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Abstract: Immunoglobulin A nephropathy (IgAN) is the most common primary glomerulonephritis
worldwide, with varied clinical and histopathological features between individuals, particularly
across races. As an autoimmune disease, IgAN arises from consequences of increased circulating
levels of galactose-deficient IgA1 and mesangial deposition of IgA-containing immune complexes,
which are recognized as key events in the widely accepted “multi-hit” pathogenesis of IgAN. The
emerging evidence further provides insights into the role of genes, environment, mucosal immunity
and complement system. These developments are paralleled by the increasing availability of diagnos-
tic tools, potential biomarkers and therapeutic agents. In this review, we summarize current evidence
and outline novel findings in the prognosis, clinical trials and translational research from the updated
perspectives of IgAN pathogenesis.

Keywords: immunoglobulin A nephropathy; Gd-IgA1; mucosa-associated lymphoid tissue; mucosal
immunity; microbiota; complement dysregulation; prognosis; clinical trials; translational researches

1. Introduction

Immunoglobulin A nephropathy (IgAN) is the most common primary glomeru-
lonephritis (GN) worldwide, with a high prevalence in Asia (40–50%) and western countries
(10–30%) [1]. Although the disease usually runs a benign course, it has been shown that
20–30% of IgAN patients will develop the end-stage renal disease (ESRD) over a period
of ten years [2]. There are no disease-specific treatments or early diagnosis strategies for
IgAN. Optimal supportive therapy remains the main pillar in IgAN treatment, whereas
the efficacy of systemic immunosuppression remains controversial. Clinical marker-based
assessments of disease activity, such as serum creatinine, proteinuria and hypertension, is
often limited.

At present, a definitive diagnosis of IgAN requires an invasive kidney biopsy demon-
strating dominant or codominant mesangial IgA staining. However, a kidney biopsy may
result in a delayed diagnosis and potentially poor outcomes. Considering the significant
heterogeneity in clinicopathological presentation, disease course and even races in IgAN,
early identification of patients at risk of progression and the development of an appropriate
treatment plan are essential.

Existing evidence suggests that IgAN is an autoimmune disease with a multi-hit pro-
cess. It is characterized by abnormal IgA1 synthesis and glycosylation, leading to increased
circulating polymeric hypogalactosylated IgA1 (Gd-IgA1). Gd-IgA1-containing immune
complexes (Gd-IgA1-ICs) are formed mainly by Gd-IgA1 with specific autoantibodies. The
glomerular mesangial deposition of Gd-IgA1-ICs leads to cellular proliferation, activation
of complement and subsequent glomerular injury [3]. However, the multi-hit theory cannot
fully explain the pathogenesis of IgAN, and the exact production site of Gd-IgA1 remains to
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be determined [4,5]. It was found that Gd-IgA1 levels were elevated in some asymptomatic
first-degree relatives of IgAN patients [6]. On the other hand, asymptomatic Gd-IgA1
deposition is occasionally observed in kidney transplant donors [7,8]. These findings sug-
gest that additional cofactors are required to develop clinically apparent IgAN. Patients
with IgAN usually present with hematuria concomitant with mucosal infections in the
respiratory and gastrointestinal tracts. Therefore, attention is directed at the exploration
of the role of mucosal immune response in IgAN from various aspects, such as genetic
susceptibility, foreign antigens and microbiome dysbiosis [9–11]. Furthermore, a growing
body of evidence suggests that complement activation is associated with glomerular and
circulating markers in IgAN. Of great interest, it is postulated that the complement can be
the pathogenic contributor or aggravating factor in IgAN [12].

In light of these advances, this review will focus on recent developments in the
biomarkers, prognostic tools and potential therapies targeting every key stage in
IgAN pathogenesis.

