The role of the anaphylatoxins in 
health and disease. Mol Immunol. 2009;46(14):2753-2766. doi:10.1016/j.molimm.2009.04.027 

34. Pangburn MK, Schreiber RD, Müller-Eberhard HJ. Human complement C3b inactivator: 
isolation, characterization, and demonstration of an absolute requirement for the serum protein 
beta1H for cleavage of C3b and C4b in solution. J Exp Med. 1977;146(1):257-270. 
doi:10.1084/jem.146.1.257 

35. Weiler JM, Daha MR, Austen KF, Fearon DT. Control of the amplification convertase of 
complement by the plasma protein beta1H. Proc Natl Acad Sci U S A. 1976;73(9):3268-3272. 
doi:10.1073/pnas.73.9.3268 

36. Whaley K, Ruddy S. Modulation of the alternative complement pathways by beta 1 H 
globulin. J Exp Med. 1976;144(5):1147-1163. doi:10.1084/jem.144.5.1147 

37. Gordon DL, Kaufman RM, Blackmore TK, Kwong J, Lublin DM. Identification of complement 
regulatory domains in human factor H. J Immunol Baltim Md 1950. 1995;155(1):348-356. 

38. Kühn S, Skerka C, Zipfel PF. Mapping of the complement regulatory domains in the human 
factor H-like protein 1 and in factor H1. J Immunol Baltim Md 1950. 1995;155(12):5663-5670. 

39. Jokiranta TS, Cheng ZZ, Seeberger H, et al. Binding of complement factor H to endothelial 
cells is mediated by the carboxy-terminal glycosaminoglycan binding site. Am J Pathol. 
2005;167(4):1173-1181. doi:10.1016/S0002-9440(10)61205-9 

40. Józsi M, Oppermann M, Lambris JD, Zipfel PF. The C-terminus of complement factor H is 
essential for host cell protection. Mol Immunol. 2007;44(10):2697-2706. 
doi:10.1016/j.molimm.2006.12.001 

41. Kajander T, Lehtinen MJ, Hyvärinen S, et al. Dual interaction of factor H with C3d and 
glycosaminoglycans in host-nonhost discrimination by complement. Proc Natl Acad Sci U S A. 
2011;108(7):2897-2902. doi:10.1073/pnas.1017087108 

42. Morgan HP, Schmidt CQ, Guariento M, et al. Structural basis for engagement by complement 
factor H of C3b on a self surface. Nat Struct Mol Biol. 2011;18(4):463-470. 
doi:10.1038/nsmb.2018 

43. Clark SJ, Ridge LA, Herbert AP, et al. Tissue-specific host recognition by complement factor H 
is mediated by differential activities of its glycosaminoglycan-binding regions. J Immunol. 
2013;190(5):2049-2057. doi:10.4049/jimmunol.1201751 

44. Misasi R, Huemer HP, Schwaeble W, Sölder E, Larcher C, Dierich MP. Human complement 
factor H: An additional gene product of 43kDa isolated from human plasma shows cofactor 
activity for the cleavage of the third component of complement. Eur J Immunol. 1989;19(9):1765-
1768. doi:10.1002/eji.1830190936 

45. Schwaeble W, Zwirner J, Schulz TF, Linke RP, Dierich MP, Weiss EH. Human complement 
factor H: expression of an additional truncated gene product of 43 kDa in human liver. Eur J 
Immunol. 1987;17(10):1485-1489. doi:10.1002/eji.1830171015 

46. Dopler A, Guntau L, Harder MJ, et al. Self versus Nonself Discrimination by the Soluble 
Complement Regulators Factor H and FHL-1. J Immunol. 2019;202(7):2082-2094. 
doi:10.4049/jimmunol.1801545 

47. Clark SJ, Schmidt CQ, White AM, Hakobyan S, Morgan BP, Bishop PN. Identification of Factor 
H–like Protein 1 as the Predominant Complement Regulator in Bruch’s Membrane: Implications 
for Age-Related Macular Degeneration. J Immunol. 2014;193(10):4962-4970. 
doi:10.4049/jimmunol.1401613 



 

27 

 

