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Abstract
The complement system (CS) has recently been recognized as a bridge between innate and adaptive immunity that constitutes 
a very complex mechanism controlling the clearance of pathogens, cellular debris, and immune complexes. Out of three 
known pathways of complement activation, the alternative pathway (AP) plays a critical role in host defense by amplifying 
the complement response, independently of initiation pathway and continuously maintaining low-level activity in a process 
called ‘thick-over.’ A key molecule of the CS is C3, in which the AP is constantly activated. To prevent host cell destruction, 
a group of the AP regulators tightly controls this pathway of the CS activation. Acquired and genetic abnormalities of the 
CS may alter the delicate balance between enhancing and inhibiting the AP cascade. These can lead to the uncontrolled CS 
activation, inflammatory response, and subsequent tissue damage. Since complement components are locally produced and 
activated in the kidney, the abnormalities targeting the AP may cause glomerular injury. C3 glomerulopathy is a new entity, 
in which the AP dysregulation has been well established. However, recent studies indicate that the AP may also contribute 
to a wide range of kidney pathologies, including immune-complex-mediated glomerulonephritis (GN), pauci-immune GN, 
and primary membranous nephropathy (PMN). This article provides insight into current knowledge on the role of the AP in 
the pathogenesis of glomerular diseases, focusing mainly on various types of primary and secondary GN and PMN.
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The alternative pathway of complement 
activation and the glomerular diseases

The complement system (CS), discovered in 1896 by Bor-
det, is the key element combining innate and adaptive 
immune system. A wide range of its biological activity is 
due to the cooperation of more than 30 plasma proteins 
[1, 2]. Due to its ability to differentiate between healthy 
and foreign or damaged cells, it plays an important role in 
protecting against pathogens by opsonization of bacterial 
cells and viruses, chemotaxis, initiation of the inflamma-
tory response at the site of infection, elimination of modi-
fied or damaged cells, and removal of immune complexes. 
In humans, the complement can be activated via the three 

pathways: classical (CP), alternative (AP), and lectin (LP) 
[1–6]. C3 is the most abundant complement protein, pre-
sent in all three pathways [2, 3], but its role is particularly 
crucial for the AP generation. Since constant activation in 
plasma via the AP may target both foreign and hosts cells, 
the AP-regulating proteins tightly control this pathway [1]. 
Genetic and acquired abnormalities in both AP components 
and AP-regulating proteins may lead to an uncontrolled AP 
activation and subsequent renal injury. Increased knowledge 
of complement and its role in the pathogenesis of kidney 
diseases has recently led to the reclassification of glomeru-
lonephritis (GN) based on pathophysiology rather than 
pathomorphology. A new entity, called C3 glomerulopathy 
(C3G), characterized by the AP dysregulation has been dis-
tinguished [7–10]. The remaining renal pathologies have 
been categorized as immune-complex GN, pauci-immune 
GN, anti-glomerular basement membrane (GBM) GN and 
monoclonal immunoglobulin (Ig) GN. The primary membra-
nous nephropathy (PMN), podocytopathies, and thrombotic 
microangiopathy (TMA) have not been included in the GN 
group [7]. In this review, we focus on the pathophysiology of 
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the AP, as a crucial part of the complement system and ana-
lyze its role in the pathogenesis of kidney diseases, mainly 
in various forms of primary and secondary GN, and PMN.

The C3 protein: a key component 
of the alternative pathway of complement 
system

C3 structure

Human C3 gene is localized on the chromosome 19 
(19p13,2-13,3) and consists of 41 exons (52–213 bp). The 
C3 protein is synthetized mainly in the liver, but C3 gene 
is also expressed in monocytes, neutrophils, fibroblasts, 
antigen-presenting cells, epithelium of the renal tubules 
and capillary endothelium. A precursor protein, the C3 
preproprotein (preproC3) is built of one polypeptide chain, 
which comprises of 1663 amino acids. It undergoes sev-
eral posttranslational modifications, such as cleavage of the 
N-terminal 22 amino acids long signal peptide, removal 

of the four arginine residues by furin-like enzyme, glyco-
sylation and the internal thioester bond formation [4, 6, 11, 
12]. The mature C3 protein (185 kDa), which is released 
from endoplasmic reticulum to the plasma is divided into 
two chains: β (residues 1-645, 75 kDa) and α (residues 650-
1641, 110 kDa). They are combined by a disulfide bridge 
at the position 917 in α chain and the position 63 in the β 
chain (Fig. 1) [3, 6, 11]. Finally, the C3 protein comprises 
of 8 macroglobulin domains (MG1-8) that have specific 
binding sites for complement receptors (C3aR, CR1, CR2, 
CR3) and AP-regulating proteins, as well as the thioester 
(TED) and CUB domains. TED domain, localized in the 
C3d region, consists of an internal thioester bond between 
cysteine (Cys988) and glutamine (Gln991). TED is respon-
sible for attachment to the cell surface, which is crucial for 
the AP activation. The thioester group of circulating C3 is 
continuously hydrolyzed at a rate of about 1% of total C3 
per hour. This process, called C3 ‘thick-over,’ results in a 
formation of conformationally altered C3(H2O), capable of 
binding either to complement factor H (CFH) or comple-
ment factor B (CFB) (but not to the cell surfaces). It is an 

Fig. 1   The structure of the C3 protein and C3 proteolytic cascade. 
The mature C3 comprises of the two chains (alpha, α, and beta, β) 
combined covalently by a single disulfide bond between macroglob-
ulin six alpha (MG6α) in the β-chain and macroglobulin six beta 
(MG6β) in the α-chain. The β-chain is coded by the first 16 exons of 
the C3 gene (645 residues), and the α-chain is coded by the following 
25 exons (992 residues). The β chain comprises of the macroglobulin 
domains (MG1-6α) and linking region (LNK), while the α chain is 

built of the MG6β-8, CUB, C345, anchor, thioester (TED), and ana-
phylatoxin (ANA or C3a) domains. The C3 cleavage to C3a and C3b, 
enables C3b, containing TED, to bind to the activating surfaces. The 
numbers (in kilodaltons) show the molecular masses of the corre-
sponding proteins. The red arrows indicate the site of the common C3 
polymorphisms (F/S and HAV 4-1+/−), located in MG1 and MG3, 
respectively. The diagram was based on Maillard et al. [32], modified
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important mechanism preventing the destruction of the host 
cells [3, 13–15].

C3 function

C3 is a key component of the innate immune system, 
involved in a very efficient mechanism identifying and 
destroying pathogens. Rare, congenital C3 deficiencies are 
associated with the impairment of the immune response pre-
disposing to the development of severe diseases like sys-
temic lupus erythematosus (SLE) and recurrent pyogenic 
infections, caused by encapsulated bacteria, including pneu-
monia, sepsis, otitis media, tonsillitis and meningitis [4, 11, 
12]. Presently, it is believed that aside from the traditional 
three pathway model of activation of the CS, various other 
factors may contribute to the C3 amplification. The current 
view on the complement system activation shifts from a 
traditional stiff division on the three distinct pathways to 
a very complex network of cooperating proteins, activators 
and regulators, in which the key player is C3 protein. This 
seems to be supported by the reports on the growing role 
of properdin (FP) as a recognition pattern molecule, which 
can activate AP by binding to C3b. Also, C3 and C5 can 
be directly activated by ‘extrinsic’ proteases that are not 
traditionally associated with the complement system, for 
example, thrombin and plasmin [16, 17]. The CP is trig-
gered by IgG and or IgM-containing immune complexes, 
viruses and acute-phase proteins, binding to C1q. A C1qrs 
complex is formed, which then cleaves C4 and C2. When 
the LP is activated, polysaccharide molecules (mannose, 
fructose or N-acetyl glucosamine) on bacterial surface bind 
to mannan-binding lectin (MBL), leading to the cleavage of 
C4 and C2. Both the CP and LP result in a formation of the 
C3 convertase (C4bC2a). The AP is activated spontaneously 
by the constant thioester hydrolysis in the C3 protein. When 
the stable form, C3(H2O), binds to CFB in the presence of 
a serine protease complement factor D (CFD), CFB itself is 
cleaved to Bb and Ba, resulting in C3(H2O)Bb (‘initiation’ 
C3 convertase) creation. As a serine protease, Bb cleaves 
additional C3 molecules, generating C3a (anaphylatoxin) 
and C3b. As a vasoactive peptide, C3a mediates inflamma-
tory responses, stimulates mastocytes’ degranulation, and 
plays an important role in chemotaxis. It acts as a precursor 
of protein acylation by interacting with carboxypeptidase 
B. C3b may covalently bind via thioester bridge to the acti-
vating surfaces or associate with CFB to generate C3bBb 
(‘amplification’ C3-convertase). This proteolytic cascade is 
enhanced by FP, which stabilizes C3 convertase and also 
promotes further convertase assembly, and C3b deposition. 
Surface-bound C3 convertase associates with circulating 
C3 by forming dimers between C3 and C3bBb. The loca-
tion of Bb in a flexible C345C domain of C3b facilitates the 
cleavage of C3 into C3a and C3b. At this point, either both 

C3a and C3b are released to the circulation or, only C3a is 
released, and C3b remains attached to the C3bBb complex, 
thus gaining the C5 convertase activity. Additionally, the AP 
C5 convertase formation is enhanced by FP. Finally, C3b 
attached to the activating surfaces, generated in the CP or 
LP, may also create C3bBb. In the end, the C3 convertases 
(C4bC2a or C3bBb) bind C3 and create the C5 convertases 
(C4bC2aC3b or C3bBbC3b), promoting C5 cleavage to 
C5a and C5b. The generation of all three pathways leads to 
a cascade of enzymatic reactions, resulting in a formation 
of the membrane attack complex C5b-9 (MAC), which can 
destroy cell membranes and causes lysis of non-nucleated 
cells (e.g., bacteria or erythrocytes). In case of nucleated 
cells, it induces activation of inflammatory response and tis-
sue damage (Fig. 2) [1, 6, 15, 17–25].