2. Mechanisms and Pathophysiology

IgAN is an autoimmune disease. A significant body of evidence confirms the pivotal
role of the multi-hit hypothesis in IgAN pathogenesis [13]. Specifically, the overproduction
of polymeric Gd-IgA1 (hit 1) is recognized as an autoantigen, which induces the generation
of circulating antiglycan autoantibodies, such as IgG and IgA (hit 2). Subsequently, the
circulation of immune complexes (Gd-IgA1-CIC) is mainly formed via the direct versus
between Gd-IgA1 and IgG or IgA (hit 3) [14]. It seems likely that IgA1-containing immune
complexes (IgA1-CICs) can also form through the intermolecular disulfides-mediated
self-aggregation of polymeric IgA molecules, which are prone to kidney deposition [15].
Additionally, it was proposed that abnormal binding between circulating IgA1 and the
soluble form of the myeloid IgA Fc α receptor CD89 induces the formation of IgA1–sCD89
complexes [16]. The complexes deposit within mesangial cells via mesangial trapping and
the high affinity of Gd-IgA1 for extracellular matrix components, leading to glomerular
injury (hit 4) [9]. IgA1/IgA-CICs in circulation or after their deposition in the mesangial
area further activate complement pathways, leading to glomerular inflammation and
tubulointerstitial scarring [10,11] (Table 1).

Noticeably, the multi-hit theory still cannot fully explain some clinical, pathological
and epidemiological observations in patients with IgAN [11]. For example, roughly 5%
of biopsy-proven IgAN patients presented minor glomerular injury and mild or even no
damage to kidney function [4]. Conversely, up to 16% of healthy individuals showed
deposited glomerular IgA without any signs of kidney disease [5]. Recent evidence from
genetic, immunological and molecular bases provided us with a better understanding of
the pathogenesis of IgAN.

2.1. Genetic Susceptibility

The incidence of IgAN is reported to have a clear west-to-east prevalence gradient,
with the disease being most common in Asia (45–58% in China, 47% in Japan, 28% in
Korea and 45% in Singapore) when compared with Europe (10–35%) [12]. Familial aggre-
gation of IgAN was well-described throughout the world [17]. The geographic diversity
in prevalence and the heritable trait of Gd-IgA1 emphasize the potential contributions of
both environment and genetics to IgAN susceptibility. Genome-wide association studies
(GWASs) have remarkably advanced our understanding of the pathogenesis of IgAN by
identifying IgAN susceptibility loci. The results from recent large GWASs showed that most
susceptibility loci are involved in IgAN pathogenesis-related immunologic and inflam-
matory pathways, including mucosal immune response (CARD9; 9q34.3 and HORMAD2;
22q12), Gd-IgA1 production (ST6GAL1; 3q27, C1GALT1; 7p22.1-p21.3, GALNT12; 9q22.33,
FCRL3; 1q23.1 and TNFSF13; 17p13), innate and adaptive immunity (MHC; 6p21), and
complement activation (CFHR1; 1q32 CFHR3; 22q12, CFB; 6p21.33 and ITGAM–ITGAX;
16p11.2) [18,19].
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2.2. Mucosal Immunity