48. Józsi M, Tortajada A, Uzonyi B, Goicoechea de Jorge E, Rodríguez de Córdoba S. Factor H-
related proteins determine complement-activating surfaces. Trends Immunol. 2015;36(6):374-
384. doi:10.1016/j.it.2015.04.008 

49. Davila S, Wright VJ, Khor CC, et al. Genome-wide association study identifies variants in the 
CFH region associated with host susceptibility to meningococcal disease. Nat Genet. 
2010;42(9):772-776. doi:10.1038/ng.640 

50. Gale DP, de Jorge EG, Cook HT, et al. Identification of a mutation in complement factor H-
related protein 5 in patients of Cypriot origin with glomerulonephritis. Lancet Lond Engl. 
2010;376(9743):794-801. doi:10.1016/S0140-6736(10)60670-8 

51. Pouw RB, Gómez Delgado I, López Lera A, et al. High Complement Factor H-Related (FHR)-3 
Levels Are Associated With the Atypical Hemolytic-Uremic Syndrome-Risk Allele CFHR3*B 
[published correction appears in Front Immunol. 2020 Jan 24;10:3073]. Front Immunol. 
2018;9:848. Published 2018 Apr 24. doi:10.3389/fimmu.2018.00848 

52. Malik TH, Gitterman DP, Lavin DP, et al. Gain-of-function factor H–related 5 protein impairs 
glomerular complement regulation resulting in kidney damage. Proc Natl Acad Sci. 
2021;118(13):e2022722118. doi:10.1073/pnas.2022722118 

53. Lorés-Motta L, van Beek AE, Willems E, et al. Common haplotypes at the CFH locus and low-
frequency variants in CFHR2 and CFHR5 associate with systemic FHR concentrations and age-
related macular degeneration. Am J Hum Genet. 2021;108(8):1367-1384. 
doi:10.1016/j.ajhg.2021.06.002 

54. Chen Q, Manzke M, Hartmann A, et al. Complement Factor H-Related 5-Hybrid Proteins 
Anchor Properdin and Activate Complement at Self-Surfaces. J Am Soc Nephrol JASN. 
2016;27(5):1413-1425. doi:10.1681/ASN.2015020212 

55. Chen Q, Wiesener M, Eberhardt HU, et al. Complement factor H-related hybrid protein 
deregulates complement in dense deposit disease. J Clin Invest. 2014;124(1):145-155. 
doi:10.1172/JCI71866 

56. Csincsi ÁI, Kopp A, Zöldi M, et al. Factor H-related protein 5 interacts with pentraxin 3 and 
the extracellular matrix and modulates complement activation. J Immunol. 2015;194(10):4963-
4973. doi:10.4049/jimmunol.1403121 

57. Csincsi ÁI, Szabó Z, Bánlaki Z, et al. FHR-1 Binds to C-Reactive Protein and Enhances Rather 
than Inhibits Complement Activation. J Immunol. 2017;199(1):292-303. 
doi:10.4049/jimmunol.1600483 

58. Goicoechea de Jorge E, Tortajada A, García SP, et al. Factor H Competitor Generated by Gene 
Conversion Events Associates with Atypical Hemolytic Uremic Syndrome. J Am Soc Nephrol JASN. 
2018;29(1):240-249. doi:10.1681/ASN.2017050518 

59. Hebecker M, Józsi M. Factor H-related protein 4 activates complement by serving as a 
platform for the assembly of alternative pathway C3 convertase via its interaction with C3b 
protein. J Biol Chem. 2012;287(23):19528-19536. doi:10.1074/jbc.M112.364471 

60. Schrezenmeier H, Muus P, Socié G, et al. Baseline characteristics and disease burden in 
patients in the International Paroxysmal Nocturnal Hemoglobinuria Registry. Haematologica. 
2014;99(5):922-929. doi:10.3324/haematol.2013.093161 

61. Risitano AM, Marotta S, Ricci P, et al. Anti-complement Treatment for Paroxysmal Nocturnal 
Hemoglobinuria: Time for Proximal Complement Inhibition? A Position Paper From the SAAWP of 
the EBMT. Front Immunol. 2019;10:1157. Published 2019 Jun 14. 
doi:10.3389/fimmu.2019.01157 



 

28 

 

