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Abstract

Immunoglobulin A nephropathy (IgAN) is the most common primary glomerulonephritis 

worldwide and a frequent cause of kidney failure. Currently, the diagnosis necessitates a 

kidney biopsy, with routine immunofluorescence microscopy revealing IgA as the dominant or 

co-dominant immunoglobulin in the glomerular immuno-deposits, often with IgG and sometimes 

IgM or both. Complement protein C3 is observed in most cases. IgAN leads to kidney failure in 

20–40% of patients within 20 years of diagnosis and reduces average life expectancy by about 

10 years. There is increasing clinical, biochemical, and genetic evidence that the complement 

system plays a paramount role in the pathogenesis of IgAN. The presence of C3 in the kidney 

immuno-deposits differentiates the diagnosis of IgAN from subclinical glomerular mesangial 

IgA deposition. Markers of complement activation via the lectin and alternative pathways in 

kidney-biopsy specimens are associated with disease activity and are predictive of poor outcome. 

Levels of select complement proteins in the circulation have also been assessed in patients with 

IgAN and found to be of prognostic value. Ongoing genetic studies have identified at least 30 

loci associated with IgAN. Genes within some of these loci encode complement-system regulating 

proteins that can interact with immune complexes. The growing appreciation for the central role of 

complement components in IgAN pathogenesis highlighted these pathways as potential treatment 

targets and sparked great interest in pharmacological agents targeting the complement cascade for 

the treatment of IgAN, as evidenced by the plethora of ongoing clinical trials.

1 Introduction

Immunoglobulin A nephropathy (IgAN) was originally described in 1968 by Drs Jean 

Berger and Nicole Hinglais as “intercapillary deposits of IgA-IgG” in the glomeruli [1]. 
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Since then, IgAN has been recognized as the most common primary glomerular disease 

in many countries and remains a leading cause of chronic kidney disease (CKD). About 

20–40% of patients progress to kidney failure within 20 years of diagnosis [2] that reduces 

life expectancy by about 10 years [3]. Currently, the diagnosis necessitates a kidney biopsy 

that shows IgA as the dominant or co-dominant immunoglobulin in the mesangial immune 

deposits by routine immunofluorescence microscopy evaluation [4]. The IgA is often 

accompanied by IgG and sometimes IgM or both [4]. The IgA in the immuno-deposits 

is exclusively of the IgA1 subclass [5]. Complement component C3 is detected in the 

immuno-deposits in up to 90% of IgAN kidney biopsies [4].

The clinical presentation of IgAN varies and encompasses a wide spectrum of 

manifestations that include isolated microscopic hematuria, episodic macroscopic hematuria 

(usually coinciding with an upper-respiratory or gastrointestinal tract infection), proteinuria 

(which can reach the nephrotic range), acute kidney injury (AKI), and established CKD 

[6, 7]. IgAN is categorized broadly as being primary or secondary, the latter referring to 

cases that occur in the context of systemic diseases including infectious, inflammatory, or 

autoimmune disorders [8]. IgAN can be limited to the kidneys or be part of a systemic 

vasculitic process referred to as IgA vasculitis with nephritis (previously known as Henoch-

Schönlein purpura nephritis) [9]. For this manuscript, we limit our review to primary IgAN.

The true incidence and prevalence of IgAN are unknown, as screening for asymptomatic 

kidney disease through blood and urine tests as well as the indications for and access to a 

kidney biopsy vary widely across the world. With these caveats, IgAN incidence is highest 

in East Asia, accounting for 31 to 54% of native-kidney biopsies performed, followed by 

25% in Europe and 12% in North America, and is relatively rare (< 5%) in sub-Saharan 

Africa [10–15]. While the disease appears to have equal gender distribution in Asia, there 

is a 2–3:1 male to female predominance in the USA. Most cases are sporadic; however, the 

first description of a large pedigree from central and eastern Kentucky with multiple affected 

family members strongly supported the notion that the disease can be inherited [16]. Since 

then, studies have confirmed that about 5–8% of patients have a first- or second-degree 

relative with biopsy-proven IgAN or urinary abnormalities, consistent with a familial or 

genetic predisposition for IgAN [16, 17].

A sizeable subset of patients will progress over time to kidney failure. Clinical and 

pathologic parameters ascertained at the time of the kidney biopsy have been shown to 

predict adverse outcomes, including sustained proteinuria ≥ 1 g/day, arterial hypertension, 

and severity of kidney pathologic involvement [18–20]. The updated Oxford classification 

of IgAN (also known as the MEST-C score) is a structured and reproducible scoring of 

kidney biopsy light-microscopy features (Table 1) that was derived from and validated 

in large international cohorts. Higher scores for each parameter portended worse kidney 

prognosis [20]. Consequently, aggressive management of hypertension and reduction of 

proteinuria via lifestyle changes and therapeutic interventions including use of maximally 

tolerated renin-angiotensin-aldosterone system inhibitors (RAASI) are paramount for the 

management of patients with IgAN. Recently, review of existing scientific data suggested 

that there is a consistent negative relationship between the magnitude and duration of 

proteinuria and kidney survival. Additionally, treatment-induced reduction of proteinuria 
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correlates with slowing the loss of kidney function [21]. These findings led the US Food 

and Drug Administration (US FDA) to support the use of proteinuria as a valid surrogate 

outcome for clinical trials testing new therapeutic agents in the treatment of IgAN [22]. 

Recently, two new drugs have been conditionally approved by the US FDA as treatment 

for IgAN on the basis of proteinuria reduction: Tarpeyo, a targeted-release formulation of 

oral budesonide [23], and Filspari (sparsentan), a non-immunosuppressive, single-molecule 

dual-acting, highly selective antagonist of endothelin type A receptor and angiotensin II 

subtype 1 receptor [24]. This approach ushers in a new era of clinical trials in IgAN and 

opens the door for other potential therapies, including complement inhibitors.