Mucosal IgA production is an indispensable immunological process for host health.
Clinically, the onset of mucosal infections, such as respiratory or gastrointestinal infec-
tions, often precipitates IgAN exacerbation, correlating IgAN with mucosal immunity [10].
Although the exact production site of Gd-IgA1 remains to be determined, considerable
evidence supports that the mucosa-associated lymphoid tissue (MALT) is responsible for
Gd-IgA1 production [20]. MALT is a key player in defending against environmental mi-
crobes and maintaining immunotolerance [21,22]. MALT distributes along the surfaces
of all mucosal tissues, of which the two major regions related to IgAN are nasopharynx-
associated lymphoid tissue (NALT) and gut-associated lymphoid tissue (GALT) [23,24]. In
these inductive sites, following an encounter with mucosal-derived antigens or exogenous
antigens, antigen-presenting cells (APC) activate naïve B-cells class-switching into IgA
antibody-secreting cells (IgA+ ASC) via T-cell-dependent (TCD) and T-cell-independent
(TCI) pathways (Figure 1). In the TCD manner, activated helper T-cells promote B-cell
class switch by T-cell membrane-bound cytokine CD40 ligand and action of the cytokines,
such as the transforming growth factor (TGF-β) 1, IL6 and IL10 [25]. TCI is induced by
cytokines derived from the toll-like receptor (TLR) ligand-activated APCs, such as IL-6
and IL-10, TGFβ, as well as B-cell activating factor (BAFF) and a proliferation-inducing
ligand (APRIL) [10,26]. Specifically, BAFF can be recognized by three different receptors
(e.g., BAFF receptor (BAFF-R), transmembrane activator and CAML interactor (TACI)
and B-cell maturation antigen (BCMA)) [25]. (a) BAFF can induce TCI class switching to
generate both IgA and IgG antibodies [3]. (b) BAFF can also activate APRIL–TACI Axis for
further generation of IgA [3]. (c) TACI can be coupled with myeloid differentiation factor
88 (MyD88) to induce B-cell class switching to produce IgA [25]. Persistent and excessive
activation of TLRs might promote Gd-IgA1 production and downstream events [27]. Then,
activated B-cells differentiate into IgA+ plasmablasts and are home to systemic effector sites.
Intriguingly, B-cells derived from NALT and GALT exhibit different homing tendencies
due to the varied combinations of chemokine receptors and adhesion molecules. B-cells
derived from NALT tend to home to the mucosa and lymphoid tissue throughout the body,
whereas the GALT-induced B-cells tend to home back to GALT [22].

IgA+ ASC in MALT can become memory long-lived plasma cells (LLPCs), produc-
ing long duration of IgA antibodies [10,28]. Regarding the origin of Gd-IgA1-CIC, it is
presumed that the mucosal hyperresponsiveness of IgA1 might result in a ‘spillover’ of
Gd-IgA1 into circulation. An alternative hypothesis was proposed, positing that some
of these LLPCs or activated mucosal B-cells may mis-migrate into the bone marrow or
other systemic sites instead of homing to mucosa sites. The inappropriate expression
of surface homing receptors on lymphocyte subsets or the faulty expression of mucosal
chemokines and homing counter-receptors on mucosal vascular endothelium may explain
the postulation [20,29].

2.3. NALT

Human NALT consists mainly of Waldeyer’s pharyngeal ring, which is constituted by
the adenoids and the lingual tonsils, the palatine tonsils and the eustachian tonsils. It is
supposed that tonsillar NALT may be related to the onset and progression of IgAN [30,31].
Moreover, tonsillectomy aims to eliminate the source of mucosa-associated pathogens.
This was shown to arrest or reduce serum level and mesangial deposition of Gd-IgA1,
although the effectiveness of tonsillectomy therapy is clinically variable [32–34]. Despite
being different from human NALT structures [35], the findings from murine IgAN models
also showed that NALT structures located in the floor of the nasal cavity were the major
induction site of aberrant Gd-IgA1 and nephritogenic ICs [23].