62. Wehling C, Amon O, Bommer M, et al. Monitoring of complement activation biomarkers and 
eculizumab in complement-mediated renal disorders. Clin Exp Immunol. 2017;187(2):304-315. 
doi:10.1111/cei.12890 

63. Harder MJ, Höchsmann B, Dopler A, et al. Different Levels of Incomplete Terminal Pathway 
Inhibition by Eculizumab and the Clinical Response of PNH Patients. Front Immunol. 
2019;10:1639. Published 2019 Jul 18. doi:10.3389/fimmu.2019.01639 

64. Rother RP, Rollins SA, Mojcik CF, Brodsky RA, Bell L. Discovery and development of the 
complement inhibitor eculizumab for the treatment of paroxysmal nocturnal hemoglobinuria. 
Nat Biotechnol. 2007;25(11):1256-1264. doi:10.1038/nbt1344 

65. Berends ETM, Gorham RD, Ruyken M, et al. Molecular insights into the surface-specific 
arrangement of complement C5 convertase enzymes. BMC Biol. 2015;13(1):93. 
doi:10.1186/s12915-015-0203-8 

66. Jore MM, Johnson S, Sheppard D, et al. Structural basis for therapeutic inhibition of 
complement C5. Nat Struct Mol Biol. 2016;23(5):378-386. doi:10.1038/nsmb.3196 

67. Harder MJ, Kuhn N, Schrezenmeier H, et al. Incomplete inhibition by eculizumab: 
mechanistic evidence for residual C5 activity during strong complement activation. Blood. 
2017;129(8):970-980. doi:10.1182/blood-2016-08-732800 

68. Mannes M, Dopler A, Zolk O, et al. Complement inhibition at the level of C3 or C5: 
mechanistic reasons for ongoing terminal pathway activity. Blood. 2021;137(4):443-455. 
doi:10.1182/blood.2020005959 

69. Takata Y, Kinoshita T, Kozono H, et al. Covalent association of C3b with C4b within C5 
convertase of the classical complement pathway. J Exp Med. 1987;165(6):1494-1507. 
doi:10.1084/jem.165.6.1494 

70. Kinoshita T, Takata Y, Kozono H, Takeda J, Hong KS, Inoue K. C5 convertase of the 
alternative complement pathway: covalent linkage between two C3b molecules within the 
trimolecular complex enzyme. J Immunol. 1988;141(11):3895-3901. 
doi:10.4049/jimmunol.141.11.3895 

71. Baas I, Delvasto-Nuñez L, Ligthart P, et al. Complement C3 inhibition by compstatin Cp40 
prevents intra- and extravascular hemolysis of red blood cells. Haematologica. 2020;105(2):e57-
e60. doi:10.3324/haematol.2019.216028 

72. Abicht JM, Kourtzelis I, Reichart B, et al. Complement C3 inhibitor Cp40 attenuates 
xenoreactions in pig hearts perfused with human blood. Xenotransplantation. 
2017;24(1):e12262. doi:10.1111/xen.12262 

73. Zhang Y, Keenan A, Dai DF, et al. C3(H2O) prevents rescue of complement-mediated C3 
glomerulopathy in Cfh–/– Cfd–/– mice. JCI Insight. 2020;5(9):e135758. 
doi:10.1172/jci.insight.135758 

74. Pickering MC, Warren J, Rose KL, et al. Prevention of C5 activation ameliorates spontaneous 
and experimental glomerulonephritis in factor H-deficient mice. Proc Natl Acad Sci U S A. 
2006;103(25):9649-9654. doi:10.1073/pnas.0601094103 

75. Schmidt CQ, Smith RJH. Protein therapeutics and their lessons: Expect the unexpected when 
inhibiting the multi-protein cascade of the complement system. Immunol Rev. 2023;313(1):376-
401. doi:10.1111/imr.13164 

76. Pickering MC, Cook HT, Warren J, et al. Uncontrolled C3 activation causes 
membranoproliferative glomerulonephritis in mice deficient in complement factor H. Nat Genet. 