2 Pathogenesis of Immunoglobulin A Nephropathy (IgAN)

Immunoglobulin A is the most abundant antibody isotype in humans and exists in two 

subclasses, IgA1 and IgA2, with distinctly different heavy-chain hinge regions [25]. The 

IgA1 heavy-chain hinge region is longer due to extra amino acids. Some of these amino 

acids have an attached short carbohydrate side chain comprised of N-acetylgalactosamine to 

which galactose, sialic acid, or both may be attached. These carbohydrates are designated 

O-glycans. Breakthroughs in understanding the pathogenesis of IgAN came from four key 

discoveries: (1) IgA in the glomerular mesangial deposits is restricted to the IgA1 subclass 

[5], (2) the IgA1 in the glomerular deposits is enriched for molecules with less galactose in 

the hinge-region than is present in normal serum IgA1 (galactose-deficient IgA1, Gd-IgA1) 

[26, 27], (3) circulating Gd-IgA1 is predominantly in immune complexes bound by IgG 

specific for Gd-IgA1 [28–30], and (4) immune complexes composed of Gd-IgA1 and 

autoantibodies isolated from sera of patients with IgAN activate human mesangial cells in 

culture [31]. IgAN is now considered an autoimmune disease and a ‘four-hit’ hypothesis is 

accepted as the blueprint for its pathogenesis [32] (Fig. 1). Hit 1 is an increased circulating 

level of polymeric Gd-IgA1. Hit 2 entails the presence of IgG or IgA autoantibodies specific 

for Gd-IgA1, i.e., glycoforms of IgA1 with some exposed N-acetylgalactosamine moieties in 

the hinge region [29]. Hit 3 is formation of immune complexes in the circulation composed 

of Gd-IgA1 bound by mostly IgG autoantibodies (IgG-Gd-IgA1). Other proteins, such as 

the soluble Fcα (sCD89) or complement proteins, can bind to these circulating immune 

complexes; however, it is not clear whether sCD89-associated IgA1 can activate complement 

[33]. Some of the circulating nephritogenic IgG-Gd-IgA1 complexes traverse the glomerular 

fenestrae to enter the mesangium where they activate mesangial cells to induce cellular 

proliferation and increase production of extracellular matrix, chemokines, and cytokines (Hit 

4), events that likely lead to kidney injury. This sequential multi-step process is supported 

by multiple lines of evidence. As mentioned earlier, glomerular IgA immuno-deposits are 

enriched for Gd-IgA1 [26, 27]. More recently, our group used a very sensitive technique and 

a nanobody that binds to IgG to show that all kidney biopsy specimens of IgAN patients 

had IgG, even those without IgA by routine immunofluorescence microscopy using less-

sensitive reagents [34]. The IgG extracted from the glomeruli of IgAN biopsies exhibited 

binding specificity to Gd-IgA1. In contrast, IgG extracted from glomeruli of kidney biopsies 

of patients with other glomerular diseases used as controls (lupus nephritis, membranous 

nephropathy) did not bind to Gd-IgA1. Furthermore, confocal microscopy indicated co-

localization of IgG and IgA in the glomerular immuno-deposits, thus supporting the role of 
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IgG in disease pathogenesis [34]. The IgG co-deposits in the glomeruli are of the IgG1 and 

IgG3 subclasses, as is the IgG in the circulating IgG-Gd-IgA1 immune complexes [29, 35]. 

Observational studies of IgAN patients who underwent kidney transplantation document 

frequent recurrence of the disease, supporting the concept that the immune complexes in the 

immuno-deposits originate from the circulation [36–39].

3 Overview of the Complement System

The complement cascade plays a pivotal role in the innate immune response and serves 

as a first line of defense against a broad range of pathogens, including bacteria, parasites, 

and viruses. Activation of the cascade aids the acute phase response and restricts immune-

mediated damage to host tissues; however, the process does not include an immunological 

memory that operates in the adaptive immune system. The complement system is a key 

link between innate and adaptive immunity given its engagement in immunosurveillance 

and maintenance of tissue homeostasis [40, 41]. The complement system was discovered by 

Nuttall and Buchner in the late 1880s; they recognized that a heat-labile component of blood 

depleted of white blood cells retained a capacity to kill bacteria. Initially, complement was 

known as “alexin,” which translates as “to ward off” in Greek, in this case implying warding 

off infection. Later, the term “alexin” was changed to “complement” after it was recognized 

that it “complemented” the bactericidal activity of serum antibodies. Complement has since 

been characterized as a group of proteins that react in succession and, when activated, 

mediate numerous biological reactions principal to host defense [41]. There are about 60 

proteins in cells, tissues, and plasma within the complement system that depends on several 

tightly regulated activation steps [42–44].

Although complement activity was discovered in blood, hepatocytes were identified many 

decades later as the primary site for synthesis of complement proteins [45–47]. Ensuing 

studies showed that various other cell types, including macrophages, adipocytes, fibroblasts, 

endothelial and epithelial cells, T cells, neurons, astrocytes, and oligodendrocytes, also 

produce most of these proteins constitutively, upon induction, or both [48]. Many proteins 

associated with the complement system are proteases that are activated by proteolytic 

cleavage. This cascade of proteolytic reactions must be tightly controlled for this system 

to work—not only effectively but also safely. Broadly speaking, complement proteins are 

therefore characterized as either activators or regulators of complement pathways. Defects in 

either group may lead to immunodeficiency or autoimmune manifestations. The regulatory 

components of the complement system can be sub-stratified into those that are soluble, 

membrane-bound, or both [49–51].

The Complement Nomenclature Committee, under the auspices of the International 

Complement Society and the European Complement Network, established a system for 

the naming of complement proteins [52]. Eleven proteins start with the designation “C”: 

C1 (a complex of three proteins: C1q, C1r, and C1s) through C9. Many proteins in this 

system are called “factors” referring to substances in circulation. Some proteins fall outside 

these two designations and are named based on their function (e.g., decay accelerating factor 

[DAF]). When a complement protein is activated, the resulting larger cleavage fragment is 

termed the “b” fragment and the smaller one the “a” fragment, with one notable exception: 
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C2a is larger than the C2b fragment of C2 as the original paper describing these fragments 

antedated the current nomenclature system [41, 53]. Complement activation also facilitates 

uptake and destruction of microbes by phagocytic cells, due to the specific recognition of 

activated complement products by complement receptors on phagocytes. There are six types 

of complement receptors (CR): CR1–4, C3a, and C5a receptors [54, 55].

The classical, alternative, and lectin pathways are the three means of activation of the 

complement system (Fig. 2). Each pathway has a unique triggering mechanism; nonetheless, 

after the formation of the C3-activating proteolytic enzymes (C3 convertases), all pathways 

converge into the terminal pathway that starts with the formation of the C5 convertase 

and culminates in assembly of the membrane-attack complex (MAC), also called terminal 

complement complex [56]. Activation of the classical and lectin complement pathways is 

calcium-dependent, while activation of the alternative complement pathway is magnesium-

dependent [41]. Renin, also known as angiotensinogenase, is an aspartyl protease secreted 

by the juxtaglomerular cells in the kidney that can cleave C3 into C3b and C3a, in a manner 

similar to the C3 convertase, thus triggering the alternative pathway [57].