The robust findings from recent studies have indicated the relationship between
specific microbial stimulation and NALT immunity in IgAN [36]. For example, the Sendai
virus, or respiratory syncytial virus, was found to promote mesangial cells to release IL-6
and prostaglandin E2, which in turn induced mesangial proliferation [30,31]. The oral
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indigenous bacterium, Haemophilus parainfluenzae, was indicated to facilitate tonsillar
mononuclear cell proliferation and promote IgA production in vitro [37]. The collagen-
binding protein-positive Streptococcus mutans strains, which are isolated from the oral
cavity, have shown their association with immunofluorescent Gd-IgA1 staining intensity
and the clinical features of IgAN [38]. Comprehensive microbiome analysis revealed that
Prevotella spp., Fusobacterium spp., Sphingomonas spp. and Treponema spp. were the
predominant bacteria in both IgAN and recurrent tonsillitis [39]. The relative abundances
of Rahnella, Ruminococcus_g2 and Clostridium_g21 in IgAN tonsils were shown to be
different from those of healthy controls and other GN controls [36].
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Figure 1. The pathophysiology of IgAN. IgAN usually presents with episodic gross hematuria and a
concurrent upper respiratory tract infection or gastrointestinal disorder. Individuals with genetic
susceptibility to IgAN develop aberrant mucosal immune responses to persistent antigenic stimulus,
pathogenic microbiota and microbial metabolites. Antigen-presenting cells thereby activate and
facilitate B-cells undergoing class switch and then differentiate into IgA+ ASCs in T-cell-dependent
or T-cell-independent manners. Some mistrafficking ASCs take up residence in systemic sites, such
as the bone marrow, NALT and GALT, leading to an increased circulating level of Gd-IgA1 and thus
resulting in immune complex formation. The Gd-IgA1-containing immune complexes deposit in
glomerular mesangium. Subsequently, complement activation (the alternative, lectin and terminal
pathway) and intraglomerular inflammation together synergistically lead to kidney injuries, such
as mesangial hypercellularity and fibrosis. ASC, antibody-secreting cell; CIC, circulating immune
complex; DC, dendritic cell; NALT, nasal-associated lymphoid tissue; GALT, gut-associated lymphoid
tissue; IgAN, IgA nephropathy.

2.4. GALT

The GALT origin of Gd-IgA1-secreting cells was elucidated by Sallustio and his
colleagues [40]. Zachova et al. consistently found that increased circulating B-cells express
surface Gd-IgA1 and chemokine receptor CCR10, which are predestined for homing to the
gut. All these findings indicate the role of GALT dysregulation in IgAN pathogenesis [35].

The gastrointestinal microbiota exists in reciprocal balance with the GALT. The imbal-
ance of the gastrointestinal flora, namely gut dysbiosis, leads to the compromised intestinal
epithelial barrier function and impaired immune response in patients with IgAN [41].
The immune response is clinically associated with inflammatory bowel disease (IBD)
and celiac disease [42]. Gut dysbiosis is caused by changes in the structure and compo-
sition of the normal gut microbiome [41]. Several fecal microbiota investigations have
shown the differences in microbial diversity between IgAN patients and healthy individ-
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uals. At phylum/genera/species levels, Sutterellaceae and Enterobacteriaceae species,
Escherichia–Shigella, Defluviitaleaceae_incertae_sedis, Firmicutes, Ruminococcaceae, Lach-
nospiraceae, Eubacteriaceae and Streptococcaeae showed higher abundance in the stool
samples of IgAN patients. At the same time, Bifidobacterium species, Roseburia, Lach-
nospiraceae_unclassified, Clostridium_sensu_stricto_1, Haemophilus and Fusobacterium
showed an opposite trend [43,44]. Furthermore, several studies identified the associa-
tions between the composition of commensal microbiota and IgA production. Increases in
Bacteroides spp, Lactobacillus spp, Clostridium coccoides, Bacteroides ovatus and Alcali-
genes and decreases in Bifidobacterium spp. were demonstrated to strongly stimulate the
production of IgA in mice [45–48].