 

29 

 

2002;31(4):424-428. doi:10.1038/ng912 

77. Sethi S, Fervenza FC, Zhang Y, et al. C3 glomerulonephritis: clinicopathological findings, 
complement abnormalities, glomerular proteomic profile, treatment, and follow-up. Kidney Int. 
2012;82(4):465-473. doi:10.1038/ki.2012.212 

78. Sethi S, Gamez JD, Vrana JA, et al. Glomeruli of Dense Deposit Disease contain components 
of the alternative and terminal complement pathway. Kidney Int. 2009;75(9):952-960. 
doi:10.1038/ki.2008.657 

79. Sethi S, Vrana JA, Fervenza FC, et al. Characterization of C3 in C3 glomerulopathy. Nephrol 
Dial Transplant. 2017;32(3):459-465. doi:10.1093/ndt/gfw290 

80. Zhang Y, Nester CM, Martin B, et al. Defining the Complement Biomarker Profile of C3 
Glomerulopathy. Clin J Am Soc Nephrol. 2014;9(11):1876-1882. doi:10.2215/CJN.01820214 

81. Bomback AS, Santoriello D, Avasare RS, et al. C3 glomerulonephritis and dense deposit 
disease share a similar disease course in a large United States cohort of patients with C3 
glomerulopathy. Kidney Int. 2018;93(4):977-985. doi:10.1016/j.kint.2017.10.022 

82. Iatropoulos P, Noris M, Mele C, et al. Complement gene variants determine the risk of 
immunoglobulin-associated MPGN and C3 glomerulopathy and predict long-term renal outcome. 
Mol Immunol. 2016;71:131-142. doi:10.1016/j.molimm.2016.01.010 

83. Corvillo F, Okrój M, Nozal P, Melgosa M, Sánchez-Corral P, López-Trascasa M. Nephritic 
Factors: An Overview of Classification, Diagnostic Tools and Clinical Associations. Front Immunol. 
2019;10:886. Published 2019 Apr 24. doi:10.3389/fimmu.2019.00886 

84. Zhang Y, Meyer NC, Wang K, et al. Causes of Alternative Pathway Dysregulation in Dense 
Deposit Disease. Clin J Am Soc Nephrol. 2012;7(2):265. doi:10.2215/CJN.07900811 

85. Hauer J, Marinozzi MC, Vieira-Martins P, et al. Complement biomarkers as predictors of 
disease outcome in C3 glomerulopathy. Mol Immunol. 2018;102:160. 
doi:10.1016/j.molimm.2018.06.090 

86. Marinozzi MC, Chauvet S, Le Quintrec M, et al. C5 nephritic factors drive the biological 
phenotype of C3 glomerulopathies. Kidney Int. 2017;92(5):1232-1241. 
doi:10.1016/j.kint.2017.04.017 

87. Blanc C, Togarsimalemath SK, Chauvet S, et al. Anti-factor H autoantibodies in C3 
glomerulopathies and in atypical hemolytic uremic syndrome: one target, two diseases. J 
Immunol. 2015;194(11):5129-5138. doi:10.4049/jimmunol.1402770 

88. Marinozzi MC, Roumenina LT, Chauvet S, et al. Anti-Factor B and Anti-C3b Autoantibodies 
in C3 Glomerulopathy and Ig-Associated Membranoproliferative GN. J Am Soc Nephrol. 
2017;28(5):1603-1613. doi:10.1681/ASN.2016030343 

89. Noris M, Remuzzi G. Glomerular Diseases Dependent on Complement Activation, Including 
Atypical Hemolytic Uremic Syndrome, Membranoproliferative Glomerulonephritis, and C3 
Glomerulopathy: Core Curriculum 2015. Am J Kidney Dis. 2015;66(2):359-375. 
doi:10.1053/j.ajkd.2015.03.040 

90. Józsi M, Meri S. Factor H-related proteins. Methods Mol Biol. 2014;1100:225-236. 
doi:10.1007/978-1-62703-724-2_18 

91. Skerka C, Chen Q, Fremeaux-Bacchi V, Roumenina LT. Complement factor H related proteins 
(CFHRs). Mol Immunol. 2013;56(3):170-180. doi:10.1016/j.molimm.2013.06.001 



 

30 

 