The classical pathway plays an important role in antimicrobial defense and 

opsonophagocytosis and is activated by C1q (a pattern-recognition molecule) bound to 

bacteria or other pathogens or immune complexes. C1q subsequently binds to its closely 

associated proteins C1r and C1s to form a complex protein C1 (C1q:C1r2:C1s2) [58, 59]. In 

addition to antibody-mediated activation, pathogens bound to C-reactive protein (CRP) and 

damaged tissue also can activate the classical pathway. Classical pathway activity in tissue 

can be detected based on immunostaining for C1q [60]. C1 formation leads to cleavage 

of C4 to C4a and C4b and cleavage of C2 to C2a and C2b. The C2a remains associated 

with C4b to form C4b2a, the C3 convertase complex in the classical pathway that cleaves 

C3 into C3a (a potent anaphylatoxin) and C3b. Structural aspects of C3 and its processing 

are further detailed below. As part of the next step of the cascade, C5 convertase of the 

classical pathway is formed by association of C3b with C4b2a to cleave C5 into C5a, a 

potent anaphylatoxin and chemoattractant, and C5b. Generation of C5b initiates the terminal 

pathway wherein complement components C6, C7, and C8 associate with the C5b protein 

in a sequential and concentration-dependent manner to create the C5b-8 complex that is 

incorporated into the host cell membrane. Subsequently, 10–16 units of the C9 component 

arranged in a ring-like manner are added onto the C5b-8 complex to form the C5b-9 

MAC. This structure creates pores in the cell membrane leading to osmotic lysis, activates 

pro-inflammatory signaling pathways, and produces ion fluxes that eventually lead to cell 

death via cellular lysis and necrosis [40, 61]. CD59 is a major regulatory protein of the 

terminal complement pathway. CD59 binds to C5b-8 complex and inhibits the binding of 

C9 protein to this complex. If C9 molecules have already started binding to the complex, 

CD59 will hinder binding of additional C9 moieties, thereby restricting the pore size on cell 

surfaces [62, 63]. Clusterin and vitronectin are regulatory proteins that solubilize immune 

complexes and, thus, reduce their size. When clusterin and/or vitronectin are associated with 

the C5b-9 MAC moiety, they form a soluble MAC (sMAC) complex, which is present in 

the circulation but does not insert into the cellular membranes [64]. The exact biological 

roles of sMAC in homeostatic conditions and disease pathophysiology are currently not fully 
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understood, although sMAC levels change during infection and autoimmune conditions [64, 

65].

The lectin pathway is activated by pathogen-specific carbohydrates such as terminal D-

mannose residues or N-acetyl-D-glucosamine on the outer surface of certain bacteria, fungi, 

viruses, and protozoans, and by acetylated moieties including N-acetyl-glycine, N-acetyl-

cysteine, and acetylcholine on cellular motifs [49, 66]. The recognition and initiating 

proteins for this pathway include mannose-binding protein (MBP), ficolins, and collectins 

that couple with MBP-associated serine proteases-1 and −2 (MASP-1 and MASP-2). Upon 

activation, these complexes cleave C4 and C2 to form the C3 convertase in the lectin 

pathway (C4b2a) that is identical to the C3 convertase in the classical pathway. Further 

downstream sequences, including generation of C3b, lead to formation of the C5 convertase 

complex and end in the terminal pathway activation described above [40, 41, 60]. Detection 

of C4d, a cleaved fragment of C4 activation, in the absence of C1q confirms activation of the 

lectin pathway.

The alternative pathway provides protection from a wide variety of extracellular 

pathogens and is activated by pathogen-associated molecular patterns (PAMPs) such as 

lipopolysaccharide in the cell wall of Gram-negative bacteria and carbohydrates in the cell 

wall of certain fungi (zymosan). Unlike the classical and lectin pathways, the alternative 

pathway is constitutively active at a low level due to the “tick-over” mechanism; hence, it 

is constantly primed to react swiftly and vigorously to pathogens or injury. The “tick-over” 

mechanism is a multi-step process that results in the hydrolysis of C3 to C3(H2O). Factor B 

(FB) then binds to the hydrolyzed C3 and the complex is cleaved by factor D (FD) leading to 

the generation of C3(H2O)Bb, the “initiation” C3 convertase of the alternative pathway. This 

C3 convertase cleaves C3 molecules into C3a and C3b. C3b binds to FB that is then cleaved 

by FD to form C3bBb, the alternative-pathway C3 convertase. Binding of properdin to this 

C3 convertase stabilizes this protein, thereby extending its enzymatic half-life. The C3bBb 

complex cleaves C3; thus, every generated C3b molecule serves as the initiating point for 

a new alternative-pathway C3 convertase. Via this “amplification loop” process, numerous 

C3b molecules are quickly available to target and abrogate pathogen-mediated cellular 

injury. C3b can then bind to the alternative-pathway C3 convertase to create C3bnBb, the 

alternative-pathway C5 convertase converging into the terminal pathway that leads to the 

formation of C5b-9 (MAC) [40, 41].

To prevent complement-mediated damage to the host, the system is controlled at numerous 

levels by key regulatory proteins [49]. The classical pathway is regulated by C1 esterase-

inhibitor that binds to the active site of serine proteases in C1r and C1s, thereby abrogating 

spontaneous activation [67]. C1 esterase-inhibitor also inhibits activity of the MASP proteins 

in the lectin pathway [68]. Further downstream, C4b-binding protein serves as a cofactor 

in the factor I (FI)-mediated cleavage of C4b to restrict formation and function of the C3 

convertases of the classical and lectin pathways [69]. The alternative-pathway C3 convertase 

C3(H2O)Bb is tightly regulated by key blood regulatory and processing proteins that include 

factors H (FH) and FI, membrane cofactor protein (MCP, CD46), complement receptor 1 

(CR1, CD35), DAF (CD55), and complement factor H-related proteins (FHRs) [70–74]. 

These regulators prevent production of the alternative-pathway C3 convertase or intensify 
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its dissociation (FH, DAF, CR1) or serve as cofactors for FI-mediated inactivation of C3b 

to inactive C3b denoted as iC3b (FH, CR1, and MCP). iC3b is unable to participate in 

further complement activation and is rapidly cleaved to C3c and surface-bound C3dg [60]. 

The FHRs show a high degree of sequence identity with FH, particularly at the domains 

binding to cell surfaces or C3b; however, they lack the complement-regulating domains 

of FH. This difference results in the potential competition by FHRs for C3b binding 

and subsequent impairment of FH-mediated complement regulation [75]. Properdin is an 

important positive regulator of the alternative complement pathway; its main function is to 

stabilize C3 convertase and, to a lesser extent, C5 convertase [54, 55].

4 Role of Complement Proteins in IgAN

The pivotal role of the complement system in the pathogenesis of IgAN is increasingly 

recognized. Here we describe the existing pathologic, biochemical, and genetic evidence that 

supports its contribution to the disease onset and progression. This involvement serves as the 

basis for potentially immunomodulating the complement system in an attempt to change the 

course of IgAN.