A unique feature of C3 is an ability to attach to the accep-
tor molecules on the cell surfaces. It is possible due to the 
presence of the TED domain in the C3d region. During post-
translational modifications, the thioester bond between the 
thiol group of cysteine (Cys988) and a γ-amide group of glu-
tamine (Gln991) is created. The cleavage of C3 to C3a and 
C3b causes a conformational change in the remaining C3b 
molecule, resulting in the exposure of the thioester bond. 
Therefore, C3b may covalently bind to aldehydes, carboxyl 
groups, and nitrogen nucleophiles on the cell surfaces, and to 
the immune complexes. The C3d region plays an important 
role in lymphocytes B activation by interacting with CR1 
and CR2 on lymphocytes B or T and dendritic cells, and in 
enhancing phagocytosis. It is also a binding site for CFH and 
CR2 [3, 4, 12, 15, 20].

Another vital function of the C3 protein is capturing 
and clearance of immune complexes. The covalent bond 
between C3b and N-terminal IgG domain suppresses reac-
tions with Fc receptor. It also decreases the formation of the 
new immune complexes and dissolves existing ones. C3b 
proteins combined with immune complexes are bound to 
CR1 on erythrocytes and then transported to the liver and 
spleen, where they undergo phagocytosis by macrophages 
or monocytes [4, 22, 26]. The imbalance between the pro-
duction and removal of immune complexes may lead to the 
inflammatory response and tissue damage. The concentra-
tion of C3 in plasma varies from 0.8 to 1.9 mg/mL [12, 27]. 
In an acute-phase reaction, in response to proinflammatory 
agents, including interleukin 1 (IL-1) or IL-6, tumor necrosis 
factor-α, interferon-γ, and lipopolysaccharide, 2-to 3-fold 
increase in C3 concentration may be observed [12]. Moreo-
ver, recent studies have established that fluid phase C3b or 
C3(H2O) may be recruited by FP bound to the necrotic and 
apoptotic human cells, acting as a pattern recognition mol-
ecule [17, 18].

The anaphylatoxins, C3a and C5a, have a strong chem-
otactic influence on phagocytes such as neutrophils and 
mast cells, attracting them to the site of inflammation. 



300	 Clinical and Experimental Medicine (2018) 18:297–318

1 3

They also cause vessel dilatation by stimulating masto-
cytes and basophils to release histamine and induce oxi-
dative bursts in neutrophils and eosinophils. C5a is also 
a promoter of necrotic and inflammatory lesions in the 
glomeruli, contributing to renal fibrosis and impairment 
of kidney function. However, C3a alone also acts as an 
anti-inflammatory agent in an acute phase of inflammation 
by suppressing neutrophil migration and degradation. [16, 
20, 23, 26].

C3b is an opsonin, which may bind to various fac-
tors. This binding determines activation or deactivation 
of those factors. For instance, C3b, attached to the sur-
face, may bind CFB and form the C3 convertase, and later 
C5 convertase. As a result, C5 is cleaved into C5a and 
C5b. The latter induces MAC formation with its cytolytic 
activity. C5a promotes migration of neutrophils to the site 
of inflammation [4]. At the same time, more and more 
C3b molecules are accumulated on the surface of patho-
gens. This process enhances the immunological humoral 
response, enables phagocytosis, and leads to the elimi-
nation of autoreactive B cells [3, 4, 15, 20]. Conversely, 
when C3b binds to CFH, it becomes unable to bind CFB, 
what prevents C3 convertase formation and further activa-
tion of AP. This phenomenon was explained by studies on 
the crystal structure of C3b-CFH, which revealed the over-
lapping binding sites on C3b for both CFB and CFH [28].

The alternative pathway regulating proteins

Since the AP is constantly activated in plasma, to pre-
vent host cells and tissue destruction, it has to be tightly 
regulated. There are various types of the AP controlling 
proteins. Some of them like complement receptor (CR1), 
membrane cofactor protein (MCP, CD46), decay accelerat-
ing factor (DAF, CD55) and CFH act on the cell surfaces, 
and the other such as CFH and complement factor I (CFI) 
act in plasma. MCP, DAF, CR1, and CFH share several 
similarities in structure and function. All of them consist 
of highly conservative domains, called short consensus 
repeats (SCRs), which bind in the same orientation to the 
same platform on C3b. MCP possess cofactor activity and 
binds to C3b via SCRs3-4, DAF exhibits decay accelera-
tion properties and binds to C3b via SCRs 2-4, whereas 
CR1 interacts with C3b through SCRs 15-17 and has both 
cofactor and decay acceleration activity [22, 29, 30]. Out 
of them, unique is CFH, as it inhibits AP both in the fluid 
phase and on the cell surfaces. CFH is a soluble glycopro-
tein, encoded by the single gene, located on the chromo-
some 1q32, in the regulators of complement activation 
(RCA) gene cluster (Fig. 3). Its serum concentrations may 
range from 110 to 615 μg/mL [1, 4, 31, 32]. The molecular 
structure of CFH consists of 20 SCRs, which are arranged 

Fig. 2   The complement cascade. The diagram was based on Dunkelberger et al. [1] and Rochowiak et al. [22], modified
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in a head to tail fashion, with C3b binding sites on both 
N-terminal and C-terminal ends. The N-terminal end is 
a cofactor in CFI-dependent C3b proteolysis and medi-
ates accelerated decay of C3Bb in a fluid phase. CFH in 
the presence of CFI inhibits the AP by generating iC3b, 
which is unable to form the C3 convertase; iC3b is further 
degraded to C3c and C3dg (Fig. 1). Detection of iC3b 
split products, such as iC3b, C3dg, C3c, and C3d, is a 
useful method of monitoring the AP activation. The more 
detailed insight on the cofactor and decay acceleration 
activity of CFH is provided by the crystal model of the 
first four SCRs of CFH in complex with C3b. Although 
CFI possesses weak ability to bind to C3b, it is the only 
known protein that can cleave C3b. Its function is depend-
ent on the presence of the AP regulators. To degrade C3b, 
CFI requires the assistance of CFH, MCP or CR1, which 
bring CFI near CUB domain. By binding to SCRs 1-3 of 
CFH and C345C of C3b, CFI cleaves either two or three 
distant peptide bonds in the CUB domain of C3b. Also, 
the SCR 4 of CFH forms a bridge between TED and the 
core of C3b (precisely MG1), providing a platform for 
CFI cofactor activity and, possibly supporting the position 

of TED while connecting CUB domain undergoes further 
cleavage. The decay acceleration activity of CFH is due to 
dislocation of Bb protease, occurring as a result of bind-
ing between the first two N-terminal SCR of FH and the 
α’NT, MG2 and MG6-7 domains of C3b [30, 33]. The 
C-terminal end binds to C3b TED domain and polyanions 
(glycosaminoglycans, GAG) on the cell surfaces [29]. This 
ability is crucial to distinguish between host and pathogen 
cells, which typically do not contain GAG on their sur-
faces. CFH is expressed on many surfaces not possessing 
any other AP-regulating proteins. In fact, it is the only AP 
inhibitor present on the GBM in glomeruli. Complement 
FH-like protein (CFHL1), a splice form of CFH, consist-
ing of 7N-terminal domains of CFH has also been reported 
[1, 20, 24–26, 32].

Fig. 3   The location of the RCA gene cluster on the chromosome 1q32 
encoding CFH and the family of CFH-related proteins (CFHR1-5). 
CFH comprises of 20 SCRs. Although the CFHR1-5 proteins con-
tain the structurally and functionally similar SCRs (19-20 binding 
C3b and polyanions), they do not possess the regulatory sequence 
(SCR 1-4). The N-terminal end (SCR1-4) binds to C3b and C3 con-
vertase in the fluid phase (marked red). The C-terminal end (SCR19-
20) is responsible for surface-bound regulation of the AP, by bind-
ing to C3b, heparin or sialic acid attached to the surface (marked 

green). Mutations or autoantibodies directed to either N-terminal or 
C-terminal end of the CFH protein are associated with the develop-
ment of C3G or aHUS, respectively. Complement factor H-like pro-
tein (CFHL-1) is a short isoform of CFH, resulting from the alter-
native splicing of the CFH gene. CFHL-1 consists of SCRs 1-7 and 
possesses a hydrophobic end, containing seven amino acids (SFLT). 
Hep heparin; NANA sialic acid; The diagram was based on Abrera-
Abeleda et al. [34], modified
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The role of complement factor H‑related 
proteins (CFHR1‑5)

Recently described, the complement FH-related proteins 
(CFHR1-5) are also the members of the RCA gene cluster, 
encoded by five genes on chromosome 1q32. Although 
they exhibit high sequence homology with the surface-
binding domains of CFH, none of them possesses the 
regulatory SCRs 1-4 domains (Fig. 3). Due to their simi-
larity to CFH, it was suggested that they act mainly as 
AP inhibitors. For instance, it was reported that CFHR1 
might inhibit the C5 convertase and MAC formation, but 
not C3bBb, whereas CFHR2 was shown to inhibit C3 con-
vertase in vitro. While CFHR3 and CFHR4 were revealed 
to possess a weak FI cofactor activity, CFHR5 bound C3b 
in vitro and exhibited both FI cofactor and decay accel-
eration activity. However, most of these AP-regulating 
activities of CFHRs are weak, and they were observed 
in in vitro assays, which used non-physiological CFHRs 
concentrations [23, 24, 31, 32, 34–36].

In spite of the structural homology to CFH and reports 
of CFHRs AP regulatory activity, studies that are more 
recent have suggested that CFHRs are more likely to be 
complement activators rather than inhibitors. Several 
different hypotheses have been proposed to explain this 
phenomenon. First, CFHRs may compete with CFH for 
the same binding site on C3b, but because of lack of the 
regulatory domains, they do not exhibit both cofactor 
and decay acceleration activity. This process was called 

complement deregulation, and so far, CFHR1, CFHR2, and 
CFHR5 have been described to be a competitive antagonist 
of CFH [37–40]. Secondly, CFHR5 may deregulate com-
plement indirectly by competing with CFH in binding to 
other than C3b physiological ligands, including pentraxin 
PTX3, CRP and extracellular matrix [36]. Also, CFHR4 
and CFHR5 have been reported to directly promote C3 
convertase formation by binding to C3b, with stronger 
ability to assemble C3bBb on CFHR4, and with C3bBb-
CFHR4 complex being more resistant to CFH cleavage in 
comparison with C3bBb [36, 41, 42].

