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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-1gG” 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 1gG 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-
Schonlein 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 Il
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 1gA2, 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 A-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 1IgA1 subclass
[5], (2) the IgA1l in the glomerular deposits is enriched for molecules with less galactose in
the hinge-region than is present in normal serum IgAl (galactose-deficient IgA1, Gd-1gAl)
[26, 27], (3) circulating Gd-1gALl is predominantly in immune complexes bound by 1gG
specific for Gd-IgA1l [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-1gALl. Hit 2 entails the presence of 1gG or IgA autoantibodies specific
for Gd-1gAl, 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 1gG autoantibodies (IgG-Gd-1gA1l). Other proteins, such as
the soluble Fca (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 1gG-Gd-1gAl 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-1gA1 [26, 27]. More recently, our group used a very sensitive technique and
a nanobody that binds to 1gG to show that all kidney biopsy specimens of IgAN patients

had 1gG, 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-1gALl. 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 1gG and IgA in the glomerular immuno-deposits, thus supporting the role of
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IgG in disease pathogenesis [34]. The 1gG co-deposits in the glomeruli are of the IgG1 and
1gG3 subclasses, as is the 1gG in the circulating 1gG-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:C1r,:C1sy) [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 Cba, 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 (sSMAC) 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 p-
mannose residues or A-acetyl-p-glucosamine on the outer surface of certain bacteria, fungi,
viruses, and protozoans, and by acetylated moieties including A-acetyl-glycine, A-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(H,0). Factor B
(FB) then binds to the hydrolyzed C3 and the complex is cleaved by factor D (FD) leading to
the generation of C3(H,0)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 C3b,Bb, 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 | (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(H,0)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-1gG” by Berger and
Hinglais in 1968 [1] also noted the presence of complement C3 (that was called B1C)

[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, 1gG, 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.
IgA1-1gG complexes were detected in 44% of patients with IgAN, whereas 1gA2-1gG
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 IJAN 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 1gA/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 TO 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], p (amino acid
residues 1-645) and a. (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-MGS8), a linker domain (LNK), an
anaphylatoxin domain (ANA, the predecessor of C3a), an extended connector loop, a’NT,
CUB (complement C1r/C1s, Uegf, Bmpl) 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 a 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 (H,0) [123], ammonia (NH3) [124], or CH3NH, [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

Drugs. Author manuscript; available in PMC 2024 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rajasekaran et al.

Page 10

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 1gG and IgA [114-
116], which in the context of IgAN are represented by 1gG autoantibodies and Gd-IgA1l,
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 1gG autoantibodies specific for Gd-
IgA1 and complement C3 [111]. Pull-down experiments with IgAl O-glycan targeting
reagents removed the biologically active IgAl-containing complexes [132]. At the same
time, other components were also removed, such as 1gG 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 1gG 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 IgAl-containing immune complexes. Consistent with the activities of
the 1gA1-1gG-containing complexes, ELISA tests showed that serum levels of Gd-IgA1 and
1gG autoantibodies specific for Gd-IgAl 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-1gAl 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 1gG and murine C3 [141]. Moreover, injection of un-complexed
Gd-1gAl or 1gG autoantibodies alone did not have these pathological effects, confirming the
nephritogenic potential of these Gd-1gA1-1gG 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 IJAN [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 132,

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-IgALl levels. Another study assessed copy humber of CFHR3and 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-CFHRI1-5locus 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 IJAN 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 /TGAM-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]. /ITGAMand /TGAX genes encode integrins alphaM (CD11b) and
alphaX (CD11c). These proteins, together with integrin p2 chain (CD18), form CR3 and
CRA4, respectively. These complement receptors expressed on leukocytes bind iC3b, further
underscoring the role for complement in IgAN. /TGAM-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 /TGAM-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 m?), 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 1, 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 Il 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 11, 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 VyH
antibody) and is being tested for IgAN in a single-arm Phase | 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

m? or > 45 mL/min/1.73 m? if eGFR had not declined > 10 mL/min/1.73 m? 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 11 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 111 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 11 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 1gG4 antibody selectively targeting MASP-2. In

a Phase Il 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 111 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

Funding

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.