Although more details will follow below, we provide here examples that illustrate that 

an imbalance in amounts or activities of specific regulators and cofactors of complement 

may be directly related to IgAN development and progression. For example, higher 

circulating levels of several complement proteins are considered potential risk factors for 

the development of IgAN. Higher circulating FHR-5 levels were associated with IgAN 

development and progression in a study of 1126 IgAN patients [76]. Elevated plasma 

levels of FH antagonist FHR-1 and a high FHR-1/FH ratio were associated with disease 

progression [77], although plasma FHR-5 levels and the FHR-5/FH ratio were not associated 

with disease progression in another study [78]. Of note, higher FHR-5 levels portended a 

poorer response to immunosuppression treatment [78]. FHR-5 in kidney biopsy specimens 

in IgAN patients has been associated with progressive disease, providing further evidence of 

its involvement in the pathogenesis of IgAN at the tissue level [79–82]. Also, gene deletions 

of the protective alleles of CFHR1,3 and the presence of certain rare CFHR5 variants have 

been associated with an increased susceptibility for development of IgAN [40].

4.1 Activation of the Complement System in the Kidneys in IgAN

The initial description of IgAN as “intercapillary deposits of IgA-IgG” by Berger and 

Hinglais in 1968 [1] also noted the presence of complement C3 (that was called β1C) 

[83]. These findings were based on using a then new technique of immunofluorescence 

staining of kidney biopsy specimens with antisera raised in animals against various human 

proteins, such as IgA, IgG, IgM, and complement components. This observation has since 

been reproduced in many cohorts. Immuno-histological findings of C3, C4d, properdin, 

mannose-binding lectin (MBL), and C5b-9 deposits in the glomerular immuno-deposits in 

IgAN kidney tissue confirms activation of the lectin and alternative pathways of complement 

[84–86]. On the other hand, the absence of C1q in the vast majority of IgAN kidney 

specimens suggests that the classical pathway does not significantly contribute to the tissue 

injury [85]. Several studies correlated the presence of MBL in glomerular immuno-deposits 
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[87–93] with more severe kidney disease and a worse prognosis [92, 93]. These observations 

appear to agree with the study that assessed immunohistochemical staining for MBL, C4d, 

C5b-9, and other proteins in the glomerular immuno-deposits, and correlated those data with 

the analyses of urine samples [94]. Notably, urinary concentrations of C4d and MBL were 

associated with their presence in the mesangial immuno-deposits and, to a lesser degree, 

with urinary protein excretion [94].

A greater degree of granularity emerged from a study that evaluated multiple proteins 

associated with the lectin and alternative pathways of complement activation [79]. 

Specifically, serum levels of MASP-3 were low in IgAN patients with progressive disease. 

Their kidney biopsies exhibited increased glomerular staining for C3b/iC3b/C3c, C3d, C4d, 

C5b-9, and FHR5 and, conversely, reduced glomerular deposition of FH. These findings are 

consistent with the antagonistic role of FHR-5 in the binding of FH to C3/C3b and, more 

generally, with the role of FHR-5 in FH deregulation [79–82].

In summary, most patients with IgAN have some C3 in glomerular IgA-containing immuno-

deposits, indicating involvement of the alternative pathway of complement. There may be 

a complex interplay involved in the regulation of C3 processing in situ, as evidenced by 

co-deposits of FHR-5, especially in the patients with progressive disease. Moreover, some 

patients also have co-deposits of complement proteins from the lectin pathway. Thus, there 

is a need for developing a better understanding of the regulation of complement activation 

pathways and various processed products in patients with more or less severe pathologic 

findings.

4.2 Activation of the Complement System in the Circulation in IgAN

As the original observations indicated that the glomerular IgA immuno-deposits originate 

from circulating immune complexes, multiple groups assessed the presence and composition 

of IgA1-containing immune complexes in serum. Initial attempts to isolate these complexes 

used polyethylene glycol precipitation [95], although it was later shown not to be specific for 

immune complexes [96]. These early data showed that the polyethylene glycol-precipitated 

circulating immune complexes contained IgA and C3 [95]. Serum levels of these complexes 

were elevated in 48% of patients with IgAN with IgA1 as the predominant IgA subclass. 

IgA1-IgG complexes were detected in 44% of patients with IgAN, whereas IgA2-IgG 

complexes were detected in only 7% of patients and IgM-IgA1 complexes in 16% of 

patients [95].

High serum levels of C3, FB, FH, and FI may be characteristic for IgAN patients with stable 

normal glomerular filtration rate (GFR) [97]. Furthermore, complement deficiencies may not 

be infrequent in IgAN [97]. Consistent with these findings, other studies postulated that high 

serum IgA levels and the serum IgA/C3 ratio distinguished IgAN from other primary kidney 

diseases [98–101]. Additional studies went even further and suggested the serum IgA/C3 

ratio reflects the histological severity of IgAN and predicts disease progression [102–105]. 

In a cohort of pediatric IgAN patients, the serum IgA/C3 ratio and glomerular C3 staining 

predicted disease progression but did not correlate with kidney-biopsy findings at the onset 

of disease [106]. Conversely, another study of pediatric IgAN patients correlated the Oxford 

MEST-C classification scores of the light-microscopy features of kidney biopsies with serum 
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IgA/C3 ratios; the mean IgA/C3 ratio was higher in patients with greater kidney injury, as 

indicated by M1, S1, and T1 scores, compared with patients with M0, S0, and T0 scores 

[107].

The interest in urinary biomarkers to monitor the course of IgAN has grown recently, 

stemming in part from previously documented association of MBL excess in the circulation 

with the disease progression in patients with IgAN [108]. A study of a Chinese cohort 

showed that urinary MBL and C4d concentrations were associated with the proportion of 

glomerular crescents (a histologic feature indicative of severe kidney injury) and glomerular 

C4d deposition [109]. A proteomic study extended these data by confirming the abundance 

of C3, MAC, complement regulatory proteins of the alternative pathway, MBL, and 

MASP-2 in the urine of IgAN patients with progressive disease [110].

Due to the prominent role of C3 in IgAN, we will provide more details on the structure 

and processing of C3. C3 is present not only in the glomerular immuno-deposits but also 

within the IgA-containing circulating immune complexes [111]. The labile thioester bond 

[112] likely plays a role in this association, as this bond can attach C3 to immunoglobulins 

in immune complexes [113–116]. A developing understanding of the processes involved in 

the activation and processing of C3 in the alternative pathway of complement has emerged 

during the past two decades. Mature C3 is formed from two chains [117], β (amino acid 

residues 1–645) and α (amino acid residues 650–1641) that are connected by disulfide 

bonds. Together, these two chains fold to form 13 domains (Fig. 3A–C) [118]. Among these 

domains are eight macroglobulin (MG) domains (MG1–MG8), a linker domain (LNK), an 

anaphylatoxin domain (ANA, the predecessor of C3a), an extended connector loop, α’NT, 

CUB (complement C1r/C1s, Uegf, Bmp1) domain, a thioester-containing domain (TED), a 

short linker designated as anchor, and a carboxy-terminal domain (C345C) with a netrin-like 

fold. C3 function is controlled by cleavage events and large conformational rearrangements 

of these domains that yield different tertiary structures [119]. The normal processing of C3 

to C3b (Fig. 3D) is catalyzed by C3 convertase [120]. Conversely, the inactivation of C3b 

requires another processing step, cleavage by FI with the assistance of FH. The resultant 

cleavage of the α chain releases C3f (a dodecapeptide fragment of C3) and yields inactivated 

C3 (i.e., iC3b, Fig. 3E) attached to the activating surface (e.g., bacteria, immune complexes). 