92. Tortajada A, Yébenes H, Abarrategui-Garrido C, et al. C3 glomerulopathy-associated CFHR1 
mutation alters FHR oligomerization and complement regulation. J Clin Invest. 2013;123(6):2434-
2446. doi:10.1172/jci68280 

93. Cserhalmi M, Papp A, Brandus B, Uzonyi B, Józsi M. Regulation of regulators: Role of the 
complement factor H-related proteins. Semin Immunol. 2019;45:101341. 
doi:10.1016/j.smim.2019.101341 

94. de Córdoba SR, de Jorge EG. Translational mini-review series on complement factor H: 
genetics and disease associations of human complement factor H. Clin Exp Immunol. 
2008;151(1):1-13. doi:10.1111/j.1365-2249.2007.03552.x 

95. Rovin BH, Adler SG, Barratt J, et al. KDIGO 2021 Clinical Practice Guideline for the 
Management of Glomerular Diseases. Kidney Int. 2021;100(4):S1-S276. 
doi:10.1016/j.kint.2021.05.021 

96. Goodship THJ, Cook HT, Fakhouri F, et al. Atypical hemolytic uremic syndrome and C3 
glomerulopathy: conclusions from a “Kidney Disease: Improving Global Outcomes” (KDIGO) 
Controversies Conference. Kidney Int. 2017;91(3):539-551. doi:10.1016/j.kint.2016.10.005 

97. Allison AC. Mechanisms of action of mycophenolate mofetil. Lupus. 2005;14 Suppl 1:s2-8. 
doi:10.1191/0961203305lu2109oa 

98. Rabasco C, Cavero T, Román E, et al. Effectiveness of mycophenolate mofetil in C3 
glomerulonephritis. Kidney Int. 2015;88(5):1153-1160. doi:10.1038/ki.2015.227 

99. Avasare RS, Canetta PA, Bomback AS, et al. Mycophenolate Mofetil in Combination with 
Steroids for Treatment of C3 Glomerulopathy: A Case Series. Clin J Am Soc Nephrol. 
2018;13(3):406-413. doi:10.2215/CJN.09080817 

100. Caravaca-Fontán F, Díaz-Encarnación MM, Lucientes L, et al. Mycophenolate Mofetil in C3 
Glomerulopathy and Pathogenic Drivers of the Disease. Clin J Am Soc Nephrol. 2020;15(9):1287-
1298. doi:10.2215/CJN.15241219 

101. Ravindran A, Fervenza FC, Smith RJH, De Vriese AS, Sethi S. C3 Glomerulopathy: Ten Years’ 
Experience at Mayo Clinic. Mayo Clin Proc. 2018;93(8):991-1008. 
doi:10.1016/j.mayocp.2018.05.019 

102. Caliskan Y, Torun ES, Tiryaki TO, et al. Immunosuppressive Treatment in C3 
Glomerulopathy: Is it Really Effective? Am J Nephrol. 2017;46(2):96-107. 
doi:10.1159/000479012 

103. Legendre CM, Licht C, Muus P, et al. Terminal Complement Inhibitor Eculizumab in Atypical 
Hemolytic–Uremic Syndrome. N Engl J Med. 2013;368(23):2169-2181. 
doi:10.1056/NEJMoa1208981 

104. Le Quintrec M, Lapeyraque AL, Lionet A, et al. Patterns of Clinical Response to Eculizumab 
in Patients With C3 Glomerulopathy. Am J Kidney Dis. 2018;72(1):84-92. 
doi:10.1053/j.ajkd.2017.11.019 

105. Welte T, Arnold F, Westermann L, et al. Eculizumab as a treatment for C3 glomerulopathy: 
a single-center retrospective study. BMC Nephrol. 2023;24(1):8. doi:10.1186/s12882-023-
03058-9 

106. Bomback AS, Smith RJ, Barile GR, et al. Eculizumab for Dense Deposit Disease and C3 
Glomerulonephritis. Clin J Am Soc Nephrol. 2012;7(5):748-756. doi:10.2215/CJN.12901211 

107. Ruggenenti P, Daina E, Gennarini A, et al. C5 Convertase Blockade in Membranoproliferative 



 

31 

 

Glomerulonephritis: A Single-Arm Clinical Trial. Am J Kidney Dis. 2019;74(2):224-238. 
doi:10.1053/j.ajkd.2018.12.046 

108. Center for Drug Evaluation and Research (2021) FDA approves new treatment for adults with 
serious rare blood disease, U.S. Food and Drug Administration. Available at: 
https://www.fda.gov/drugs/news-events-human-drugs/fda-approves-new-treatment-adults-
serious-rare-blood-disease (Accessed: 03 March 2023). 