The unique property of CFHRs is the ability to form 
dimers. CFHR-1, CFHR-2, and CFHR-5 homodimerize, 
with CFHR1-CFHR1 homodimers being the most frequent. 
In case of CFHR-1 and CFHR-2, they also form CFHR1-
CFHR2 heterodimers. Since CFHR1, CFHR2, and CFHR5 
monomers were not detected in human sera, they are sus-
pected of creating dimers directly after being released to 
plasma [42]. The CFHR5 ability to form heterodimers is 
controversial. In the recent study performed by van Beek 
et al., CFHR1-CFHR5 and CFHR2-CFHR5 heterodimers 
were absent in human plasma [42]. It has to be underlined 
that the results of this report are in opposition to the former 
(based on in vitro assays) suggesting that dimerization con-
fers avidity for tissue-bond complement fragments and thus 
may enhance complement deregulation [38]. According to 
the latter study, serum levels of CFHR-1-CFHR1, CFHR-
1-CFHR2, CFHR-2-CFHR2, and CFHR-5-CFHR5 dimers 
were low compared to CFH, which circulates at a 10- to 

Fig. 4   The common C3 
polymorphisms. a. A single-
nucleotide change (cytosine for 
guanine) at the position 364 in 
the exon 3 of the β chain in the 
C3 gene causes a substitution 
of a positively charged arginine 
residue in C3S by a neutral gly-
cine residue in C3F. b A single-
nucleotide change (cytosine for 
thymine) at the position 314 in 
the exon 9 of the β chain in the 
C3 gene causes a substitution of 
proline in HAV4-1- by leucine 
in HAV4-1+. The diagram 
was based on Botto et al. [45], 
modified
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200-fold molar excess. Therefore, these dimers are not sup-
posed to compete efficiently with CFH [42].

The genetic background of the AP 
abnormalities in glomerular diseases

In 1967, two independent groups of scientists identified 
the most common to date single-nucleotide polymorphism 
(SNP) in the C3 gene (Figs. 1, 4), termed C3S/F or p.R102G 
(rs2230199) [43, 44]. While performing electrophoresis, 
they found a double strand representing C3 in the β-globulin 
region. The difference in mobility between the C3 proteins 
from different blood samples in an agarose gel led to the dis-
covery of the three polymorphic variants: homozygote C3S 
(Slow), homozygote C3F (Fast), and heterozygote C3S/F. As 
electrophoresis was a time-consuming method and required 
a fresh blood sample, Botto et al. used polymerase chain 
reaction (PCR) with subsequent restriction fragment length 
polymorphism (RFLP) to localize the genome position of 
C3S/F. They found that in α chain of the C3 protein at posi-
tion 364 in the exon three cytosine (C) is changed into gua-
nine (G), thus resulting in a polymorphic restriction site for 
the enzyme HhaI. At the protein level, positively charged 
arginine (Arg80) is replaced with neutral glycine [45]. Later, 
the three-dimensional analysis of C3, performed by Jans-
sen et al., located rs2230199 in the MG1 domain near the 
TED domain of the C3 protein. Three positively charged 
amino acids in the MG1 domain (Arg80, Arg72, and Lys82) 
form the thioester bond with four negative amino acids in 
the TED domain (Asp1007, Glu1008, Glu1010, Glu1013). 
The C3F variant, containing neutral glycine (instead of 
positively charged arginine), has a weaker ability to bind 
to CFH, which may impair the downregulation of the AP 
convertase, thus altering the C3 function [14, 46, 47]. The 
frequency of F allele varies among different populations, 
and it is the highest in Caucasian (18%) and the lowest in 
Asian (1%) [6, 48]. Koch et al., using purified C3S and C3F 
as immunogens, and monoclonal mouse antibody (HAV4-1), 
described another common C3 polymorphism called HAV4-
1+/- (rs1047286, p.P314L). The authors reported C3 vari-
ants that bind to murine monoclonal antibodies (HAV4-1 
positive, HAV4-1+) and variants that do not (HAV4-1 nega-
tive, HAV4-1-) [49]. Rs1047286 is localized in the exon 9 
of beta chain, where a single change of cytosine for thymine 
causes a substitution of proline (HAV 4-1-, P314) for leucine 
(HAV 4-1+, L314) at the protein level (Fig. 4). Rs1047286 
is linked to rs2230199. It has been estimated that 98% of 
C3S allele carriers is HAV4-1- and only 2% is HAV4-1+; on 
the contrary, 90% carriers of the C3F allele is HAV4-1+ and 
10% is HAV4-1- [45]. As rs1047286 is located in the MG3 
domain of C3 (binding site of CFB), polymorphic variant 

HAV4-1+ has stronger ability to bind to CFB (Fig. 1) [46, 
50].

Differences in the structure and function of polymorphic 
C3 allotypes may contribute to the occurrence, as well as 
the severity of complement-related diseases. Carries of C3F 
allele are at risk for the development of age-related macular 
degeneration (AMD) [46], partial lipodystrophy (PD) [51], 
and various types of GN: membranoproliferative glomer-
ulonephritis type II (MPGN II, presently known as dense 
deposit disease, DDD) [51, 52], IgA nephropathy (IgAN) 
[53, 54] and systemic vasculitis (SV) [55, 56]. Surprisingly, 
C3F allele has been shown to have a protective effect on 
transplant kidney, and its presence in donor’s kidney may 
prolong the graft survival [57]. The common C3S/F com-
prises approximately 98% of all C3 phenotypes. To date, 
other C3 polymorphic variants have also been described 
(Table 1) [58–62].

In 2001, a homozygous mutation (Tyr1081Ter) in the C3 
gene with the complete serum C3 deficiency was reported 
in two Japanese sisters, who developed SLE-like symptoms 
[58]. In 2008, Miyagawa et al. [59] described an association 
between the SNP located in the exon 15 of C3 gene (C > T; 
rs7951) and serum concentration of C3, as well as suscepti-
bility to SLE in the Japanese population. The link between 
this polymorphism and serum C3 levels was confirmed in 
Caucasians 1 year later, but other SNPs in the C3 gene have 
been revealed to be related with susceptibility to SLE (intron 
27; A > C; rs3745568) or higher C3 serum levels (intron 37; 
G > A; rs344555) in this ethnic group [60].

Recently, the results of studies on SNPs occurring in the 
other AP proteins including CFB, MCP, CFH, and CFHRs 
and their associations with the glomerular disease have been 
published (Table 1). So far, the most relevant linkage with GN 
has been found with SNPs in CFH gene. The two common 
CFH SNPs, resulting in amino acid substitution and subse-
quent change of the protein function, are Y402H (rs1061170) 
and V62I (rs800292). Y402H polymorphism (rs1061170) is 
defined by T-to-C transition at amino acid position 402 (CRP 
and heparin binding site), resulting in the substitution of 
Tyr402 by His402 [12, 34]. In case of V62I (rs800292), gua-
nine (G) is changed to adenine (A), causing single amino acid 
change (valine to isoleucine transition) [34, 63]. Both SNPs 
are reported to be associated with various diseases including 
C3G, SLE and AMD [50, 63–68]. The genome-wide associa-
tion studies (GWAS) suggest that cumulative, synergistic effect 
of some SNPs, mainly in C3 and CFH genes, rather than a 
single mutation, contribute to the glomerular disease [50, 65]. 
Although the CFH binding sites and the common C3 SNPs 
are situated in two different chains (α and β, respectively) of 
the C3 molecule (Fig. 1), the 3D model of C3 places the MG1 
(C3S/F; rs2230199) and C3d region (CFH binding site) in a 
close proximity [14, 47]. This implicates the possibility that 
the presence of many different risks variants of C3 and CFH 
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Table 1   The most 
common mutations 
predisposing to AP-related 
glomerulonephritides

Mutations C3G Immune-complex-
mediated GN

Pauci-
immune 
GN

C3 gene
C3S/F (rs2230199) [50–52, 55, 56] + + +
HAV4-1+/− (rs1047286) [50] + (DDD) – –
c.C1775T/p.R592Q (rs121909583) [101] + – –
V619 M (rs146613648) [64] + – –
R1303H [64] + – –
R13200Q [64] + – –
C1518R [64] + – –
D1625H [64] + – –
ΔDG3923 [64] + (DDD) + –
c.131_146del; p.Leu44Argfs*19 [73] – + (SLE) –
IVS38AS, A-G [57] – + (SLE) –
Tyr1081Ter [58] – + (SLE) –
rs3745568 [60] – + (SLE) –
rs344555 [60] – + (SLE) –
rs7951 [59] – + (SLE) –
V86I [64] – + –
R505C [64] – + –
G637R [64] – + –
K1051 M [64] – + –
S1063 N [64] – + –
D1362 N [64] − + −
I734T [61] + − −
CFH –
rs6677604 [65, 69–71] – + (SLE, IgAN) –
Y402H (rs1061170) [12, 34, 62, 65, 68] + (DDD, C3GN) + (SLE) –
V62I (rs800292) [34, 63–65] + (DDD) + (SLE) –
IVS 2-18insTT [34] + (DDD) – –
A473A [34] + (DDD) – –
p.Lys224del (rs796052138) [102] + – –
c.197G > A, p.Cys66Tyr [117] – + (IgAN) –
c.615T > A [117] – + (IgAN) –
c.50T > G [117] – + (IgAN) –
c2933G > T [117] – + (IgAN) –
CFHR –
Duplication in CFHR5 gene [75] + − −
Duplication in CFHR1 gene [39] + − −
CFHR3-1 hybrid gene [76] + – –
CFHR2-CFHR5 hybrid gene [40] + – –
CFHR5-CFHR2 hybrid gene [77] + − −
CFHR1-5 hybrid gene [80] + − −
rs16840639 [69] – + (SLE) –
CFHR3-1Δ [32, 70, 71] – + (protective in 

IgAN, risk factor in 
SLE)

–

P46S (rs12097550) [34] + (DDD) – –
−249T/C (rs9427661) [34] + (DDD) – –
−20T/C (rs9427662) [34] + (DDD) – –
IVS1 + 75T/A [34] + (DDD) – –
IVS2 + 58C/T [34] + (DDD) – –
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in a single individual may have a more potent effect on AP 
regulation and may increase the risk of GN development.

On the other hand, some intronic SNPs, which do not alter 
molecule structure and function, also show an association with 
GN. It was proposed that they may ‘tag’ other, more common 
SNPs or mutations. As an example, SNP rs6677604 located 
in an intronic region of CFH gene has no functional conse-
quence. However, it tags a common copy number polymor-
phism CFHR3-1Δ, which confers protection for IgAN, has 
been shown to be a risk factor for SLE [65, 69–72].