Further cleavage produces a soluble component C3c and C3dg, the latter of which remains 

attached to the activating surface (Fig. 3F). Notably, inactivation of C3 (production of iC3b 

from C3b) is dependent on binding of FH to C3b, a process that can be countered by FHR 

1–5 polypeptides [60, 121, 122].

The ability of C3 to covalently bind to carbohydrates and proteins is facilitated by the 

activation of a thioester formed between two amino acid residues, C988 and Q991, within 

the TED (Fig. 3B, C, G). The covalent linkage between these two residues is hidden in the 

closed conformation of C3 (Fig. 3B, C, G). To activate, the thioester bond can be cleaved by 

nucleophiles (N) [119], such as water (H2O) [123], ammonia (NH3) [124], or CH3NH2 [125] 

to form an unstable intermediate termed C3(N*) (Fig. 3) [119]. This nucleophilic attack is 

commonly referred to as the tick-over of C3 (for a comprehensive review, please see [126]), 

and the reaction can either be reversed [124] or progress with an irreversible conformational 

transition to yield C3(N), a form of C3 that functionally resembles C3b. This conformational 
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change makes C3 available to bind other complement components described above, enabling 

progressive cleavage. The activated thioester bond can then be used for binding to cells, 

foreign components (e.g., bacteria, viruses), or immune complexes through covalent binding 

to hydroxyl and amine groups. C3b has been shown to covalently bind to IgG and IgA [114–

116], which in the context of IgAN are represented by IgG autoantibodies and Gd-IgA1, 

respectively [127]. The binding site of C3b on IgG has been mapped to heavy-chain constant 

domain 1 (CH1), localizing to an amino acid residue between positions 131 and 156 [115, 

116].

With the central role of IgA1-containing immune complexes in the pathogenesis of 

IgAN, several groups have sought to delineate the biological activities of these immune 

complexes in the circulation of patients with IgAN (for review, see [128–130]). These 

complexes can be purified by size-exclusion chromatography and then tested for biological 

activity using cultured primary human mesangial cells [131]. Correlation of activity 

with protein composition showed the complexes that stimulated proliferation of the 

mesangial cells contained IgA1 that was enriched for Gd-IgA1. Other components of 

these biologically active immune complexes included IgG autoantibodies specific for Gd-

IgA1 and complement C3 [111]. Pull-down experiments with IgA1 O-glycan targeting 

reagents removed the biologically active IgA1-containing complexes [132]. At the same 

time, other components were also removed, such as IgG and C3, suggesting that IgA1, 

IgG, and C3 were physically associated in these circulating complexes [111]. Presumably, 

the association of C3 with IgA1 and/or IgG is covalent, through the thioester bond, as 

reported for C3 binding to other types of immune complexes [113–116]. Notably, it is 

not known whether any current complement-targeting reagents could prevent the covalent 

association of C3 to IgA1-containing immune complexes. Consistent with the activities of 

the IgA1-IgG-containing complexes, ELISA tests showed that serum levels of Gd-IgA1 and 

IgG autoantibodies specific for Gd-IgA1 correlated in patients with IgAN [133] and that 

their levels predicted disease progression and disease recurrence after transplantation [134–

138].

It has been postulated that complement components and complement activation are relevant 

for the nephritogenic circulating immune complexes as well as for immuno-deposits in the 

glomeruli [40, 85, 130]. In addition to multiple complement regulatory proteins that are 

known to participate in the fine-tuning of complement activation and inactivation, there 

are emerging roles for other blood components, such as heme generated by hemolysis 

during episodes of macroscopic hematuria and acute kidney injury in patients with IgAN 

[139]. Specifically, heme interferes with the regulatory capacity of FI and thus enhances 

amplification of the complement alternative pathway [140]. The inhibitory effects of free 

heme on FI can be prevented by its removal, for example through heme-scavenging proteins 

in the circulation, such as hemopexin [140].

Direct experimental proof of the four-hit hypothesis for pathogenesis of IgAN detailed 

in the sections above requires recapitulation in an animal model. Development of small-

animal models that would mimic human pathogenetic processes has been difficult. Notably, 

this challenge is due in part to the lack of O-glycans on IgA of small experimental 

animals, such as rodents. A transgenic mouse model has been developed that expressed 
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human IgA1 and human CD89 that formed complexes that induced glomerular injury [33]. 

However, IgG autoantibodies specific for Gd-IgA1 have not been tested in this model. 

Our group at the University of Alabama at Birmingham with collaborators developed an 

approach that circumvented these shortcomings in animal models. We formed immune 

complexes in vitro from human Gd-IgA1 and human IgG autoantibodies specific for 

Gd-IgA1 and intravenously injected them into immunodeficient mice. These complexes 

deposited in the glomeruli and induced histological changes consistent with the features 

of IgAN; immunofluorescence staining revealed that the glomerular immuno-deposits 

contained human IgA and IgG and murine C3 [141]. Moreover, injection of un-complexed 

Gd-IgA1 or IgG autoantibodies alone did not have these pathological effects, confirming the 

nephritogenic potential of these Gd-IgA1-IgG immune complexes as well as the role of C3.

4.3 Genetic Evidence for the Role of the Complement System in IgAN

Since the discovery of the familial form of IgAN that suggested genetic components in the 

pathogenesis of IgAN [16], new tools have been developed and applied to genetic/genomic 

studies of IgAN (for review, see [142, 143]). Genome-wide association studies (GWAS) 

have identified approximately 30 independent risk loci for IgAN [144–152]. These studies 

implicated defects in several pathways, including intestinal network of IgA production, 

innate immunity against mucosal pathogens, and the complement cascade (for review, see 

[151, 152]).