Pr?:)posed 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 1gG or IgA, but mostly of the 1gG 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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f— C9

C5b-9
[MAC]

Fig. 2.

Si?nplified 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”. CRZ complement receptor 1, DAF
decay-accelerating factor, FB factor B, FD factor D, FHR 1-5factor H-related proteins 1-5,
FIfactor |, GalNAc N-acetylgalactosamine, Gad-/gA1 galactose-deficient IgAl, 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 B and a 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: 2107 [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. /gAN immunoglobulin A nephropathy, DB /D Protein Data
Bank identification code

Drugs. Author manuscript; available in PMC 2024 January 24.



Page 34

Rajasekaran et al.

S1U8DSAID Je|N||8204qLy 10 JeIN|133D ‘SIS0Iqly [ernsIaul/Aydolie Jejngnl £ ‘s1SoJajasoniawolb jeluswbas s ‘Aiiein)jeosadAy Alejjidesopus 7 ‘Aiiein)jeasadAy Jeibuesaw py

1jnJawolb Jo %Sz 2 12D
1;nJawo|b J0 %452 > 1D
Jussqy (00

©aJe [eD1102 JO 9405 < ‘21
BaJe |BI10I JO 9%05—9Z :TL
BaJe [ed110J JO %G2—0 0L

JU80S810 JBIN|[3204G 1) 10 J[NJ180 YiM 1jniawolb Jo abejusalad

1212210 SI JaABUDIYM ‘SISOAqL [eIisIauL 10 Aydodie Jejngnl Aq PaAjoAUl Bale [ed11109 Jo abejusdiad

1U80S810 JB|N|[3004G1Y 10 JB|N||8D)

sIsoiqy [ennsiaul/Aydodie Jejngnt

8sald IS

JUBSAY :0S  UOISaype Ue Jo aguasald ay 4o Yny ajoym ayp Buiajoaul 1ou Ing ‘(Buliieds) SIS0Iajds Ul PaAjoAul 14N} Jejniawo]f ayl o Junowre Auy S1S049]250|NJaWo|B [eruawhas

Wasald ;13

U3sqY (03 rUILLIN| 3y} 0 Buimoireu Buisnes eurwn| Aejjided Jejniawo]B uiyym s|[39 J0 Jaquinu paseaou| Arejnjaa4adAy Asejjidesopug

%08 < TN

%0G S 0N eale [elbuesaw Jad s|189 [e1buesaw € < yum 1jnsawo|h jo abejusdlad Aein)jea1adAy feibuesain
81003 uouysq ainyea} [ea160]01SIH

Author Manuscript

Ayredoiydau v ulingojbounwiwil Arewid Jo uoIeIISSRII PI0JXO palepdn

T alqeL

Author Manuscript Author Manuscript

Author Manuscript

Drugs. Author manuscript; available in PMC 2024 January 24.



Page 35

Rajasekaran et al.