Not only gut microbiota itself but also its metabolites participate in the GALT immune
responses in IgAN. For example, lipopolysaccharide (LPS) and lipoteichoic acid, which are
the ligands for TLR4 and TLR2 separately, may activate GALT and lead to the defective
galactosylation of IgA1 [49]. Gut-derived uremic toxins, such as indoxyl sulfate, p-cresyl
sulfate, indole-3 acetic acid, trimethylamine N-oxide and phenylacetylglutamine, were also
found to induce intestinal inflammation and IgA overproduction via the increased release of
cytokines (TNF-α, IFN-γ, IL-1β, IL-12) [50,51]. Sallustio et al. found that the amount of five
specific gut microbiota metabolites (p-tert-butyl-phenol, 4-(1,1,3,3-tetramethylbutyl) phenol,
hexadecyl ester benzoic acid, methyl neopentyl phthalic acid and furanone A) positively
related to the serum levels of BAFF, among which phenol can increase gut permeability
and lead to mucosal hyper-responsivity in IgAN patients [40]. On the contrary, there are
also some vital metabolites whose decrease might intensify the progression of the disease.
Short-chain fatty acids (SCFAs) are essential in gut barrier protection and the host immune
system [52]. Bile acids (BAs) could prevent the host from inflammatory colitis by alleviating
its susceptibility [53]. Therefore, the decrease of SCFAs and BAs caused by gut dysbiosis
might increase the production of IgA [54].

The emerging evidence confirms the synergetic role of diet in augmenting IgA/
Gd-IgA1 generation. For example, a high-fat diet (HFD) has been linked to IgAN by
decreasing IgA-producing plasma cells, inducing inflammation and gut microbiota dysbio-
sis in mice colonic lamina propria [55,56]. Gluto was shown to promote the IgA1 production
and the IgA1–sCD89 ICs’ formation in an IgAN mouse model [57]. There is also evidence
that gluten-free diets may reduce mesangial IgA1 deposits and hematuria [57]. Addition-
ally, the synthesis of IgA-CICs in patients with IgAN was also shown to be boosted by two
other dietary antigens, namely bovine serum albumin and β-lactoglobulin [58,59]. These
findings have provided a view of microbiota in the regulation of MALT immune responses
in the development of IgAN.

Table 1. Molecules involved in the pathogenesis of IgAN.

Mechanism Subjects Pathophysiologic Processes Reference

Multi-hit
Hypothesis

Gd-IgA1
Formation of pathogenic

circulating immune complexes

[13]

Anti-Gd-IgA1 antibodies [14]

Soluble CD89 [16]

Mucosal Immunity

CD40

Promoting B-cell class switch
[10,25,26]

BAFF/APRIL

Transforming growth factor β, Interleukin 6,
Interleukin 10

TLRs Activating the innate
immune responses

Gut-derived uremic toxins (Indoxyl sulfate, p-cresyl
sulfate, indole-3 acetic acid, trimethylamine N-oxide

and phenylacetylglutamine)

Inducing intestinal inflammation
and IgA overproduction [50,51]
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Table 1. Cont.

Mechanism Subjects Pathophysiologic Processes Reference

Gut microbiota metabolites (p-tert-butyl-phenol,
4-(1,1,3,3-tetramethylbutyl) phenol, hexadecyl ester
benzoic acid, methyl neopentyl phthalic acid and

furanone A)

Increasing gut permeability and
inducing mucosal
hyper-responsivity

[40]

Short-chain fatty acids Maintaining gut barrier function
and host immune system [52,54]

Bile acids Regulation of intestinal
immune responses [53,54]

Complement
Pathways

C3 Activation of alternative pathway [60]

Alternative pathway proteins
(Complement factor H-related protein 1 and 5)

Competitively inhibiting factor H
and leading to overactivation of

alternative pathway
[61,62]

Lectin pathway proteins
(MBL, L-ficolin, M-ficolin, MASP 1/3 and MAp19)

Promoting activation of
lectin pathway [63–65]

Galactose-deficient IgA1 (Gd-IgA1); B-cell activating factor (BAFF); A proliferation-inducing ligand (APRIL);
Toll-like receptors (TLRs).