A 2011 GWAS paper revealed five IgAN-associated loci that explain up to 7% of the disease 

variance [145]. Notably, some alleles in these loci were protective whereas others were 

risk-associated. The IgAN-protective alleles carried an increased risk for other autoimmune 

or infectious diseases. A common deletion of CFHR1 and CFHR3 at chromosome 1q32, 

the locus that encodes complement regulating proteins FH and FHR1–5, was among the 

protective alleles at this locus [145]. As noted in the section describing the complement 

pathways, FHRs 1–5 are involved in regulation of FH activity, specifically by competing 

for binding to C3b [79–82]. FHR-1 and FHR-5 behave as competitive antagonists and 

this interference is enhanced by dimerization of FHR proteins [82]. When FHR protein is 

associated with C3, FH protein does not bind to C3 to function as a cofactor for FI. This 

effect prevents FI from cleaving the C3f peptide from C3b, leading to inactivation of C3b by 

forming iC3b [40, 85, 130, 151, 152].

Several follow-up studies evaluated clinical effects of genomic variations in CFH, CFHR3, 

and CFHR1 on IgAN susceptibility and progression [153–155]. One study showed that 

serum levels of FH correlated with those of C3 [153]. Furthermore, the presence of 

mesangial C3 was negatively associated with serum FH levels but positively associated 

with serum Gd-IgA1 levels. Another study assessed copy number of CFHR3 and CFHR1 
genes to determine the impact of heterozygous and homozygous deletions of the CFHR3-1 
genes. IgAN patients with heterozygous or homozygous gene deletions exhibited less IgA, 

IgG, and C3 in the glomerular immuno-deposits as compared with patients with no deletion. 

The individuals with this genetic deletion did not progress to kidney failure or death [154]. 

Another study assessed genetic variants in the CFH–CFHR1–5 locus and found variants in 

CFHR5 that may contribute to the genetic susceptibility to IgAN [156]. Specifically, the 
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observed variants in CFHR5 gene included 28 rare and 4 common alleles, of which several 

were potentially functional but with predicted amino-acid changes in the protein-coding 

segments. Follow-up functional assays revealed that some of these amino-acid changes 

impacted the affinity of FHR-5 for C3b [156]. Other clinical studies, however, indicated that 

the circulating serum FHR-5 level is an independent risk factor for IgAN progression [76] 

and that CFHR5 genes may indeed exist as rare variants [157]. Concerning FH, a recent 

study showed that IgAN patients with thrombotic microangiopathy exhibited more severe 

clinical conditions and higher serum levels of FH [158]. However, the CFH gene variants 

discovered in this study did not correlate with serum FH or serum C3 levels or the intensity 

of C3 glomerular immuno-deposits.

A 2014 GWAS paper revealed six new genome-wide significant associations with IgAN, 

including the ITGAM-ITGAX locus [147]. The IgAN risk alleles were associated with 

risk of inflammatory bowel disease or response to mucosal pathogens and maintenance 

of the intestinal epithelial barrier. An increasing number of risk alleles was associated 

with progressively younger age at disease onset. The geospatial distribution of risk 

alleles indicated multi-locus adaptation, perhaps being shaped by host-intestinal pathogen 

interactions [147]. ITGAM and ITGAX genes encode integrins alphaM (CD11b) and 

alphaX (CD11c). These proteins, together with integrin β2 chain (CD18), form CR3 and 

CR4, respectively. These complement receptors expressed on leukocytes bind iC3b, further 

underscoring the role for complement in IgAN. ITGAM-ITGAX genetic variants were also 

confirmed in other studies of Han Chinese populations [149, 159]. Despite the obvious 

functional connection with C3 binding to these C3 receptors, a better delineation is needed 

of these ITGAM-ITGAX polymorphisms and their impact on the biological mechanisms 

associated with the risk-imparting or protective effects in IgAN. It is hoped that the efforts 

will also expand genetic discoveries in more diverse populations worldwide [160].

A GWAS of serum IgA levels found 20 loci and determined positive genetic correlations of 

serum IgA levels with IgAN, type 2 diabetes mellitus, and body mass index, and negative 

correlations with celiac disease, inflammatory bowel disease, and several infections [161]. 

Mendelian randomization supported elevated serum levels of IgA as a causal factor in IgAN. 

Another study confirmed that inflammatory bowel disease, ulcerative colitis, and Crohn’s 

disease were causally associated with the increased risk of IgAN [162].

In summary, there is accumulating genetic evidence for complement involvement in IgAN. 

Genome-wide association studies are a powerful approach for identification of loci of 

interest, whereas post-GWAS studies validate these findings and identify specific genes 

and gene products and their biological roles and functions [163, 164]. Various experimental 

systems and platforms are then utilized and optimized to test the hypotheses generated by 

GWAS and post-GWAS approaches [165–169].

5 Treatment Targets and Ongoing Clinical Trials in IgAN

Our expanding knowledge of the pathways involved in complement activation in the 

pathogenesis and progression of IgAN has allowed the identification of potential therapeutic 
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targets. The advent of drugs that can block different stages of the complement cascade will 

likely lead to new attractive treatment options.

Initial data were limited to case reports. The first publication from Sweden described 

a 16-year-old male with crescentic IgAN who failed to respond to corticosteroids and 

mycophenolate mofetil but subsequently stabilized after treatment with eculizumab, which 

binds to C5, thereby inhibiting its cleavage into C5a and C5b. Unfortunately, the response 

was not sustained [170]. Shortly thereafter, another 16-year-old male with crescentic IgAN 

who had failed corticosteroids, cyclophosphamide, and plasma exchange, was reported to 

transiently respond to eculizumab [171]. In a third report, the attempt to salvage a kidney 

allograft from recurrent crescentic IgAN in a 28-year-old male failed despite the use of 

eculizumab; however, the terminal-pathway inhibition was admittedly instituted late in 

the disease course [172]. Despite these encouraging attempts at targeting the complement 

system, clinical trials in patients with earlier and less aggressive IgAN presentations had 

been hindered by the relatively slow progression of disease. As such, use of hard outcomes 

(doubling of serum creatinine, reaching kidney failure, etc.) rendered the size and cost 

of such trial designs prohibitive. In 2019, the Kidney Health Initiative, a private-public 

partnership between the American Society of Nephrology and the US FDA, recognized 

proteinuria as a “reasonably likely” adequate surrogate end-point to test the effect of 

therapeutics for patients with progressive IgAN. Furthermore, a beneficial outcome on 

proteinuria became an acceptable criterion for accelerated approval of the drug being 

tested [22]. This policy announcement led to the initiation of multiple clinical trials 

(including those evaluating complement inhibitors) for IgAN patients at high risk of disease 

progression [173].

The updated Kidney Disease Improving Global Outcomes guidelines for treatment of 

patients with IgAN highlight the importance of implementing aggressive supportive care 

directed at lifestyle and cardiovascular risk modifications, optimization of blood pressure 

control and maximally tolerated use of RAASI with the intent to reduce proteinuria [174]. 

In patients at high risk for disease progression, namely those with proteinuria persistently 

> 1 g/day and relatively preserved kidney function (estimated GFR [eGFR] ≥ 30 mL/min/

1.73 m2), the guidelines, for the first time, recommend offering patients participation 

in ongoing clinical trials, which include several targeting the complement system [174]. 