sisAJelp se pauigap ‘[A 2 01 dn] uiodpua
ain|rey Asupiy asodwod ay} 03 awil |

1B1I311I0 UOISN|9X]
W ELT/UIW/W OZ < Y499

GOT Y939/ 01 duljaseq woly ado|s Y499 p/B T Zeunuisoud 1o B/6 T 2 ¥DdN pa]1043u02
:$5W02IN0 A1epuodss Bulusaids 0y -0qaoe|d g 1010e} [x47
L€ Joud p 06 < 104 GYV/1ITDV JO S3SOP Pajels|0} WNWIXeN ‘pullg-sjgnop 1uaWa|dwiod o Jougiyu -d4-SINOI
99\ 01 auljaseq woJj eunuiaiold ul abueyd A 1 ulyum N6 Jo sisouberp Asdoiq Asupiy ‘paziwopuel [osv] epnoajonuobijo Alsnoinaid]
0T9/6/S0.1ON :3wo021n0 Arewiad 148110 UoISN[ou| BEENNIN 1 asuasuy 9597EY .0
62 283\
0} duIjaseq WoJy OGHY ewseld ul abueyd g4 uohessiutwpe
62 %93\ 0} Bnup Apnis Jo ow gT ulyum asn juessaiddnsounwiwi
aullaseq Woly [aAs] g4 ewseyd ur aBuey g Jue|dsues) Jayo 1o Asupiy Jo AiolsiH
62 Y99\ 01 duljaseq aseasip
Woly YOdN Pue ¥YOWN Ul uonanpay 12220006UIUBW JUaLINJ3I JO AI0ISIY JO ‘Awoldaud)ds
62 %99/ 01 aUI]aSeq Woy eunuis)oid ‘uonouny a1ko0ydwi|-g 40 sarouslolapounwiwy
Y-#Z Ul Uo1INPay :SaWwod1nNo A1epuodss -eLIg1Id uoIsn|oXy g 10108}
62 99\ 01 aul|aseq W ELT/UIW/W OF < Y499 Juawa|dwod 4o Jo)giyul
wouy eunuislosd Y-z Ul uononpal Jusdlsd NWB] Jo sisoubelp Asdoig-Asupry Jaqe|-uado [oswv] epnosjonuobijo pesh]
GEEYTOVOLON :aW09IN0 Atewlid el48)149 uoiIsnjou| ‘dnoub a)buis n asuasiuy -g4-SINOI
[pamore
SI Juawieal) Aq pates|d ADH 10 AgH snoinaid] ABojouas
annisod Jo ‘uondagul AQH 10 ‘AgH ‘AIH Jo sisoubeiq
juedsuesy uebio-pijos Jo A10isiH
JewJou Jo N Jaddn ay) sewnl € 2 1SV 40 1V
<WW/s|132 000T > 1Unod [1ydo.inau aInjosqy
B1I8}IID UoISN|IX3
81 %99/ 01 auljaseq q adAysezusnyur
wolj Y499 ul Juswanoidwi Jo uorezijigers snjiydowsseH pue ‘1ead030buUIUSW ‘[ea2020WNaUd 10§
8t %99 1e B/Bw 002 > ¥IdN paleulaoeA aq o} Buijim Buisg 1o uoIeuIdIBA
81 %99\ 01 dn sjang) ow g Jo} syuabe ounuialoid-ue Jo/pue sanisuanadAy
uINge WNJas pue ‘Ssuoiesiuaouod gD -nue ‘sjuessaddnsounwiwi yum Juswiess) paziwndo
'S|ans] OSHY ‘S|aAs] €D winias ul sabueyd W ELT/UIW/W OE < Y499
:$9W09IN0 AIBPU0IES B/6w 05/ < euNUIB10Id
8y Bulurels pyD pue £ Joy synsal Asdoig-Aaupry Jold €0 suodwod
339/\\ 0} 8UI[aSeq WOy ¥DdN Ul uoionpay A 8T 2 8by 18qe|-uado wawsa|dwod Jo [z-1dv]
B6T9ESYE0LON :3Wo21Nn0 Arewiid TB118}149 UoISn|du| ‘dnoub a1buis 1l Jonqiyur apndad 011940 uejdooelsobiad
Awo3o3us|ds 10 elus|dse Jo A10ISIH
Uo13934ul [e290906uIUBW JO A10ISIH
69T Aeq 01 dn auljaseq SUOI398}Ul J1UOJYD 10 JUdLINJAI JO AIOISIH
wioJy S|ans] €0 WinJas Ul abueyd 1uadiad B119}149 UoISN|oX3
69T Ae@ 01 dn aunjaseq woly  GYV/ITDV JO 9SO Palesa]o] 4O PapUaLILLIa) Aj[ewIXel
[8A8] £D WINJSS Ul duljaseq woly abueyd W ELT/UIWW OF < Y499
asop-1s0d y g 01 dn punodwiod eunuislosd ueayiubls uonanpoud
[euoriefnsanul JO SaIBUDj0JBWIEYH BUIDIRA SBZUBNUI [£2] € usuodwod
:$5W021N0 A1epuodss snjiydowsae pue ‘[easodownaud ‘[eadosobulusw e juawa|dwod dneday
69T Ae@ 01 dn UM uorjeu1doeA ofisapun o} fu 10 payeurdden SHQIyul 1ey ajndsjow
SIUBAS 3SJAAPE SNOLISS J0/PUE SIUBAS 8SIBAPY A 6,87 aby Buneeassassop [1'vNY] aouaiapisiul
$9££8050.LON :3wo021n0 Arewiid 18110 UoISN|ou| ‘paziwopuey eIl p19® 219]2NUO0q 1Y £2-04VY
Jainuapi ,Sawoano *:o_ym_:aoa Apms ubisaq  aseud wsiueydsn uonuanIau|