Also, several rare mutations of the AP components have 
been described in GN patients. Single SLE cases associated 
with different C3 mutations have been reported in the Japa-
nese population [73, 74]. Further, first described in patients of 
Cypriot origin, familial cases of C3G, associated with mutant 
CFHR proteins, have also been found in patients of other eth-
nicities [39, 40, 75–78].

At present, there are only a few reports about the role of 
CFB and MCP mutations in glomerular pathology (Table 1) 
[62, 64, 79]. Nevertheless, the facts that CFB along with C3 
creates AP C3 convertase and MCP is another vital AP regu-
lator suggest the need for further studies. Although current 
knowledge on the functional consequences of CFB polymor-
phisms and mutations is rather limited, functional studies indi-
cate that they may influence the C3bBb complex formation 
[28]. In aHUS, genetic abnormalities in CFB are more frequent 
than in C3G. Some these mutations cause excessive comple-
ment activation, resulting in more severe disease with high 
risk of progression to the end-stage renal disease (ESRD) [80]. 
The genetic background of AP abnormalities in glomerular 
diseases will be discussed in detail below.

The role of the alternative pathway 
of complement activation in glomerular 
injury

C3 glomerulopathy

C3G is a sporadic disease (~ 2 per million), which is char-
acterized by predominant glomerular deposits of C3 in the 

absence of a significant amount of Ig on immunofluores-
cence (IF) [8, 10, 81]. Based on electron microscopy (EM), 
it is further divided into DDD and C3 glomerulonephritis 
(C3GN). Dense, band-like osmophilic deposits in the GBM 
on EM and membranoproliferative type of injury on histo-
pathology are typical features of DDD. C3GN, on the other 
hand, is characterized by subendothelial, mesangial and in 
some cases subepithelial C3 deposits on EM. On the light 
microscopy (LM), 71% cases of C3GN show membranopro-
liferative pattern of injury, though mesangial proliferation, 
crescent formation, and glomerular sclerosis may also occur 
[7, 8, 10, 62, 67, 82, 83].

Clinical features of C3GN and DDD

C3GN affects both sexes equally, usually in the third decade 
of life. Clinically, it manifests with hematuria (63–92% of 
cases) or less frequently with nephrotic syndrome (16–27% 
of cases). In general, the prognosis in C3GN is very poor 
with 23% patients progressing to the ESRD during a median 
follow-up period of 28 months [82, 85]. DDD is a rare entity 
usually diagnosed in early childhood, affecting both gen-
ders equally [62, 81]. Clinically, it presents with hematuria 
(76–89%) and subnephrotic proteinuria, but acute nephritic 
or nephrotic syndrome may also occur. In most affected 
individuals, it leads to ESRD (in approximately half of the 
patients within 10 years from diagnosis) [81, 84]. Features of 
(PD), diabetes mellitus type 1, and ocular drusen can accom-
pany DDD, but they have not been reported in C3GN [84]. 
Drusen are whitish-yellow deposits of lipoproteins and com-
plement components within the ocular Bruch’s membrane, 
beneath the retinal pigment epithelium, which are similar to 
those seen in AMD. However, in DDD, they have an earlier 
age of the onset, and they impair vision in approximately 
10% of patients [31]. Interestingly, no correlation between 
severity of renal and ocular disease has been found. PD 
is a condition appearing in early childhood, characterized 
by bilaterally symmetrical loss of subcutaneous facial and 
upper extremity fat. It is a result of complement activation 
in the adipose tissue [81]. PD usually precedes the DDD 
onset, and it has been estimated that approximately 22% of 

Table 1   (continued) Mutations C3G Immune-complex-
mediated GN

Pauci-
immune 
GN

CFB –
G161R [64] – + –
H451R [64] – + –
R679 W [64] – + –
p.Glu566Arg [79] – + –
MCP
−652 A > G (rs2796267) [62] + + –
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PD patients develop DDD during 8 years from the diagnosis 
[85].

C3G is characterized by complement dysregulation, 
meaning that complement may be activated spontaneously, 
due to acquired or congenital AP proteins abnormalities. 
The crucial role of AP dysfunction seems to be supported 
by recent reports of low plasma levels of AP components in 
C3G patients, such as C3, CFB, and CFH [62]. C3 levels are 
more often depleted in DDD than in C3GN (59.1 vs. 39.6%, 
respectively) [62, 85]. However, C3 plasma concentration 
within normal range does not exclude AP activation, as local 
(e.g., renal) C3 production and subsequent consumption may 
contribute to the disease pathogenesis [25]. Moreover, stud-
ies have shown that iC3b is the main constituent of the dense 
deposits in the GBM. Both CFI and CFH are essential for 
C3b cleavage to iC3b, but the abnormalities of CFH, not CFI 
are responsible for the disease occurrence [9, 83, 87]. This 
was demonstrated in an animal model, where CFH-deficient 
mice, which were also deficient in factor I, did not develop 
DDD but showed C3 mesangial deposition instead [86]. 
Extensive complement activation in DDD was described in 
various animal models. A lethal renal pathology, compa-
rable to human MPGNII, with C3 depletion in plasma and 
increased levels of MAC, was first diagnosed in 10 Yorkshire 
piglets [87]. Later, CFH deficiency was identified as a cause 
of complement abnormality leading to the hereditary porcine 
MPGNII [88]. In more recent studies, mice lacking CFH 
gene (CFH−/−) developed GN characterized by the capil-
lary wall thickening, mesangial cell proliferation, mesangial 
and capillary staining for C3 and C9, and intramembranous 
dense deposits. Both CFH−/− and CFH−/+ animals exhib-
ited the evidence of AP dysregulation (low C3 levels, MAC 
concentration was not assessed in this study). Remarkably, 
the heterozygous deficiency was sufficient to impair control 
of C3 activation, but it did not cause renal pathology since 
both CFH+/− and wild-type mice showed no histological 
evidence of MPGN. To confirm that the uncontrolled C3 
activation causes MPGN in CFH−/− mice, a second muta-
tion in CFB gene was introduced. Since the lack of CFB 
hinders the formation of C3 convertase, mice deficient in 
both CFH and CFB genes did not show signs of GN [89]. 
In the next study, mice deprived of both CFH and C5 genes 
developed less severe GN with significantly reduced mor-
tality, glomerular cellularity, and slower worsening of renal 
function within 12 months of observation. Although C5 defi-
ciency reduced MAC formation and prevented the forma-
tion of C5a, it did not affect the C3 deposition, which was 
sufficient to disrupt the permeability of the GBM, resulting 
in comparable levels of albuminuria in both CFH−/− and 
C5−/− mice [90].

The studies performed by Ruseva et al. and Lesher et al. 
focused on the role of FP in glomerular injury. Since the 
1970s, FP has been considered to be the only positive 

regulator of AP. It binds to C3bBb and stabilizes it thus 
counteracting CFH. Based on this knowledge, it has been 
expected that FP inhibition would ameliorate the AP activa-
tion. Conversely, enhancing FP would cause more efficient 
AP activation. Unexpectedly, studies on murine models, 
designed to inhibit FP by producing animals deprived of 
CFH and FP genes [91] or mice lacking the FP gene but 
producing small amounts of truncated CFH (CFHm/m; with-
out SCRs 19-20) [92] showed that the absence of FP exac-
erbated C3G. Both CFHm/m/P−/− and CFH−/−/FP−/− mice 
developed severe GN resembling human DDD with predom-
inant C3 depletion. Notably, there were several differences in 
clinical presentation between these two strains of mice. The 
CFH−/−/FP−/− deficient mice presented with an increased 
glomerular cellularity, capillary wall thickening with double 
contours on LM, linear pattern of C3 deposition on IF, and 
subendothelial electron dense capillary deposits on EM. The 
CFHm/m/FP−/− mice developed the even more severe dis-
ease since all the animals died. The renal injury in CFHm/m/
FP−/− was characterized by an intense C3 deposition along 
the vascular walls and slightly higher C3 plasma concentra-
tion. According to the authors, low but not entirely depleted 
C3 levels caused AP activation. In the absence of FP gene 
and SCRs 19-20 of CFH gene, AP activation occurred 
exclusively on GBM and podocytes, resulting in a linear 
pattern of C3 staining [91, 92]. These studies emphasize 
the complexity of C3G pathogenesis. Namely, they imply 
the possibility of the contribution of more than one genetic 
abnormality in the development of the disease and its clini-
cal phenotype.

It remains unclear why some patients present with 
DDD and the other with C3GN. Also, the exact trigger of 
AP dysregulation is unidentified. Some authors are seek-
ing the answer in the frequent prevalence of monoclonal 
Ig deposition along with C3 and high frequency of plasma 
monoclonal Ig in C3G patients (approximately 31% of cases 
diagnosed with C3GN and 71% of DDD cases) [93, 94]. An 
assumption that monoclonal Ig acts as autoantibody activat-
ing the AP has been made [82, 83]. Using in situ hybridi-
zation, Elfituri et al. found monoclonal kappa light chain 
plasma cells infiltrating the glomeruli of an 11-year-old 
C3GN patient, who had no monoclonal Ig in plasma and 
normal serum and urine electrophoresis pattern. Based on 
these findings, the authors hypothesized that monoclonal Ig 
might be the direct cause of C3 deposition [83].

Acquired AP abnormalities in C3G

Most cases of C3G are acquired and associated with dif-
ferent types of autoantibodies against the AP compo-
nents (Table 2). The autoantibody against the C3 con-
vertase termed C3 nephritic factor (C3NeF) is present in 
sera of 40% cases of C3GN and approximately 80% of 
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DDD patients [34, 62]. It has also been found in carri-
ers of CFH mutations (about 54% of cases), as well as in 
healthy individuals [62, 67]. The triggers leading to the 
production of these autoantibodies are unknown. C3Nef 
activity is heterogeneous, depending on the stabilization 
of C3 convertase by C3Nef only (FP independent) or by 
both C3Nef and FP (FP-dependent C3Nef). All types of 
C3Nefs by binding to a neoepitope on C3bBb slow down 
the dissociation of Bb [31, 95]. As a result, the time of C3 
convertase activation is prolonged, and it becomes resist-
ant to the AP-regulating factors. Clinically, low levels of 
circulating C3, C3 split products (C3dg/C3d), C3 deposits 
on IF and positive hemolytic assay are observed [34, 68, 
82]. However, the activation of MAC occurs only when 
C3 convertase is stabilized by both C3Nef and FP [96, 
97]. In a recent study, Marinozzi et al. [98] have shown a 
more detailed insight on the association between FP and 
autoantibodies to AP components. The authors found IgG 
to C5 convertase (called C5Nef) in 49% of C3G cases and 
C3Nef in 68% of cases, including 39% patients positive for 
both C3 and C5Nefs. In this study, C3Nef correlated with 
low C3 plasma levels, but in most cases (62%) MAC lev-
els remained below the normal range. The occurrence of 
C5Nef was related to both C3 consumption and high MAC 
levels. According to the authors, binding of FP to C3bBb 
stabilizes C5 convertase rather than C3 convertase. The 
prevalence of C5Nef was higher in C3GN (72%), while 
C3Nef was more frequent in DDD (71%), suggesting that 
the type of nephritic factors may determine the biologi-
cal phenotype of C3G [98]. These results are consistent 
with the previously described role of FP in animal models 
deficient in CFH gene, where coexisting FP deficiency 
was associated with C3 depletion, whereas plasma C5 
depletion was (at least in part) FP-dependent [91, 92]. 
In CFH−/− mice, FP also influenced the intraglomerular 
distribution of C3, since only these mice injected with 
human CFH presented C3 mesangial deposition, while 

CFH−/−/P−/− mice did not show mesangial C3 staining 
[91].