Among those clinical trials are studies targeting the alternative and lectin pathways as well 

as the formation of terminal complement complex (i.e., MAC). A full listing of ongoing 

trials is included in Table 2. Pegcetacoplan (APL-2) is a synthetic peptide derivative of 

compstatin that binds to C3 and C3b. A Phase II, open-label, basket trial is evaluating the 

safety and preliminary efficacy of its use in several glomerulo-nephritides, including IgAN 

(ClinicalTrials.gov Identifier NCT03453619). Cemdisiran (ALN-CC5), a subcutaneously 

administered ribonucleic acid (RNA) inhibitor targeting C5, reduced mean proteinuria by 

37% versus placebo therapy at 32 weeks in a Phase II randomized placebo-controlled study 

of IgAN patients with proteinuria > 1 g/day and was generally well tolerated; full results 

are awaited (NCT03841448) [175]. Ravulizumab is a FDA-approved monoclonal antibody 

that binds C5 and prevents its activation. In an ongoing Phase II, randomized, placebo-

controlled study (NCT04564339), the efficacy of ravulizumab administered intravenously 

is being tested in patients with IgAN. Gefurulimab is a small molecule inhibitor of C5 
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that is administered subcutaneously (anti-C5 albumin-binding humanized biospecific VHH 

antibody) and is being tested for IgAN in a single-arm Phase I study (NCT05314231). 

Avacopan (CCX168), an oral small-molecule antagonist of the inflammatory response, binds 

to the surface of C5aR to block C5a binding through allosteric effects on the C5a-binding 

pocket. In a recent publication, avacopan was found to be non-inferior to corticosteroids in 

the treatment of anti-neutrophilic cytoplasmic antibody (ANCA)-associated vasculitis at 26 

weeks and superior at 52 weeks [176]. A short-term open-label pilot study evaluated the 

efficacy of avacopan in patients with IgAN. Avacopan 30 mg twice daily (BID) reduced 

proteinuria by about 50% in three of seven IgAN patients (eGFR > 60 mL/min/1.73 

m2 or > 45 mL/min/1.73 m2 if eGFR had not declined > 10 mL/min/1.73 m2 over the 

previous 24 weeks) with a urine protein-to-creatinine ratio (UPCR) > 1 g/g despite 8 

weeks of maximally tolerated RAASI use. The urinary monocyte chemoattractant protein-1-

to-creatinine ratio decreased by 30% after 8 weeks of avacopan use, possibly due to its 

anti-inflammatory property, and therapy was well tolerated (NCT02384317) [177].

Beyond the terminal complement pathway, other strategies have focused on upstream 

targeting of the alternative and lectin pathways. Iptacopan (LNP023) is an oral, highly 

potent, selective inhibitor of FB that effectively blocks the alternative pathway by 

suppressing activity of its C3 convertase, thereby preventing cleavage of C3 and activation 

of the amplification loop. In a recent Phase II study, iptacopan reduced proteinuria 

by 23% at 3 months and led to further reduction, up to 40%, at 6 months [178]. 

With these encouraging results, Novartis launched its Phase III APPLAUSE-IgAN trial 

(NCT04578834) testing iptacopan 200 mg BID versus placebo in IgAN patients at high 

risk of disease progression [179]. IONIS-FB-LRx is an antisense inhibitor of FB messenger 

RNA that disrupts FB translation in hepatocytes. In an exploratory single-arm open-label 

Phase II study involving 10 IgAN patients with eGFR > 45 mL/min/1.73 m2 and proteinuria 

> 1 g/day despite maximal tolerated RAASI for at least 60 days reduced proteinuria by 

44% with no change in eGFR at 29 weeks compared to baseline and was well tolerated 

(NCT04014335) [180]. Another trial targeting the alternative complement pathway is testing 

the efficacy and safety of vemircopan [ALXN2050), an oral FD inhibitor, in patients 

with proliferative lupus nephritis or IgAN. Recruitment for this study is still underway 

(NCT05097989).

Mannose-binding protein-associated serine proteases (MASP)-2 is an important component 

of the lectin pathway that, with MASP-1, cleaves C4 and C2 into active fragments. 

Subsequently MASP-2 triggers formation of C3 convertase and leads to downstream 

inflammatory effects. Mannose-binding protein-associated serine proteases (MASP)-2 

inhibition can thereby curtail activation of the lectin pathway while preserving the 

capacity to generate C3 convertase via the classical and alternative pathways. Narsoplimab 

(OMS721) is a humanized monoclonal IgG4 antibody selectively targeting MASP-2. In 

a Phase II multicenter clinical trial, IgAN patients with proteinuria > 1 g/day despite 

maximally tolerated RAASI therapy and baseline eGFR > 30 mL/min/1.73 m2 were enrolled 

into two sub-studies based on whether they were receiving low-dose corticosteroid or not 

at baseline. Interim analysis of both groups revealed the drug was safe, well-tolerated, and 

decreased proteinuria while maintaining a stable eGFR [181]. Based on these preliminary 
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results, a randomized, double-blind, phase III trial testing weekly intravenous infusions of 

narsoplimab versus placebo was launched (ARTEMIS-IGAN; NCT03608033).

Besides evaluating the efficacy of complement inhibitors, a major goal of all these trials 

is to assess the risks (particularly infections) associated with their use. Most safety data 

available to date are derived from the use of inhibitors of the terminal pathway in other 

disease states. Eculizumab substantially increases the risk of infections with encapsulated 

organisms. While rare, the frequency of meningococcal infection is increased nearly 

2000-fold compared to that in the general population, according to the package insert 

for the drug. Fortunately, this risk can be mitigated by appropriate vaccination practices 

and patients prescribed eculizumab or ravulizumab are advised to undergo vaccination 

against meningococcal serogroups A, B, C, Y, and W-135 at least two weeks prior to 

therapy initiation. Alternatively, patients who need urgent treatment with C5 inhibitors 

are encouraged to be vaccinated against encapsulated organisms, and are given antibiotic 

prophylaxis in the interim [182]. Inhibitors of the lectin or alternative pathway do not 

prevent downstream activation of terminal complement pathway and formation of MAC and, 

thus, are likely to confer a better safety profile. Nonetheless, vaccination against Neisseria 

and pneumococcal infections is recommended for patients in clinical trials assessing the 

efficacy of inhibition of the alternative complement pathway is recommended as this 

approach mitigates the risk of infection [183, 184].

Because therapeutic targeting of the complement system is a potential treatment option for 

IgAN, further efforts to develop and validate clinical markers of complement activation are 

needed. These markers should enable providers to select appropriate patients for treatment 

with complement inhibitors and to assess the response to and duration of therapy [185]. 