Ayredolaydau v uljngojBounwiwi Arewnd Jo juawieall o) Aemyred Juswajdwod e Bunasbie spern [ealuld BuiobuQ

Author Manuscript

¢ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Drugs. Author manuscript; available in PMC 2024 January 24.


https://clinicaltrials.gov/ct2/show/NCT05083364
https://clinicaltrials.gov/ct2/show/NCT03453619
https://clinicaltrials.gov/ct2/show/NCT04014335
https://clinicaltrials.gov/ct2/show/NCT05797610

Page 36

Rajasekaran et al.

auljaseq Wo.y eLnuIgiold Ui sbueyd Jusdsed ow z7 1sed ui sisoubeip Asdoig-Asupiy 1age|-uado 1uauodwod Juawa|dwod
Buisop Ajyeem yim gt 3oa/ 0} 6/6 G'T < YOdN ;W €L T/UIW/TW OE < Y499 “uswuBisse 1sureBe payoauIp Apoqnue
auljaseq wody eunuisloid ui abueyd Juadiad A G1-8T aby lenuanbas leuojoouow 9| ue
086.TSSOLON :$3W021N0 AJewidd 1481119 UoISN[ou| ‘paziwopuey 1 3o uajoud uoisn4 0TdM
ow
9 ulynum uoissaiddnsounwiwl Jayio Aue 1o p A1INIASUOD
$T < oy p/Bw 0z < JusjeAInba auosiupald o auosiupald
OW € J3N0 940E Z SSO| Y499
cWWw/000°0G > JUn0d
19]3181d J0 IM/(0T x €T > 1UNnod [1Iydosnau aInjosqy
0S N6 BuiAiapun 01 ajgeingLne
89/ 1e A11Anoe Aemuyied aAieuIs)fe WNJISS ssajun ‘Aausiolep Juswa|dwod peroadsns Jo umouy
Ul duljaseq wody abueyd pue sanjeA aInjosqy elus|dse [euonouny o Awoyosus|ds
0G Y99 01 93] qg ewsed Asdoiq Asupny Jusdal
Ul auljaseq woly sbueyd pue sanjeA aInjosqy 1SOW UO 1[nJaWo|B Ul UOITBLLLIOJ JU8IS3ID 1O ‘SIS0Ia]IS
0G X33\ pue Jejniawolb ‘Aydouie sejngny ‘sIsolqiy [RIISIAIUI 940G 2
92 X199\ 01 duUIjaseq woly Y499 ul abuey) BLI8}ID UoISN|oX3
elINuIgo.d auljaseq 0] pasedwod 0G YaaM 1013U02 49 3]qeIs
pUE 92 %99\ Je elInuId)old Ul uonaNpal ow g < Joy
%05 < pue 960€ < Buiaiyoe sjuedidlued 3S0p gyV 10/pue I3V Parels|o) 10 PaMO]|e WNWIXeN
0G Y23/ 01 auljaseq [Burusaios 01 Joud A z <
wouy eunuiaiold ul abueyd abejusdlad Asdoiq N1 $1 91qeaijdde Ajuo] sisAfeurdn uo ernyewsH
1$9W09IN0 A1ePU0IAS p/B T = elNUIBlONd pa]0J1u02
92 Y99\ 01 auljaseq W ELT/UIW/W O < Y499 -0gaoe|d