Other autoantibodies such as anti-CFH, anti-C3b, and 
anti-CFB have been found in patients with C3G [68, 95]. 
Various autoantibodies have different mechanisms of AP 
dysregulation. The anti-CFH antibody is directed precisely 
to the N-terminal end of CFH (SCR 1-4), resulting in the 
loss of CFH regulation in plasma [95, 99]. C3Nef frequently 
coexists with anti-CFH, possibly having a synergistic effect 
on AP dysregulation in plasma. In a single report, anti-CFH 
was also associated with monoclonal Ig (35% cases in the 
small group of 17 patients), which is in line with previous 
reports of monoclonal Ig pathogenic involvement in C3G 
[82, 83, 99].

Anti-CFB by binding to a neoepitope in native CFB 
or its activated form Bb enhances not only C3 convertase 
activation but also affects terminal pathway by blocking 
C5 convertase. Marrinozi et al. reported an association 
between anti-C3b/anti-CFB and infections. According to the 
authors, this may be explained by the similarities in coding 
sequences between C3 and certain pathogens (Streptococcus 
epidermidis, Streptococcus capitis, Klebsiella pneumoniae, 
Shigella flexneri) [95]. Altogether, these data indicate that 
autoantibodies alone may not be sufficient to trigger the 
disease onset. In most cases, additional factors such as the 
environmental or genetic abnormalities or the combination 
of all causes mentioned above may lead to the development 
of the disease. Undoubtedly, it is essential to investigate the 
potential risk factors further, as it may be crucial for future 
diagnostic and treatment recommendations.

Hereditary AP abnormalities in C3G

Although less common, genetic defects of the AP com-
ponents, alone or in combination with the other, currently 
not well-defined factors, may contribute to C3GN develop-
ment. McLean et al. [52] in a small study (only nine patients) 
reported a higher frequency of a C3F allele in patients diag-
nosed with MPGN II. Finn et al. supported this observa-
tion in a study of 26 cases with presence of C3NeF and 
MPGN II or PD, where the prevalence of C3F allele was 
significantly higher [51]. Recently, in one familial case of 
DDD, a heterozygous pathogenic variant of the C3 gene 
coded a mutant C3 (ΔDG3923) protein, which was resist-
ant to cleavage by the C3 convertase. This led to a constant 
production and consumption of C3 coded by normal allele 
and subsequent alternative pathway dysregulation in a fluid 
phase [100]. However, in a single report of a familial C3GN 
in the French cohort, a cell surface AP dysregulation was 
described. The two affected individuals carried the muta-
tion in C3 gene (p.I734T), located in the binding region for 
CFH and CR1, which caused the functional deficiency of 
CR1 and CFH. The authors speculate that an impairment of 

Table 2   Acquired factors predisposing to the AP-related glomerular 
diseases

Autoantibodies C3G Immune-
complex 
GN

PMN

anti-C3bBb (C3NeF) [34, 62, 68, 147] + + +
anti-C3bBbC3b (C5Nef) [98] + − −
anti-C3 [73, 126] − + (LN) −
anti-C3b [95, 127] + + (LN) −-
anti-CFH [68, 73, 99] + + −
anti-CFB [73, 95] + + −
anti-CFI [73] − + −
anti-FP [73] − + −
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the surface-bound AP regulation may be associated with a 
C3GN phenotype, whereas fluid-phase dysregulation with 
DDD presentation [61]. Chen et al. reported another het-
erozygous mutation in the C3 gene (c.C1774T/p.R592W) 
in a patient with C3GN combined with TMA and subacute 
tubulointerstitial nephritis. Interestingly, the patient’s brother 
who was not the carrier of this mutation developed atypi-
cal hemolytic syndrome (aHUS) [101]. In a recent study, 
performed by Iatropoulos et al. on a group of 71 C3G cases, 
mutations in the AP components (C3, CFI, CFH, and MCP) 
were significantly more common in a C3G group than in 
controls. Fifty percent of all reported genetic abnormali-
ties were located in the regulatory domains of the C3 gene 
and included the following mutations: V619 M, R1042Q, 
R1303H, R13200Q, C1518R, and D1625H. A novel 
mutation in the thrombomodulin gene (THBD A473 V; 
rs1042579) was also described. Though the authors under-
lined that the cumulative effect of the homozygous risk vari-
ants V62I in CFH (rs800292) and A473 in THBD (found 
in 58% of C3G patients) together with the presence of one 
of the above-mentioned mutations in C3 gene, but not the 
single C3 variation alone, was associated with a significant 
risk for C3G development [64].

An association between an SNP in the MCP gene 
(− 652 A > G; rs2796267) and C3G was reported by Ser-
vais et al. The authors also described a risk haplotype of 
combined MCP mutations (−652A, −366A, IVS9-78G, 
IVS12 + 638G, c.2232T) [62].

As mentioned earlier, since the GBM lacks membrane-
bound AP regulators, it depends exclusively on CFH inhibit-
ing properties, by binding and absorbing CFH. It is consist-
ent with the fact that some CFH mutations confer risk for 
DDD. A well-known mutation in CFH gene, associated with 
AMD, (c.1204T > C; Y402H; rs1061170), was also reported 
in DDD patients by Abrera-Abeleda et al. [34]. The protec-
tive variant (Y402Y) of rs1061170 bound with a stronger 
intensity to CRP and heparin than the risk variants (H402Y 
and H402H). However, there was no difference in binding to 
C3b between these three genotypes [66]. Later, this observa-
tion was confirmed by Servais et al. [62] in a group of 27 
patients. Sethi et al. [68] in a study of small group (5 C3G 
patients, including 1 with DDD, 3 with C3GN, and 1 case 
with microscopic features of both diseases) confirmed the 
AP activation (measured by MAC deposits in glomeruli) and 
prevalence of at least one copy of H402 allele in both DDD 
and C3 GN patients. Other specific allele variants in the 
CFH gene (V62I/rs800292, IVS 2-18insTT, A473A) and in 
the CFHR5 gene (P46S/rs12097550, −249T/C/rs9427661, 
−20T/C/rs9427662, IVS1 + 75T/A, IVS2 + 58C/T) are 
considered to be associated with DDD [34]. The 62I vari-
ant of rs800292 confers protection against C3G, aHUS, 
and AMD, as it has a stronger ability to C3b binding and 
thus enhances the CFH-dependent AP inhibition both in 

fluids and on the cell surfaces [63]. Conversely, the V62 
variant allele of rs800292 is less efficient at inactivating 
C3b, and it is a susceptibility allele for C3G, aHUS and 
AMD [64]. Aberera-Abeleda et al. described the additive 
cumulative risk of C3F/S (R102G; rs2230199) and HAV4-
1+/− (P314L; rs1047286) SNPs of the C3 gene together 
with the CFH SNP Y402H (rs1061170) for the development 
of DDD. The presence of at least one copy of the both C3 
G102 (C3 F) and C3 L314 (HAV4-1+) causes stronger affin-
ity of C3 binding to CFB, while the CFH H402 allele shows 
an impaired C3b binding that finally results in enhancing 
the C3 convertase activity and an uncontrolled consump-
tion of the AP components [50]. Habbig et al. presented 
two female siblings (12 and 7 years old) with the deletion of 
224 lysine in rs796052138, located in the N-terminal end of 
CFH (SCR-domain 4), affected by a renal disease compat-
ible with C3G. Both children were C3NeF positive, had low 
plasma C3 and CFB levels, and were successfully treated 
with chronic infusion of fresh frozen plasma [102].

Several cases of the familial C3G have been described to 
be associated with various mutations in the CFHR gene clus-
ter. Gale et al. in Cypriot families reported a disease, which 
clinically presented with synpharyngitic hematuria, renal 
failure, and C3G features on biopsy. All affected individuals 
had an internal duplication of exons 2 and 3 in CFHR5 gene, 
resulting in an expression of the mutant CFHR5 protein, 
with reduced affinity for the surface-bound complement. 
This new entity was called CFHR5 nephropathy, and it was 
classified as a subtype of C3G [7, 75]. Other cases of C3G 
associated with mutant CFHR proteins have been described. 
For instance, the novel mutant multimeric CFHR1 protein 
that showed enhanced competition with CFH was a result 
of an intragenic duplication in N-terminal SCRs of CFHR1 
gene. The dysregulation of complement was present only on 
the certain surfaces, but (according to the authors) probably 
did not occur on the endothelium, explaining the C3G and 
not aHUS onset [39]. Malik et al. [76] reported a unique 
hybrid CFHR3-1 gene, which caused a familial C3G. The 
authors speculate that this new gene interferes with C3 regu-
lation by CFH and CFHR5, resulting in uncontrolled C3 
activation and its accumulation in the kidney. Chen et al., in 
familial cases of two DDD patients, discovered a chromo-
somal deletion in CFHR gene cluster that led to the expres-
sion of a hybrid CFHR2-CFHR5 plasma protein. The fusion 
protein favored the C3 convertase formation by recruiting 
P and competing with CFH for binding to C3b [40]. Xiao 
et al. reported another hybrid gene, CFHR5-CFHR2, in two 
relatives diagnosed with C3G. The novel hybrid CFHR5-
CFHR2 protein facilitated the formation of large multimers 
of CFHR1, CFHR2, and CFHR5, which antagonized CFH-
dependent AP regulation [77]. Similarly, the mutant CFHR1-
5 hybrid gene found in four family members diagnosed with 
C3G also exhibited the enhanced inhibition of CFH. As the 
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evidence of both C3 and C5 dysregulation, all affected indi-
viduals had low C3 and FB levels and increased MAC and 
Bb plasma concentration. Also, in two patients, complete 
CFHR1 deficiency due to CFHR3-1Δ was observed. Unlike 
the above-mentioned hybrid proteins, mutant CFHR1-5 was 
created as a result of a genetic rearrangement of 3 CFHRs 
genes, namely the heterozygous 147-kilobase deletion, span-
ning from CFHR1 intron 4 to the 5′ region of CFHR5 [78]. 
Altogether, the exact pathogenic mechanism by which the 
genetic abnormalities in CFHRs cause the disease is still 
unknown, but likely involves deregulation of the CS. Nev-
ertheless, further studies are required to assess the exact role 
of CFHRs in the AP-mediated renal injury.