109. Hillmen P, Szer J, Weitz I, et al. Pegcetacoplan versus Eculizumab in Paroxysmal Nocturnal 
Hemoglobinuria. N Engl J Med. 2021;384(11):1028-1037. doi:10.1056/NEJMoa2029073 

110. Sahu A, Morikis D, Lambris JD. Compstatin, a peptide inhibitor of complement, exhibits 
species-specific binding to complement component C3. Mol Immunol. 2003;39(10):557-566. 
doi:10.1016/s0161-5890(02)00212-2 

111. Janssen BJC, Halff EF, Lambris JD, Gros P. Structure of compstatin in complex with 
complement component C3c reveals a new mechanism of complement inhibition. J Biol Chem. 
2007;282(40):29241-29247. doi:10.1074/jbc.M704587200 

112. Nilsson B, Larsson R, Hong J, et al. Compstatin inhibits complement and cellular activation 
in whole blood in two models of extracorporeal circulation. Blood. 1998;92(5):1661-1667. 

113. Sahu A, Kay BK, Lambris JD. Inhibition of human complement by a C3-binding peptide 
isolated from a phage-displayed random peptide library. J Immunol Baltim Md 1950. 
1996;157(2):884-891. 

114.  Simon-Tillaux N, Chauvet S, El Mehdi D, Deschatelets P, Fremeaux-Bacchi V. APL-2 prevents 
both C3 and C5 convertase formation and activity: a potential therapeutic for renal diseases 
[abstract no. SA-PO 609]. J Am Soc Nephrol. 2019 Nov 9;30(11):918. 

115.  Dixon BP, Greenbaum LA, Huang L, Rajan SK, Robinson D, Garovoy MR, Gilmore W, Picazio 
N, Robertson N, Ajayi T, Di casoli C, Deschatelets P, Francois CG, Kocinsky HS, Grossi F. C3 
inhibition with pegcetacoplan targets the underlying disease process of C3 glomerulopathy (C3G) 
and improves proteinuria [abstract no. PO1852 plus poster]. J Am Soc Nephrol. 2020 Oct 
22;31(10):577. 

116. Qu H, Ricklin D, Bai H, et al. New analogs of the clinical complement inhibitor compstatin 
with subnanomolar affinity and enhanced pharmacokinetic properties. Immunobiology. 
2013;218(4):496-505. doi:10.1016/j.imbio.2012.06.003 

117. Mastellos DC, Yancopoulou D, Kokkinos P, et al. Compstatin: a C3-targeted complement 
inhibitor reaching its prime for bedside intervention. Eur J Clin Invest. 2015;45(4):423-440. 
doi:10.1111/eci.12419 

118. Zhang Y, Shao D, Ricklin D, et al. Compstatin analog Cp40 inhibits complement 
dysregulation in vitro in C3 glomerulopathy. Immunobiology. 2015;220(8):993-998. 
doi:10.1016/j.imbio.2015.04.001 

119. Mastellos DC, Ricklin D, Lambris JD. Clinical promise of next-generation complement 
therapeutics. Nat Rev Drug Discov. 2019;18(9):707-729. doi:10.1038/s41573-019-0031-6 

120. Langereis JD, van der Molen RG, de Kat Angelino C, et al. Complement factor D 
haplodeficiency is associated with a reduced complement activation speed and diminished 
bacterial killing. Clin Transl Immunol. 2021;10(4):e1256. doi:10.1002/cti2.1256 

121. Lesavre PH, Müller-Eberhard HJ. Mechanism of action of factor D of the alternative 
complement pathway. J Exp Med. 1978;148(6):1498-1509. doi:10.1084/jem.148.6.1498 



 

32 

 