woJy eunuigiold uy sbueyd abeiusaled KG/-8T 8by ‘putjg-sjgnop Jonqyur @ [os0eNX V]
686.6050.L0ON :3wo9no Arewiad 1481149 UoISN[ou| ‘paziwopuey 1 10108} Juswsa|dwo [el0 uedoaliwap
Bnup Apnis Buriels Joud
P #T > uonaajul [efuny Jo ‘[eJIA ‘|eIaloRq J1WBISAS SANOY
snagodownsud
pue snad020BuluBW Se Yyans ‘swisiuefio parejnsdesus
Aq pasned sUoIIajul SAISEAU] JUBLINJ3I JO AIOISIH
syuabe Alorejnpowounwiwii
10 anIssaiddnsounwuwi UM Juswiyeas} J0lid
uoisuapadAy pajjosuodun
e1181119 UoISn|ox3
Juswiealy Apnis 03 Joud p 06 10}
gYV/I30V Pa1ess|0} 10 pa||aqe| [ewixew 40 8sop 8]qeIs
Juswieas Apnis o3 Joud
‘pZUBNIUI SNIYdOWSEH PUR ZelWw/wnuid Sn2202010841S
‘SopIIBUIUALY BLISSSIFN 1Sulebe uo1eu1dden
6/6 T<¥2dN
SUIUOW ZT I8N0 Y498 Jo ados pazijenuuy awn Aue je Asdolq
syuow 6 1e B/6 T 2W L T/UIW/W € > INg 0Z T Y498 yum sjusied 1o
> 42dn Buiyoeal spuedioned Jo uoniodold SIS0.Q [BINSIBIUIOINGNY %08 > YNIM A 2 ulyim Asdoig
Syow g 03 auljaseq woly Y499 ui abueyd W €L T/UIW/TW G > ING O€ T Y498 Yim sjuaiyed Jo4 dnoub jajesed
:S3W02IN0 AIBPU0IIS A g Buipaoaud uiyum ‘pa]|01u0d
SYIuoW 7z 19A0 Y499 J0 adojs pazijenuuy Asdolq ;W €2 T/uIW/ W G T Y498 yum siusired o4 -0gaoe|d
[unjeseq YodN]/[yuow-6 YOdN] oney A 81 < by ‘pur|g-ajgnop Jonqgiyur g [ezodNT]
7€88/G7010ON :$3W091N0 Aewldd 1481140 UoISN[ou| ‘paziwopuey 1 10108} Juswsa|dwo [elO uedooeyd|
N6 Jo} sanissasddnsounwiwi snuydauojniawolh
J3Y10 JO 3SN INOYIM ‘050 Z 498 Ul anIssalfold Ajpides Jo ‘Ow € UIYIM aUIUIIRaID WNJaS JO
3U1193p paulelIsns e o ‘uoljeiue|dsuel 10 Burjgnop paureisns ‘Asdolq Asupiy U0 SJUISID 940G 2
Jaynuap| ,Sewi0dNo *co_um_:aoa Apms ubiseg aseyd wisiueydsN uonuaAIsu|

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2024 January 24.

Drugs. Author manuscript;


https://clinicaltrials.gov/ct2/show/NCT04578834
https://clinicaltrials.gov/ct2/show/NCT05097989
https://clinicaltrials.gov/ct2/show/NCT05517980

Page 37

Rajasekaran et al.