C3G versus aHUS

Finally, certain similarities, such as involvement of the AP, 
frequent prevalence of anti-FH antibodies, and reasonable 
response to the treatment with eculizumab raise a question 
whether C3G and aHUS are separate diseases or just the two 
sides of the same coin [15, 103]. In general, mutations in the 
C3 gene are uncommon in C3G, and they are more likely to 
be associated with DDD rather than C3 glomerulonephritis 
(C3GN) phenotype [61, 62]. In contrast, genetic abnormali-
ties in C3 gene occur more often in aHUS [104].

In C3G, complement dysregulation is due to CFH dys-
function in a fluid phase, resulting in a systemic AP activa-
tion and C3 fragments deposition in the kidney. Conversely, 
CFH surface-bound regulation is impaired in aHUS. Uncon-
trolled activation of complement occurs here directly on glo-
merular and microvascular endothelium, and it is responsible 
for the development of TMA and hemolysis of erythrocytes, 
without deposition of the AP components in glomeruli 
[10, 105]. Notably, overt thrombosis is not always seen in 
aHUS biopsy samples. In line with this, the KDIGO 2017 
consensus report suggests referring to aHUS as a ‘micro-
angiopathy,’ with the term thrombotic being reserved for 
the cases with proven thrombosis. The KDIGO 2017 con-
sensus underlines that the boundary between those diseases 
in some cases may be very subtle, and some patients may 
present with both entities [106]. The ‘two-hit’ model for 
endothelial activation in TMA has been proposed, in which 
the endothelium can change its properties from preferential 
synthesis of vasodilators and antithrombotic molecules to 
production of vasoconstrictors and prothrombotic mediators. 
In the presence of pathogenic mutations and autoantibodies, 
this ‘primary beneficial response,’ aimed to protect the host 
against the aggression (e.g., infection with a pathogen) may 
lead to uncontrolled complement activation and excessive 
inflammation with microvascular thrombus formation. The 
local AP dysregulation on the endothelial cells seems to be 
crucial for aHUS pathogenesis, but the particular suscepti-
bility of the glomerular endothelium is poorly understood. 

One possible explanation may lay in the heterogeneous 
pattern of expression of the different hemostatic mediators 
on various types of the endothelium (including glomeru-
lar endothelium), as well as the tissue-restricted production 
of distinct structures of the GAG, which can bind to CFH. 
Conversely, in C3G, systemic C3 activation seems to cause 
AP dysregulation without the involvement of the glomerular 
endothelium. It is not clear, why the increased production 
of anaphylatoxins (C3a and C5a) does not cause endothe-
lial injury and why high levels of circulating C3b does not 
locally activate the AP on the endothelium in this disease 
[107]. This underlies the importance of abnormalities con-
cerning the C-terminal end of CFH protein (SCR 19-20), 
which in physiological conditions regulates surface-bound 
C3bBb, for the occurrence of aHUS (Fig. 3). In fact, autoan-
tibodies to the C-terminal end of CFH are found in approxi-
mately 10% of aHUS patients, and the majority of them have 
a homozygous deletion of CHFR1 [37, 108, 109]. Further-
more, the prevalence of anti-CFH antibodies correlates with 
the occurrence of CFHR3-1Δ variant, known to be protec-
tive against IgAN and AMD, and a risk factor for SLE and 
aHUS [47, 70, 83]. The exact impact of the same mutation 
being protective in some diseases and predisposing to the 
other remains to be specified. In case of AMD, one possible 
explanation is the complement deregulation caused by the 
absence or deficiency of either CFHR1 or CFHR3 or both 
these proteins [37]. Mutations located in the N-terminal end 
(SCR 1-4) or autoantibodies against this part of CFH influ-
ence the C3b and C3-convertase binding in plasma and most 
of them are responsible for the development of C3G (Fig. 3) 
[10, 25, 104]. However, in the recent studies, some N-ter-
minal genetic abnormalities in CFH, as well as anti-CFH 
antibodies to SCRs1-4, have also been reported in aHUS. 
Moreover, the same mutations in CFH and CFI have been 
found in both diseases, indicating that genetic abnormali-
ties or the presence of autoantibodies are not sufficient to 
determine the disease phenotype. In most aHUS patients, an 
underlying complement abnormality is not enough to trigger 
the disease. The additional genetic and environmental or still 
unknown factors drive the patients toward one or another 
condition, or they remain disease-free despite the presence 
of gene abnormality [62, 100, 106, 107]. The detailed role 
of the AP abnormalities in the pathogenesis of aHUS (due 
to its complexity) is currently prepared as a separate article.

Immune‑complex glomerulonephritis

Immune-complex GN is a group of diseases, in which cir-
culating and locally deposited immune complexes activate 
complement. As the result of this activation, IF confirms 
polyclonal Ig, complement components and MAC deposi-
tion in glomeruli. On LM, the pattern of injury may vary 
from mesangial proliferative, membranoproliferative, and 
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extracapillary proliferative lesions with the addition of exu-
dative, necrotizing, and sclerotic changes. In some cases, 
mixed membranous and proliferative pattern could be 
observed. According to the new classification, several dis-
tinct disease entities, such as primary membranoproliferative 
glomerulonephritis type I and type III (MPGN I, MPGN III), 
IgAN, and lupus nephritis (LN) have been included in this 
category [7, 8]. The activation of immune complexes by the 
CP led to the assumption that other complement pathways 
are not involved in the disease pathogenesis. However, glo-
merular co-deposition of CFHR5, CFH, and FP has been 
found in MPGN I, LN and IgAN cases, indicating the AP 
involvement in these diseases [7, 8, 32, 110, 111]. In MPGN 
I patients, Servais et al. reported low AP proteins levels, 
such as C3, CFB, CFH, and CFI (in 46.3, 34.1, 4.9, and 7.3% 
of cases, respectively) and the prevalence of the C3NeF (in 
53.6% cases), what suggested the AP activation [62]. In the 
other studies, anti-C3b, anti-CFB, and anti-CFH antibodies 
have been found in Ig-MPGN patients (Table 2) [95, 99]. 
Recent reports have also shown that genetic abnormalities 
of the AP proteins may be present in immune-complex GN 
(Table 1). The candidates are CFB gene (G161R, H451R 
and R679 W), C3 gene (V86I, R505C, G637R, K1051M, 
S1063N, D1362N) and MCP gene mutations (−652 A > G; 
rs2796267) [62, 64]. For instance, a heterozygous variant, 
p.Glu566Arg, in the exon 13 of the CFB gene has been 
reported to be associated with immune-complex-mediated 
GN in a case report of a 7-year-old boy. This patient was 
successfully treated with eculizumab, a monoclonal anti-
body targeting C5 and consequently inhibiting MAC forma-
tion [79].

IgAN

IgAN is the most common form of glomerulonephritis 
worldwide. As an immune-complex-mediated GN, it is 
associated with glomerular immune complexes containing 
aberrant IgA1, activating the AP or LP. On renal biopsy 

specimens, components of the CP (such as C1q) are absent 
[7, 32, 112]. Instead, mesangial deposits of C3, CFHR5, 
CFH, and P are found on IF together with low C3 plasma 
concentrations [110]. Whether the AP is activated by cir-
culating IgA1-containing immune complexes or after their 
deposition in the mesangium is yet to be determined [32]. 
Nevertheless, Zhu et al. proposed systemic complement 
activation after having found higher C3 kidney deposition 
in patients with low circulating C3 levels. Surprisingly, and 
on the contrary to previous reports, results of a recent study 
revealed no correlation between decreased serum C3 levels 
and renal progression [70]. Rambausek et al. have shown 
a higher frequency of C3FF and lower of C3F/S alleles in 
IgAN patients compared to controls (10.4 vs. 3.4 and 19.4 
vs. 35.8%, respectively). Of note, C3FF carries showed a 
faster progression to ESRD and much more frequently devel-
oped hypertension [54]. Opposite results were obtained by 
Finn et al. in a Hong Kong Chinese population. Despite the 
known high prevalence of IgAN in Asians, the frequency 
of C3F allele was sporadic in their study [53, 113, 114]. 
Additionally, among 26 patients who had been tested for 
HAV4-1+/− polymorphism, all were HAV4-1-homozygotes. 
The authors conclude that in Chinese population other fac-
tors than C3 polymorphism contribute to the pathogenesis 
of IgAN [53].