122. Wu X, Hutson I, Akk AM, et al. Contribution of Adipose-Derived Factor D/Adipsin to 
Complement Alternative Pathway Activation: Lessons from Lipodystrophy. J Immunol Baltim Md 
1950. 2018;200(8):2786-2797. doi:10.4049/jimmunol.1701668 

123. Wiles JA, Galvan MD, Podos SD, Geffner M, Huang M. Discovery and Development of the 
Oral Complement Factor D Inhibitor Danicopan (ACH-4471). Curr Med Chem. 2020;27(25):4165-
4180. doi:10.2174/0929867326666191001130342 

124. Nester C, Appel GB, Bomback AS, et al. Clinical Outcomes of Patients with C3G or IC-MPGN 
Treated with the Factor D Inhibitor Danicopan: Final Results from Two Phase 2 Studies. Am J 
Nephrol. 2022;53(10):687-700. doi:10.1159/000527167 

125. Chen X, Parker C, Wang J, et al. POS-041 BCX9930, AN ORAL FACTOR D INHIBITOR, 
SUPPRESSES COMPLEMENT ALTERNATIVE PATHWAY ACTIVITY IN PATIENTS WITH COMPLEMENT 3 
GLOMERULOPATHY. Kidney Int Rep. 2022;7(6):S456. doi:10.1016/j.ekir.2022.04.063 

117.  Mainolfi N, Ehara T, Karki RG, Anderson K, Mac Sweeney A, Liao SM, Argikar UA, Jendza K, 
Zhang C, Powers J, Klosowski DW, Crowley M, Kawanami T, Ding J, April M, Forster C, Serrano-Wu 
M, Capparelli M, Ramqaj R, Solovay C, Cumin F, Smith TM, Ferrara L, Lee W, Long D, Prentiss M, 
De Erkenez A, Yang L, Liu F, Sellner H, Sirockin F, Valeur E, Erbel P, Ostermeier D, Ramage P, 
Gerhartz B, Schubart A, Flohr S, Gradoux N, Feifel R, Vogg B, Wiesmann C, Maibaum J, Eder J, 
Sedrani R, Harrison RA, Mogi M, Jaffee BD, Adams CM. Discovery of 4-((2S,4S)-4-Ethoxy-1-((5-
methoxy-7-methyl-1H-indol-4-yl)methyl)piperidin-2-yl)benzoic Acid (LNP023), a Factor B Inhibitor 
Specifically Designed to Be Applicable to Treating a Diverse Array of Complement Mediated 
Diseases. J Med Chem. 2020 Jun 11;63(11):5697–5722. 

127. Schubart A, Anderson K, Mainolfi N, et al. Small-molecule factor B inhibitor for the treatment 
of complement-mediated diseases. Proc Natl Acad Sci. 2019;116(16):7926-7931. 
doi:10.1073/pnas.1820892116 

128. Bomback AS, Kavanagh D, Vivarelli M, et al. Alternative Complement Pathway Inhibition With 
Iptacopan for the Treatment of C3 Glomerulopathy-Study Design of the APPEAR-C3G Trial. Kidney 
Int Rep. 2022;7(10):2150-2159. doi:10.1016/j.ekir.2022.07.004 

129. Jayne DRW, Merkel PA, Schall TJ, Bekker P. Avacopan for the Treatment of ANCA-Associated 
Vasculitis. N Engl J Med. 2021;384(7):599-609. doi:10.1056/NEJMoa2023386 

130. Bomback A, Herlitz LC, Yue H, Kedia PP, Schall TJ, Bekker P. POS-112 EFFECT OF AVACOPAN, 
A SELECTIVE C5A RECEPTOR INHIBITOR, ON COMPLEMENT 3 GLOMERULOPATHY HISTOLOGIC 
INDEX OF DISEASE CHRONICITY. Kidney Int Rep. 2022;7(2):S47-S48. 
doi:10.1016/j.ekir.2022.01.124 

131. Caravaca-Fontán F, Trujillo H, Alonso M, et al. Validation of a Histologic Scoring Index for 
C3 Glomerulopathy. Am J Kidney Dis. 2021;77(5):684-695.e1. doi:10.1053/j.ajkd.2020.11.011 