(4R Jolqgiyul-ulual 3oalip 0 uonanpoud Janl|
01 auljaseq wo.y p/6 erinuiziold ui abuey)d /99V/130V Yum Adelayy aAIzeAIssuod [ewndo ajgels Pa]]041U0d sessauddns Teur [WNYIS]
:$3W091N0 A1epuodss W ELT/UIW/MW O < Y499 -0gaoe|d VNY Bunapaul
2€ Y93/ 0} 3UI[Bseq WOy ¥OdN Ut abueyd A 6,81 3By ‘purjg-ajgnop Irews payebnfuod [s00-NTV]
Sy T¥8S0.LON :awod1no Arewiid B148)149 UoISn|ou| ‘paziwopuey n -aulwesojoe|eb|A1eoe- UBJISIPWRD
UOII93JUI BAIOY
MM 2 Jold ulyum syuessasddnsountuw Yam juswiyes )
NVB| 211U83sa10 318N8S
skep 69T A 2 Joud uyum sninasen 6| 40 suoielsajIueW J1WaISAS
0 dn auljeseq wouy ernuaiold ul abueyd 6/6 8 < 40dn 10 p/b 8 < euNuIBIOId
:9W09IN0 AIepuodss B1I8}IID UoISN|IX3
skep 69T B/6 T < ¥OdN LW €L T/UIW/ W 09 < YHDD
01 dn s)uaAs asIaApe UM siuaired Jo JaquinN A 8T < aby Jaqe|-uado 1s1uoBejue J01dadas [89TX%22]
JTEYBEZOLON :3W09IN0 Atewlid el48)149 uoisnjou| ‘dnoub a)buis Il ©GD 3|nJajow-|[ews [eJ0 uedooeny
ow
9 uIyIM uoissaiddnsounwiwl Jaylo Aue Jo p 8AIINIBSUOD
¥T < Jo} p/Bw 0z < JuafeAInba auosiupaid 1o auosiupaid
siuydauolniawolb anissaiboid Ajpidey
jue|dsues) Moulew-auoq Jo ueblo-pijos Jaylo Jo AI0lSIH
057w J01QIYul JusWa|dwod © YIIM JusWIeas] SnoiAsid
92 SY99/W\ 18 eLINUIB10Ad JO UOISSIWAI [erlied ‘elI8)Id uolIsnjoxg
05 %® oW € Z JoNqIyul SYVY J0 3sop [ewndo pue a|qeis
92 SY99/\\ 01 dUI[aseq Woly Y498 ul abueyd apluowinaud sn20201da.1s
05 pue qaaf; sezuanjjur snjiydowse surebe pajeuidden
83/ 01 auljaseq wouy eunuidloid u abueyd uoI193jul [e290906ulUBW Jsurebe pareulddeA
:S3W02IN0 AIBPU0IaS 6/6 T = 10 p/b T = LNUIBOI] pa]|04U0d [%0)
9C W ELT/UIW/W OE < Y499 -0gaoe|d juauodwod Juawa|dwod
389/ 03 aulfaseq wouy eunuiaiold ul abuey) A G1-8T aby ‘puljg-ajgnop 1sutefe Apogiue
6EEYISYOLON :awo9no Arewiud TB118}149 UoISn|du| ‘paziwopuey " Jeuojoouow paziuewnH gewnzijnaey
qew XNl YIMm Juswiealy Jord
saIpoqnue 0Z.TNX 1V awlin Aue Je Jouqiyul EwEw_QEoo ® YJIM Jusuiyesl |
-nue yum syuedionded Jo JaquinN e dsuely Asupry|
[1e101 pue 9a14] uoiRNUAIUOD G WINIBS “BlI31I0 uoisnjoxg urwngpe
SIUBAS 9SIDAPE Juablawa-luawieal ] p/B T < eunuiglold pue G jusuodwod
:$5W02IN0 A1epuodss W ELT/UIW/W OE < Y499 juswa|dwod isurebe
0ZLTNXTTV 40 UOIeNUdU0D WNIsS A G9-6T 3bv asop-a|buls Apognue oy10adsiq [ozzTNX V]
TEZYTES0LON :aWwoo1no Arewidd TB148)149 UoISn|u| ‘[age]-uadQ q paALIap-UBWNH qewInINgaD
Apnis Bulinp
Buisop soueuajureWw Ajaamiq 1oy uoneiue|dsuely 1o sisAfelp pajedionue 1o Buinlpday
1 Y99\ 01 auIjaseq woly Y498 ul abueyd AM 72 Ul ;W €L T/Ul/W 0E < Y493 Ul auljoed
Buisop aoueusjurew Ayaam Joy awoJpuAs anoiydsN
81 99\ 0} duIjaseq woly Y499 ul abuey) Asdoiq Asuppy uo 1jnJawo|b Jo 940G < SIUBISBID
87 %99/W\ 01 aul|aseq ri/s1199 005 > UN09 [1ydo.inau anjosqy
wouy S|9A8] GO winJas aaly Ul abueyd R [IE
87 %99\ 0} Jo swsiueblo payejnsdeaus YIMm suoiidajul Jo AIoSIH
auljaseq wouy Aesse AuAnoe ged ul abueyd sfeBunyiue Jo ‘sjeliAnue
81 Y99\ 1 pue auljaseq e Aesse |92 ‘sonoignue [Buiusalds o p T ulyim] jeio Jo [Buiusaios
poojq paJ iqqged ul auljaseq woly abueyd 10 P OE UIUNM] Al UM UOIId84UI AUE JO JuBWIeal |
9G Y93\ 01 dn SJUBAS 3SIBAPY e1I811ID UoISN|oXg [s-T
1$9W091N0 A1epuodss M 9 10} slouqiyul HA] urewop G-T H J01oe}
Buisop A;12amig Yum L %38 03 Z1719S Jo/pue }m ZT 10} GHV/IFOV 40 uswifal a|qels JusWa|dwod 0} pasny GO
Jaynuap| ,Sewi0dNo *co_um_:aoa Apms ubiseg aseyd wisiueydsN uonuaAIsu|