Interestingly, according to the recent reports, mutations 
in the AP-regulating proteins, resulting in a more efficient 
C3 convertase inhibition, may confer protection against the 
disease. Indeed, a common copy number polymorphism 
resulting in the deletion of both CFHR3 and CFHR1 genes 
(CFHR3-1Δ) has been proven to protect from the develop-
ment of IgAN. As CFHR1 and CFHR3 compete with CFH 
for the binding site on C3b, they diminish C3 convertase 
dependent decay and C3b inactivation (Fig. 5). Deletion of 
one or both genes results in lower concentration (in case of 
homozygous deletion) or absence of CFHR1 and CFHR3 
proteins and enhances AP inactivation [32]. Also, the GWAS 
selection identified minor allele, rs6677604-A in an intron 

Fig. 5   The function of CFHR3-1Δ, which confers protection against 
IgAN and AMD, at the same time being a risk factor for SLE. 
CFHR1 and CFHR3 due to the presence of SCR 19-20 compete 
with CFH for the binding site on C3b. In contrast to FH, CFHR1 and 
CFHR3 do not possess SCRs 1-4 and cannot, therefore, cleave C3b 

into inactive split products. In case of CFHR3-1Δ, CFH more effi-
ciently binds to C3b, resulting in more potent inhibition and decay of 
the C3 convertase. DAF decay accelerating factor. The diagram was 
based on Maillard et al. [32], modified
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region of the CFH gene, which tagged CFHR3-1Δ and 
conferred protection against IgAN [70, 71]. In a study per-
formed by Zhu et al., among five healthy individuals with 
rs6677604-AA genotype, four had homozygous CFHR3-1Δ, 
and one was heterozygous for CFHR1Δ. Conversely, both 
41 patients and 28 healthy controls with rs6677604-GG 
genotype carried two copies of CFHR1 and CFHR3 genes, 
and 90% of rs6677604-AG heterozygotes (39 patients and 
49 controls) were also heterozygous for CFHR3-1Δ [70]. It 
has been estimated that the deletion of one CFHR3-1 allele 
reduced the disease risk by 26%, while the absence of two 
alleles decreased the disease risk by 45% [72]. However, 
the rs6677604-A allele was not associated with clinical out-
comes, but with a reduced mesangial C3 deposition, high 
serum CFH, and low complement C3a levels [70]. Consist-
ent with this, in the recent retrospective cohort study on 
Caucasian population, the occurrence of CFHR3-1Δ did not 
correlate with the disease severity, but it was associated with 
a reduced level of glomerular immune deposits [115]. In 
general, these reports indicate low CFHR1 and CFHR3 to 
be protective against IgAN, but they are not sufficient to be 
used as prognostic markers in IgAN.

In this context, the most recent studies are focusing on 
finding possible markers for the risk of disease develop-
ment and its clinical progression [116, 117]. For instance, 
Medjeral-Thomas et al. in a cohort of 294 IgAN patients 
demonstrated elevated levels of circulating CFHR1 and 
CFHR5 proteins in the group with a progressive IgAN. 
Plasma CFHR1 levels correlated negatively with a decline in 
glomerular filtration rate, while higher CFHR5 levels were 
associated with a lack of response to immunosuppression, 
the presence of endocapillary hypercellularity, and histology 
scores of disease severity. According to the authors, CFHR1 
and CFHR5 proteins compete with CFH to inhibit the AP 
activation on surfaces in a process called CFH deregulation. 
Higher concentrations of these proteins may impair CFH 
and, thus, predispose to the development of IgAN [116]. 
Tortajada et al. independently confirmed the role of the 
competition between CFH and CFHR1 in the pathogenesis 
of IgAN [117]. In a group of 112 IgAN patients and 46 
patients with a disease unrelated to complement activation 
(autosomal dominant polycystic kidney disease, ADPKD), 
the CFHR1 levels and the CFHR1/CFH ratios were elevated 
in comparison with the 76 controls. Notably, both IgAN 
and ADPKD patients had highest CFHR1/CFH ratios, but 
CFHR3-1Δ homozygotes were protected only from IgAN 
and not from ADPKD. The authors conclude that higher 
CFHR1/CFH ratios and elevated CFHR1 levels correlated 
positively with a decline in renal function. Interestingly, only 
twenty one of IgAN cases had low or close to below cutoff 
values of serum CFH. Out of them, five patients with low 
CFH were carries of the novel CFH (four cases) or CFI (one 
individual) pathogenic variants. The two mutations in the 

CFH gene, namely c.197G > A, p.Cys66Tyr and c.615T > A 
resulted in a partial CFH protein deficiency. The functional 
consequence of the third mutation, c.50T > G is yet to be 
determined. Finally, the last of the newly described CFH 
mutations c2933G > T was associated with both CFH and 
C3 decreased levels in the studied IgAN individual and this 
subject’ relatives [117]. Although the CFH levels in IgAN 
patients are in most cases normal, its activity seems to be 
decreased due to the competition with various CFHRs. Thus, 
elevated CFHR1, CFHR1/CFH ratio, and possibly CFHR5 
may become the new risk markers of IgAN progression to 
the ESRD.

Lupus nephritis

LN is a severe complication of SLE affecting approximately 
50% of SLE cases (in 5 years from SLE diagnosis) and wors-
ens the prognosis of the disease [118, 119]. The clinical 
symptoms of LN include proteinuria (of nephrotic range in 
50% of patients), hematuria (occurring in 80% of cases), 
hypertension and a decline in renal function. In 40–60% of 
patients, impairment of renal function is stated on diagnosis, 
and in 10–25% of them, the disease progresses to ESRD. 
There is an ample of evidence confirming kidney involve-
ment in a very early stage of SLE (even in the absence of 
clinical symptoms), and the occurrence of low-level pro-
teinuria and hematuria may be associated with significant 
renal disease [118–120]. Typically, LN is linked with the 
CP of complement activation by circulating immune com-
plexes and autoimmunity directed to the components of the 
CP [112, 118, 119, 121, 122]. Growing evidence indicates 
that the AP takes part in the LN pathogenesis. Decreased 
serum C3 levels, frequently observed in LN, are associated 
with complement over-activation and seem to determine a 
worse renal prognosis [123]. In a retrospective study of 39 
patients with active LN, the prevalence of low C3 plasma 
concentration was related to a higher relapse rate and the 
progression of renal disease [124]. Of note, a positive corre-
lation between low C3 and clinically silent, but morphologi-
cally active juvenile LN has been reported [120]. Recently, 
Song et al. have described significantly decreased plasma 
C3 concentrations and increased Bb, C3a, C5a, and MAC 
levels in patients with active LN. The plasma Bb levels (but 
not C3) were associated with LN outcome and strongly cor-
related with MAC levels. Also, Bb co-localized with MAC 
in the glomeruli with LN. The above findings suggest that 
the activation of MAC in LN reflects mostly the AP con-
sumption [125].

To date, the autoantibodies against C3 and C3b have 
been reported in LN (Table 2) [126, 127]. In the Bulgar-
ian population, anti-C3 antibodies were present in 31% of 
patients (in 12 of total 39 individuals), and they correlated 
positively with anti-dsDNA antibodies levels, as well as with 
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the severity of LN. These antibodies were shown to bind to 
immobilized C3 and C3b. In the serum samples positive for 
anti-C3 antibodies, the levels of C3 were significantly lower, 
compared with the negative samples. The authors speculate 
that anti-C3 antibodies enhance C3 convertase, resulting in 
a more efficient C3 cleavage [126]. In another study, anti-
bodies against C3b, although less frequent than that against 
C1q, showed a higher specificity for LN, particularly for 
the prediction of renal flare [127]. Thus, Bb and anti-C3b 
antibodies appear as new markers for monitoring LN activ-
ity [125, 127].

In the context of low plasma C3 in LN, Nozal et al. have 
recently described a case with a 16-years’ long history of 
LN and persistently low serum C3 concentration, indepen-
dently of flare (two nephrotic flares with 5-years’ interval) 
or remission. The patient and her mother (clinically healthy, 
but with persistently low C3 level, although higher than in 
her daughter) carried a heterozygous mutation in the exon 
2 of the C3 gene (c.131_146del; p.Leu44Argfs*19). This 
mutation caused a premature stop, being responsible for the 
production of non-functioning protein. Notably, antibodies 
against C3, CFI, CFB, and FP enhancing the AP activa-
tion in the fluid phase were found in this patient’s serum 
[73]. At this point, a question arises if hereditary C3 defi-
ciency can solely predispose to the development of SLE. In 
Japanese case report of a 22-year-old male, who suffered 
from photosensitivity, recurrent fever and facial erythema 
from childhood, and had to be hospitalized due to tonsilli-
tis and recurrent pneumonia in his late teens, the diagnosis 
of SLE was made at the age of 20. He was found to be a 
carrier of a homozygous C3 deficiency due to the splice 
acceptor site mutation in intron 38 (C3, IVS38AS, A-G) 
with undetectable serum C3 [74]. However, his later fate 
remained unknown. A homozygous mutation (Tyr1081Ter) 
in the C3 gene resulting in a deficient serum C3, reported 
in two Japanese sisters, who developed SLE-like symptoms 
(a high fever, butterfly rash, Raynaud phenomenon, inter-
mittent arthralgia, and photosensitivity) at their adoles-
cences was mentioned earlier [58]. The study on the largest 
patients’ group of Japanese descent consisting finally of 509 
SLE cases and 695 controls revealed that the rs7951 T allele 
was associated with a significant risk of SLE, including LN 
[59]. In 87 of these patients, serum C3 level was determined. 
The mean serum C3 level in carriers of the rs7951 T allele 
(n = 33) was significantly lower compared to non-carriers of 
the T allele (n = 54), although there were no statistical dif-
ferences in anti-DNA antibody titers, the incidence of renal 
or central nervous system (CNS) involvement, as well as 
the daily prednisolone doses between these subgroups [59]. 
The authors suggest that C3 heritability predisposes to the 
development of SLE in the Japanese population. Later, the 
C3 heritability and the association of genotype with serum 
C3 were studied in a cohort of 1371 individuals from 393 

UK Caucasian SLE families. Also, the relationship of the 
C3 genotype with SLE was examined in an extended cohort 
of 2211 individuals from 585 UK Caucasian SLE families 
[60]. These authors confirmed the link between rs7951 and 
a lower serum C3 but found no disease association in the 
Caucasian population. In their study, the most robust rela-
tionship with the serum C3 was observed for SNP rs344555 
(G > A), located in an intron 37. The rare allele of this SNP 
was associated with higher level of serum C3. However, a 
different variant (which was not tested in the Japanese study) 
accounted for the susceptibility to SLE. The disease-associ-
ated SNP, rs3745568, was found in intron 27, in a haplotype 
block encompassing the central region of C3. Remarkably, 
no association between rs3745568 and serum C3 could be 
shown. According to the authors, it is likely that genetic 
variations in the distal end of the C3 gene influence its serum 
level, while those located in the central region of the gene 
predispose to the occurrence of SLE [60].