2.5. Complement Dysregulation

Recent studies confirmed that the complement alternative pathway (AP), lectin path-
way (LP) and terminal pathway (TP) are crucial contributors to kidney damage in IgAN [11].
It was proven that C3 deposition, which exists in more than 90% of IgAN biopsies, is related
to AP overactivity [60]. Complement factor H (FH) is a key regulator of AP activation and
amplification. The FH-related (FHR) proteins have a similar structure to FH but lack the
complement regulatory FH region. AP proteins, such as properdin, FH, FHR1 and FHR5
are associated with progressive IgAN. Concomitantly, low C3 and high iC3b, as well as
C3d in plasma, might correlate with worse kidney outcomes. Plasma levels of FHR1 and
FHR5 are higher in IgAN patients, which might be related to disease progression [61,62].
The glomerular deposition of specific LP proteins, such as mannan-binding lectin (MBL),
L-ficolin, MBL-associated serine proteases (MASP)1/3 and C4d deposition are also in-
volved in IgAN progression [63,64]. In plasma, decreased levels of MASP-3 and increased
levels of L-ficolin, M-ficolin, MASP-1 and MAp19 are correlated with IgAN severity [65].
The deposition of TP component C5b9 induces mesangial cell apoptosis and glomerular in-
flammation via IL-6 and TGF-β1 production, ultimately leading to glomerulosclerosis [66].
Additionally, a genetic analysis also found that an allele within the FH gene (delCFHR3-R1)
could reduce mesangial C3 deposition and kidney injury by enhancing the complement
AP regulation [64]. MBL2 variant rs1800450-A, which is related to reduced MBL plasma
levels, can influence susceptibility to severe tubulointerstitial damage [67].

3. Prediction and Prognosis of IgAN

Proteinuria is consistently demonstrated to be a dominant risk factor for disease
progression in IgAN [68]. The presence and the amount of proteinuria are closely associated
with declined kidney function. In the 2021 Kidney Disease Improving Global Outcomes
(KDIGO) glomerulonephritis guidelines [69], a high risk of progression in IgAN is defined
as proteinuria > 0.75–1 g/d despite 90 days of optimized supportive care, and a reduction
to under 1 g/d is a surrogate marker of improved kidney outcome.

A diagnostic kidney biopsy is mandatory and provides important prognostic infor-
mation for IgAN. The Oxford MEST-C scoring system offered the first opportunity to use
histology to predict kidney outcomes independent of the clinical parameters at the time
of biopsy [70–72]. The scoring system includes five histologic features: mesangial (M)
and endocapillary (E) hypercellularity, segmental sclerosis (S), interstitial fibrosis/tubular
atrophy (T) and Crescent(C). The VALIGA study confirmed the association of M1, S1 and
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T1/2 with kidney outcomes and the association of M1 and E1 with subsequent increases
in proteinuria in IgAN [5]. Combining clinical markers and the MEST-C score may be a
better predictor of kidney survival in IgAN. Until recently, as endorsed by the 2021 KDIGO
guidelines, it is capable of predicting up to 6.7 years ahead of the risk of a 50% decrease
in eGFR or the development of kidney failure with the newly developed International
IgAN Prediction Tool in 2019 [73]. However, the tool may only be applied at the time
of the kidney biopsy. Based on that, the research group refined the Prediction Tool by
enrolling 2507 IgAN adults in an international multi-ethnic cohort study [74]. Noticeably,
the cohort included IgAN patients with a wide range of proteinuria since many of them
would have been considered low-risk based on proteinuria alone. Not only does it have
similar prediction performance, but the updated Prediction Tool can also be used two years
after the biopsy.

The current clinical markers and kidney biopsy findings of IgAN, namely proteinuria,
hypertension, eGFR and the MEST-C score, are non-specific. New biomarkers are needed
to improve the prognosis of IgAN. Although no validated prognostic biomarkers in serum
or urine can be adopted into clinical practice, there are over 1000 derivation studies taking
a leap forward (Table 2).