132. Fearon DT. Identification of the membrane glycoprotein that is the C3b receptor of the 
human erythrocyte, polymorphonuclear leukocyte, B lymphocyte, and monocyte. J Exp Med. 
1980;152(1):20-30. doi:10.1084/jem.152.1.20 

133. Iida K, Nussenzweig V. Complement receptor is an inhibitor of the complement cascade. J 
Exp Med. 1981;153(5):1138-1150. doi:10.1084/jem.153.5.1138 

134. Medof ME, Iida K, Mold C, Nussenzweig V. Unique role of the complement receptor CR1 in 
the degradation of C3b associated with immune complexes. J Exp Med. 1982;156(6):1739-1754. 
doi:10.1084/jem.156.6.1739 

135. Ross GD, Lambris JD, Cain JA, Newman SL. Generation of three different fragments of bound 
C3 with purified factor I or serum. I. Requirements for factor H vs CR1 cofactor activity. J Immunol 



 

33 

 

Baltim Md 1950. 1982;129(5):2051-2060. 

136. Weisman HF, Bartow T, Leppo MK, et al. Recombinant soluble CR1 suppressed complement 
activation, inflammation, and necrosis associated with reperfusion of ischemic myocardium. 
Trans Assoc Am Physicians. 1990;103:64-72. 

137. Weisman HF, Bartow T, Leppo MK, et al. Soluble human complement receptor type 1: in vivo 
inhibitor of complement suppressing post-ischemic myocardial inflammation and necrosis. 
Science. 1990;249(4965):146-151. doi:10.1126/science.2371562 

138. Wong WW, Farrell SA. Proposed structure of the F’ allotype of human CR1. Loss of a C3b 
binding site may be associated with altered function. J Immunol Baltim Md 1950. 
1991;146(2):656-662. 

139. Zhang Y, Nester CM, Holanda DG, et al. Soluble CR1 Therapy Improves Complement 
Regulation in C3 Glomerulopathy. J Am Soc Nephrol JASN. 2013;24(11):1820-1829. 
doi:10.1681/ASN.2013010045 

140. Celldex Reports Fiscal 2013 Business/Financial Results and Outlines 2014 Strategy | Celldex 
Therapeutics. Accessed May 30, 2023. https://ir.celldex.com/news-releases/news-release-
details/celldex-reports-fiscal-2013-businessfinancial-results-and 

141. Wymann S, Dai Y, Nair AG, et al. A novel soluble complement receptor 1 fragment with 
enhanced therapeutic potential. J Biol Chem. 2021;296:100200. doi:10.1074/jbc.RA120.016127 

142. Dreismann AK, Hallam TM, Tam LC, et al. Gene targeting as a therapeutic avenue in diseases 
mediated by the complement alternative pathway. Immunol Rev. 2023;313(1):402-419. 
doi:10.1111/imr.13149 

143. Alnylam Reports Positive Initial Clinical Results For ALN-CC5, An Investigational RNAi 
Therapeutic Targeting Complement Component C5 For The Treatment Of Complement-Mediated 
Diseases. BioSpace. Accessed May 31, 2023. https://www.biospace.com/article/alnylam-reports-
positive-initial-clinical-results-for-aln-cc5-an-investigational-rnai-therapeutic-targeting-
complement-component-c5-for-the-treatment/ 

141.  Alnylam Pharmaceuticals. Alnylam Reports Positive Initial Clinical Results For ALN-CC5, An 
Investigational RNAi Therapeutic Targeting Complement Component C5 For The Treatment Of 
Complement-Mediated Diseases. Alnylam Pharmaceuticals; 2015 Jun 12. Available from: 
https://www.biospace.com/article/releases/alnylam-reports-positive-initial-clinical-results-for-
aln-cc5-an-investigational-rnai-therapeutic-targeting-complement-component-c5-for-the-
treatment/ (accessed 2023 February 23). 

145. Pratt JR, Basheer SA, Sacks SH. Local synthesis of complement component C3 regulates 
acute renal transplant rejection. Nat Med. 2002;8(6):582-587. doi:10.1038/nm0602-582 

 

 
 
 
 

 
  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 IN
STITU

TO
 D

E C
IÊ

N
C

IA
S B

IO
M

ÉD
IC

A
S A

B
E

L SA
LA

Z
A

R
 

 