An animal model demonstrated CFH-deficient lupus-
prone mice which developed syndromes of LN and subse-
quent renal failure [128]. A large GWAS carried out on dif-
ferent ethnic groups identified two SLE susceptibility SNPs 
in the CFH gene: an intronic rs6677604 and an intergenic 
rs16840639 between CFHR1 and CFHR4. Surprisingly, 
previously mentioned CFHR3-1Δ variant, protective against 
IgAN, was associated with increased risk for SLE. An exact 
way, by which the same mutation predisposes to one disease 
and protects against another, is still elusive [69]. However, 
the correlation between CFHR1 and CFHR3 deficiency and 
anti-CFH antibodies to SCRs19-20 has been reported to 
be the risk factor in aHUS. The authors speculate that the 
same link may be operative in LN impairing the CFH cell 
surface recognition [37]. The most recent study performed 
on a large cohort of 603 SLE Chinese patients (among them 
334 with LN), and 350 controls found that the variants of 
the CFH gene might affect the histopathologic subtypes and 
some clinical features of the disease. Namely, there was a 
significantly higher ratio of CC/CT genotypes of rs1061170 
(Y402H) in LN patients with class III than in the other two 
classes (class III vs. both class IV and V). Further, the GG 
genotype of rs6677604 was associated with the absence of 
anti-ds DNA antibody, while the AA genotype of rs800292 
(V62I) determined a higher level of circulating C3 in LN 
[65].

Pauci‑immune GN

Pauci-immune GN comprises of both anti-neutrophil cyto-
plasmic antibodies (ANCA) positive and ANCA negative 
GN. Most cases (80–90%) are ANCA positive and present 
morphologically as necrotizing crescentic glomerulonephri-
tis (NCGN). On IF, only scanty Ig and complement (mainly 
C3c) deposits may be seen in glomeruli [7, 129]. According 
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to the Chapel Hill Consensus, ANCA GN includes (SV), 
such as microscopic polyangiitis (MPA), granulomatosis 
with polyangiitis (GPA), or eosinophilic granulomatosis 
with polyangiitis (EGPA) [7, 130, 131]. Although ANCA 
positive SV is characterized by a paucity of Ig deposits 
(with C3 serum levels depleted only in approximately 35% 
patients), recent studies strongly emphasize the role of the 
AP in the pathogenesis of the disease [130, 132, 133]. In 
this context, according to Finn et al., the average relative 
risk for the development of SV associated with the presence 
of a C3F allele was 2.6 (Table 1). This risk increased to 
5.1 in C3FF homozygotes, indicating a gene dosage effect 
[55]. Similar results were obtained by Persson et al., where 
the incidence of the C3F allele was significantly higher in 
proteinase-3 (PR3)-ANCA positive patients compared to 
healthy controls. The authors assume the C3F allele may 
influence binding to the complement receptors and enhance 
the activation of neutrophils [56]. In another study, Manenti 
et al. reported that ANCA-SV patients with depleted C3 
concentrations were older at the diagnosis, had lower glo-
merular filtration rate and features of TMA on biopsy. As 
low serum C3 levels usually reflect the activation of the AP, 
in 19 patients, Bb and MAC concentrations were assessed 
and shown to be significantly higher [133]. This data are 
consistent with a study performed by Gou et al., in which 
patients with active SV had elevated levels of activated AP 
complement proteins, such as C3a, C5a, sC5b9, and Bb. The 
AP activation correlated with acute-phase reactants, number 
of crescents, and severity of kidney histology [134]. Moreo-
ver, Molad et al. [135] have shown that a low C3 plasma 
concentration at the time of diagnosis of myeloperoxidase 
(MPO)-ANCA positive SV was associated with reduced 
renal and patient survival. The most recent studies indicate 
C5 as a crucial factor in ANCA-SV pathogenesis. In an ani-
mal model, C5-deficient and CFB-deficient mice, injected 
with anti-MPO IgG, did not develop GN and SV. In com-
parison, the C4-depleted mice showed signs of SV [136]. 
Furthermore, mice lacking C5a receptor (c5aR or CD88) 
were protected against NCGN [137]. According to in vitro 
studies, C5a (among other proinflammatory factors) causes 
translocation of MPO and PR-3 to the cell surface in a pro-
cess termed ‘priming,’ where they are targeted by ANCA. 
The interaction between ANCA and MPO or PR-3 results 
in neutrophils’ degranulation, subsequent endothelial dam-
age, and the AP activation. Due to the AP activation, more 
C3a is generated and enhances inflammatory responses by 
recruiting more neutrophils [132, 138, 139]. However, the 
role of the AP in pauci-immune GN may be much more 
complicated. So far, in the one retrospective study, plasma 
levels of CFH in patients with active ANCA-SV have been 
lower in comparison with those in remission and inversely 
correlated with initial serum creatinine, the percentage of 
crescents on biopsy, and circulating levels of C3a, C5a, and 

MAC [140]. Nevertheless, further studies are required to 
determine whether CFH abnormalities are involved in this 
pathology.

Primary membranous nephropathy

Primary membranous nephropathy (PMN) is a relatively 
rare disease (1.2/100,000/year), usually manifesting as the 
nephrotic syndrome. Although in 75% of cases it is consid-
ered to be the PMN, in the remaining 25% of cases, autoim-
mune diseases or malignancies have to be taken into account 
[131, 141]. According to the consensus report from 2015, 
PMN has not been included in the GN group [7]. Thicken-
ing of the glomerular capillary walls under LM along with 
peripheral deposits of IgG on IF is indicative for this dis-
ease. Classically, the subepithelial dense deposits on EM 
should support this diagnosis. The autoantibodies, mostly 
in the IgG4 subclass, targeting the phospholipase A2 recep-
tors (PLA2R) on podocytes are considered to be the leading 
cause of subepithelial accumulation of the Ig deposits and 
subsequent activation of the complement resulting in the 
GBM injury [141, 142]. Since IgG4 is incapable of activat-
ing the CP and the deposits of MBL and C4b have been 
found in glomeruli of PMN patients, the LP is considered to 
play an essential role in the disease pathogenesis. However, 
the most recent studies show the prevalence of Bb depos-
its along with C3c and MAC, as well as increased urinary 
excretion of C3dg and MAC suggesting the AP activation 
[131, 141, 143–145]. In fact, a patient with PMN and com-
plete C4 deficiency has been reported, implicating that the 
disease may develop without the LP activation [146]. The 
prevalence of the C3Nef (Table 2) with low C3 levels has 
also been described in a case report of two unrelated chil-
dren with PMN [147]. Also, another study reported the 
loss of glomerular heparan sulfate proteoglycans from the 
GBM, which bind CFH, causing local dysregulation of the 
AP [143]. Nevertheless, the role of the AP in PMN is still 
not well defined, and the exact pathophysiology remains to 
be determined.

Conclusions

Growing evidence of either acquired or hereditary abnor-
malities of the AP components suggests that this pathway 
may be a much more significant player in the pathogenesis 
of the glomerular diseases than previously expected. Dys-
functional C3 (as the main constituent of the C3 convertase) 
and CFH (as the principal AP inhibiting protein) may con-
tribute to the glomerular pathology. As an example, C3G is 
a disease caused by the AP dysregulation in the fluid phase, 
arising due to acquired or genetic abnormalities of the AP 
components. The most affected C3 and CFH can be both 
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the target of the autoantibodies and mutations, resulting in 
similar pathophysiological effect, which is prolonged C3 
convertase activation and subsequent uncontrolled C3 con-
sumption. Also, the AP seems to be essential in the devel-
opment of diseases previously considered to be associated 
strictly with Ig deposition and the CP or LP activation, such 
as various types of immune-complex GNs. For instance, in 
the light of recent studies, SLE is characterized by the exces-
sive complement system activation, and the C3b present in 
immune complexes in glomeruli activates the AP via ampli-
fication loop. Also, the abnormalities of the AP predispose 
to the renal manifestation of the disease. Insufficient AP 
inhibition may also increase the risk of IgAN. However, it 
remains unexplained why CFHR3-1Δ polymorphism result-
ing in a more efficient AP C3 convertase decay, is protective 
against IgAN but confers the risk for SLE development. In 
pauci-immune GN, C5a protein contributes to the AP and 
neutrophils activation, leading to the vascular inflammation 
and damage. Some studies indicate the AP as a pathogenic 
factor of PMN since IgG4 is unable to activate CP and LP. 
Besides, the C3NeF, low C3 and Bb levels were found in 
PMN patients, suggesting the AP consumption. Neverthe-
less, the exact role of the AP in the pathogenesis of PMN is 
yet to be determined. The new insight of the role of CS and 
AP in particular in the pathogenesis of glomerular injury 
may lead to the introduction of the complement targeted 
therapies in the treatment of kidney disorders. Eculizumab, 
currently available complement inhibiting drug, successfully 
used in aHUS treatment, may prove to be an alternative in 
C3G and other glomerular diseases with the excessive AP 
consumption. However, in some patients, it may be insuf-
ficient. While acting directly on C5, it inhibits MAC forma-
tion and intravascular lysis, but the generation of C3 con-
vertase and C3 amplification remains intact. Thus, a large 
amount of C3b is produced, with all pathophysiological con-
sequences. In agreement with this, in the kidney diseases 
associated with dysregulation of the AP in a fluid phase, the 
blockade of C3 convertase seems to be the main goal. So far, 
several clinical trials using C3 convertase inhibitors, which 
might be potentially helpful in C3G, are being in progress. 
The blockade of C3bBb may be achieved at different stages 
of C3 convertase assembly. For instance, agents targeting 
FD (lampalizumab and small molecule ACH-4471) and tar-
geting FB (IONIS-FB-LRx) primarily designed for AMD 
may prove useful in C3G. The compstatin analogs, direct 
C3 inhibitors, by binding to the native C3 prevent its cleav-
age and the generation of all three complement pathways. 
Such potent interference in CS raises a question about the 
potential adverse effect, including the risk of life-threatening 
infections. The results of phase I of the clinical trial, involv-
ing Cp40-based drug candidate (AMY-101, Amyndas) on 
healthy male volunteers, assessing the safety profile of the 
drug are encouraging. Currently, phase Ib trial in patients 

with C3G are in preparation. Another promising comple-
ment therapeutic target seems to be the prevention of C5a 
signaling, which may be accomplished by the blockade of 
C5a complement receptor (C5aR1). Clinical trials regard-
ing the use of an orally available small molecule C5aR1 
antagonist (CCX168, Avacopan) in ANCA-SV, C3G, IgAN, 
and aHUS are in progress [148]. Nevertheless, experiments 
on animal models have shown that complement-targeting 
therapy has to be carried out with great caution, since our 
understanding of CS, although increasing, is still incom-
plete. Therefore, further studies on the mechanisms of the 
AP dysfunction and over-activation in glomerular diseases 
are required.
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