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2024 January 24.

Drugs. Author manuscript;


https://clinicaltrials.gov/ct2/show/NCT05314231
https://clinicaltrials.gov/ct2/show/NCT04564339
https://clinicaltrials.gov/ct2/show/NCT02384317
https://clinicaltrials.gov/ct2/show/NCT03841448

Page 38

Rajasekaran et al.

311SqaM A0B'S[RLII[BIIUID MMM 3Y} e Jaignuap| ay Burisiua Ag j000304d Apnis 8y J0 MaIAR) uodn S|ge|IeAR aJe SaINseall aWO0oIN0 AJepu0das pue BLISILIO UOISN|oXa pue uoisnjoul a18jdwod
x

0174 3UIUIe8II-0}-U18]04d BULIN & Dg/7 ‘Oliel aUIUNEaId-0)-UlWNg|e BULIN ¢Dy) ‘Z Jaodsueiod 8s0on|B WNIPOSs 7/ 795 ‘WalSAS auoJaisopfe-uisualolfue-uiual Sy ‘snousneul
A/ ‘STIIA Adusidyspounwiwil UewnY A/ ‘ShaiA O siiieday AD4 ‘STUIA g siireday A g 9TV ulqojfowsy a7 /g4 ‘erel uofielijiy Jejniawold parewss &¢/-9a ‘ainssaid poo|q /g ‘eseulwesuel) ayenedse
1SV 19x20]q Joidadal || uisualolbue gy ‘eseulwlesuel) aulueje /7y ‘Aemyied Juswa|dwiod aalreulalfe ayl 4o AlANOE Juswa|dwod anAjowsay gg-AH ‘103igiyul awAzus Buiiaauod uisualolbue /7oy