Safety data, however, remain paramount before complement inhibitors can be widely used 

in clinical practice [186]. Ultimately, the risk/benefit ratio of immunomodulation with 

complement inhibitors in IgAN will need to be addressed by these ongoing and future 

clinical trials. The balance will depend on the pathway targeted and treatment duration; 

with other potential therapies also on the horizon, the optimal combinations will need to be 

defined.

It is noteworthy that IgAN could be the first disease with significant prevalence to be 

treated with drugs targeting the complement system: to date, such therapy has been approved 

for only for ultra-rare and orphan diseases, including atypical hemolytic uremic syndrome 

and paroxysmal nocturnal hemoglobinuria [187, 188]. The cost of complement-based 

therapies in IgAN warrants consideration. Currently available inhibitors of the complement 

system, such as eculizumab and ravulizumab, are expensive (> 500,000 USD per year 

per patient] [189]. Cheaper prescription could potentially be achieved by extending the 

applications of complement-targeted therapies to a larger patient population, such as those 

with IgAN. Furthermore, joint support from the pharmaceutical industry, medical insurance 

providers, and governmental authorities would be pivotal in the large-scale implementation 

of complement-based therapeutics.
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6 Conclusion

Tremendous progress has been made in understanding the role of the complement system 

in IgAN pathogenesis and prognosis over the last few decades. Translational data from 

pathologic, biochemical, and genetic studies as well as animal models provide confirmatory 

evidence regarding the involvement of the lectin and alternative complement pathways. 

Markers of complement activation provide valuable diagnostic information and more 

recently have emerged as key prognostic tools to risk-stratify disease severity. Complement 

components contribute significantly in amplifying the inflammatory signals responsible for 

the formation of nephritogenic immune complexes and their deposition in the glomeruli. 

These findings have rekindled a marked interest in targeting the complement cascade at 

various levels in an effort to arrest or slow kidney disease progression. The plethora of 

clinical trials in IgAN will hopefully shed further insight regarding the optimal timing, 

intensity, and duration of the use of complement inhibitors along with key efficacy and 

safety data on another new class of drugs available in our armamentarium for the treatment 

of this chronic disease.
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Key Points

• The alternative and lectin pathways of complement system play an important 

role in the pathogenesis of IgAN, and their components in the circulation and 

the immune deposits in the kidneys in patients with IgAN are of prognostic 

value.

• Therapeutic agents targeting the alternative and lectin complement pathways 

are increasingly being tested in clinical trials as potential treatment options 

for patients with IgAN.

• Biomarkers of activation of the complement-system should enable providers 

to select appropriate IgAN patients who may benefit from personalized 

complement-directed therapy.

• Biomarkers that can assess the effects of inhibitors of the complement system 

are needed to guide treatment duration and monitor the response to therapy.
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Fig. 1. 
Proposed four-hit hypothesis for pathogenesis of immunoglobulin A nephropathy (IgAN). 

In genetically susceptible individuals, environmental factors are thought to trigger the onset 

of IgAN. A four-hit hypothesis has been proposed for the disease pathogenesis: increased 

levels of circulatory galactose-deficient IgA1 (Hit 1) lead to production of autoantibodies 

(either IgG or IgA, but mostly of the IgG isotype) (Hit 2). This process results in the 

formation of circulating nephritogenic immune complexes (Hit 3), some of which deposit in 

the glomeruli and induce kidney injury via mesangial cell activation and proliferation (Hit 

4) [32]. There is evidence that the alternative complement pathway and, at least in some 

patients, the lectin pathway are involved in the pathogenesis of IgAN
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Fig. 2. 
Simplified schema of the complement pathways. The three pathways of complement 

activation, classical, lectin, and alternative, are initiated by interactions of the complement 

proteins with distinct structures. Antigen-antibody complexes can activate the classical 

pathway. Mannose-binding lectin (MBL) recognizes carbohydrate structures, and upon 

association with serine proteases (MASP, mannose-associated serine proteases), can activate 

the lectin pathway. Complement C3 that is covalently bound to pathogen surfaces via 

a thioester bond as C3b initiates the alternative complement pathway. Each pathway 

ultimately generates an active C3 convertase, resulting in cleavage of C3 into C3a and C3b 

fragments. C3b can interact with C4b2a of the classical pathway or C3bBb of the alternative 

pathway to produce C5 convertase that cleaves C5 into C5a and C5b fragments. In the 
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alternative complement pathway, every C3b molecule generated serves as the initiating point 

for a new C3 convertase (C3bBb), thereby generating numerous C3b molecules via the 

“amplification loop” process. In all complement pathways, C5b binds to the cell membrane 

of the pathogen and serves as a platform for assembly of the membrane attack complex 

(MAC). The formation of MAC can be inhibited by membrane-bound CD59. Several other 

regulatory proteins of the complement-activation pathways are shown in red. FB and FD 

perpetuate the alternative pathway “amplification loop”. CR1 complement receptor 1, DAF 
decay-accelerating factor, FB factor B, FD factor D, FHR 1–5 factor H-related proteins 1–5, 

FI factor I, GalNAc N-acetylgalactosamine, Gd-IgA1 galactose-deficient IgA1, Gd-IgA1-IC 
galactose-deficient IgA1-containing immune complexes, MCP membrane cofactor protein, P 
properdin
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Fig. 3. 
Structures of human complement C3 and C3 cleavage products and the thioester bond. 

IgA1-containing circulating immune complexes in IgAN patients have C3, presumably 

covalently attached through the thioester bond to IgA1 and/or IgG, as reported for other 

types of immune complexes [113–116]. A Domain arrangement of C3 β and α chains. 

Domains are individually colored and labeled. Domain-starting residues are noted below 

the schematic. Residue numbering and colors follow those in the publication of Janssen 

et al [118]. B, C Surface rendering and cartoon models of C3 (PDB ID: 2A73 [118]) are 

shown. The conformation of C3 protects the thioester bond (red spheres boxed in [C]) from 

nucleophilic activation. D–F Cleavage products of C3 are shown in surface representation. 

(D) C3b (PDB ID: 2I07 [190]) undergoes considerable conformational change, most notable 
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is the movement of the thioester-containing domain (TED). This change exposes and 

activates residues C988 and Q991 (labeled and shaded in red on structures in D–F), which 

are involved in formation of a thioester bond. E iC3b (PDB ID: 7AKK [191]) and F C3dg 

(derived from PDB ID: 7AKK) are shown. G A close-up view of the boxed area in C 
is shown with the thioester bond represented with stick model. The thioester bond in the 

structure of iC3b is broken and shown as the amino acid residues C988 and Q991. This view 

is from the boxed area in E. IgAN immunoglobulin A nephropathy, PDB ID Protein Data 

Bank identification code
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