3M
9¢ ybnoayr Yodn ui abueyd pabesane-awi ]
[p/6 z = eunuisioud

se paunyap] ernuigiold ybiy surjaseq yum
sjualred 0 18SQNS 8U) Ul JUBLWILaI} UO M 9F
1e Aep/B eunuigioid ul auljaseq wouy abuey)
JUBWIEAI] U0 XM 7T 0}

dn Y499 u1 abueyd Jo ael 8yl Aq paulwalap
se uonouny Asupiy ul auljaseq wouy abuey)
M 89T 031 dn S}usAa aSIanpe
pale|al-luawieal) Yum siuaited Jo JaquuinN

snuydauojniawolb anissaiboid Ajpidey

uolrejue|dsuely Asupiy o A10ISIH

aseasip Aaupiy Jay1o Jo

‘N6 Atepuoaas ‘sninasen B ‘Asdoig uo Ayredoiydau
2B3gRIP ‘G, < OTVAH ‘shijjaw sajaqelp T adAL

$¥9aMm g ulynm N6 1oy

sBnIp 91x010349 10 aAIssasddnsounwiwl Yym Juswiyesl |
e1I81ID UoISN|IX3

W ELT/UIW/TW OE < ¥499

p/6 T < eunuIg0ld

1$9WW091N0 A1BPU0IAS B/6w 0G2< ¥DdN 10 ow 9 ulym p/B T < eLNUIBoId pa]]03u02
JuswIea) A g ulyum NwB| Jo sisoubelp Asdoig -ogadeld Z-dSVIN
Uo %M 9¢ Jaye eunuislold ul abueyd A 8T 2 8by ‘puljg-ajgnop 1sutefe Apognue [tz2SNO0]
€£0809E0.LON :3wo9no Arewiud TB118}149 UoISn|du| ‘paziwopuey Il [euojo0UOW pPazIUBWNH qewijdosieN
[¢-dsviAl
UOI393JUl SISOIN2J3gN} WNLIB1ORQOIAW IO AIH SAROY 18qe|-uado Z-9seajo.d aullas
e1181119 UoISN|oX3 “uawubisse pale1oosse-unas| buipuiq
SIUSAD 3SIAAPE JO 30UBPIAU| A G-8T aby 19]eJed -asouuew Bunabiey
Zv0S2/S010N :awo9no Arewnad T8I0 UoISN[ou| ‘paziwopuey 1 Apogiiue [euojI0UO|A 8EEIND
juaidioal yuedsuesy uebiQ
ow 9 1sed ul syuabe Juessaiddnsounwiwi
J3Y10 JO ‘P / Z SPI0IBISOIILI0D IIWBISAS YIIM JuaWIesl |
uonIBul ADH 10 ‘AdH ‘AlH J0 sisoufelq
Z€ M99\ 01 auljaseq Wwoll YOdN ul abueyd [eandind uisjugyos-yoousH] sninasen vo|
€ siydauolniawolb anissaiboid Ajpidey
99/ Te p/b einuiaload Ul uonINPal 9%0S < TBLIS}ID UoISN|IX3 %0}
2 Y93/W\ 1B UOISSIWAI [B21UI[D [elled p/6 T < euNUIBI0I] wauodwod Juaws|dwod
Jaynuap| ,Sewi0dNo *co_um_:aoa Apms ubiseg aseyd wisiueydsN uonuaAIsu|

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2024 January 24.

Drugs. Author manuscript;


https://clinicaltrials.gov/ct2/show/NCT05775042
https://clinicaltrials.gov/ct2/show/NCT03608033
http://www.clinicaltrials.gov/

	Abstract
	Introduction
	Pathogenesis of Immunoglobulin A Nephropathy IgAN
	Overview of the Complement System
	Role of Complement Proteins in IgAN
	Activation of the Complement System in the Kidneys in IgAN
	Activation of the Complement System in the Circulation in IgAN
	Genetic Evidence for the Role of the Complement System in IgAN

	Treatment Targets and Ongoing Clinical Trials in IgAN
	Conclusion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Table 1
	Table 2