The multi-hit hypothesis is the main direction in this field. Take serum Gd-IgA1 as
an example; the levels of Gd-IgA1 are significantly higher in patients with IgAN than
in healthy controls or patients with other kidney diseases [75–78]. Furthermore, Zhao
et al. demonstrated significant associations between higher serum Gd-IgA1 levels and
a greater risk of progression in IgAN [79]. In the secondary hit, the outcomes in the
French IgAN cohort study showed that the serum levels of Gd-IgA1-specific IgG and IgA
autoantibodies were associated with the risk of disease progression [80]. In the third hit,
Zhang et al. confirmed that a higher level of recombinant CD89-bound poly-IgA immune
complex was associated with the severity of the disease and with treatment response to
steroids and immunosuppressants [81]. The complement activation was shown to occur
on hit three and hit four, initiating and amplifying glomerular injury. Histopathology for
complement proteins could help to determine disease activity and severity. Glomerular
C4d deposition may represent its potential to be a marker for adverse prognosis [63]. As
a complement factor in the lectin pathway, C4d deposition was found to contribute to
pathogenic mechanisms in IgAN and is correlated with eGFR decline, proteinuria and
severe kidney damage [82].

Urine, a noninvasive, low proteolytic active body fluid, is a promising field for de-
veloping potential biomarkers [83]. Normal human urine contains at least 5000 naturally
occurring peptides originating from glomerular filtration, tubular secretion and epithelial
cells. It reflects the physiological and pathophysiological processes in the body. Urinary
laminin G-like 3 and free kappa light chains are inversely correlated with the severity of
clinical features and prognosis of IgAN [84]. Urinary Dickkopf-3, a stress-induced tubular
epithelial-derived profibrotic glycoprotein, is promising to predict the course of kidney
function over the next 12 months [85].

MicroRNAs (miRNAs) are short and noncoding oligonucleotides. It can regulate
gene expression by disrupting translation, which has also shown values in IgAN. The first
research on miRNAs in IgAN described the relationship between the urinary sediment miR-
200 family, miR-205 and miR-192 and the severity of kidney injury in IgAN [86]. Moreover,
Serino et al. found that miR-148b was upregulated in peripheral blood mononuclear cells
from IgAN patients, resulting in a reduction of C1GALT1. The level of miR-148b positively
correlated with the serum level of Gd-IgA1 in IgAN patients [87]. Moreover, isolated
peripheral B-cells transfected with miR-374b had significantly increased the expression of
Cosmc, a galactosyltransferase involved in Gd-IgA1 production [88]. The level of miR-374b
in B-cells was positively related to urine protein level and pathological MEST score.
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Table 2. Tools and biomarkers in the prediction and prognosis of IgAN.

Subjects Origin Clinical Significance Reference

Tools

MEST-C score Histopathology Histopathological lesions associated with
adverse outcomes [5,70–72]

The International IgAN
Prediction Tool

Clinical and
histopathological

parameters

Quantifying the risk of progression up to
6.7 years after biopsy [73,74]

Biomarkers

Proteinuria Urine Risk factor for disease progression of IgAN [68]

Serum Gd-IgA1 Serum Independent risk factor for disease
progression of IgAN [79]

Gd-IgA1-specific IgG and
IgA autoantibodies Serum Association with the risk of

disease progression [80]

Recombinant CD89-bound
poly-IgA immune complex Serum

Association with the severity of IgAN and
with treatment response to steroids and

immunosuppressants
[81]

C4d Histopathology Association with clinical and
histopathological severity of IgAN [63,82]

Laminin G-like 3 Urine Association with clinical severity
and prognosis

[84]
Free kappa light chains Urine

Urinary Dickkopf-3 Urine Predicting kidney prognosis over the next
12 months [85]

miR-200 family,
miR-205, miR-192 Urine Association with disease severity and rate

of progression [86]

miR-148b Peripheral blood
mononuclear cell

The level of miR-148b positively correlated
with serum level of Gd-IgA1 in

IgAN patients
[87]

miR-374b Blood B-cell
The level of miR-374b in B-cells was

positively related to urine protein level and
pathological MEST score

[88]

4. Current Treatment of IgAN

To date, there is no disease-specific therapy available for IgAN since the pathogenesis
mechanisms of IgAN are incompletely determined. The overall therapeutic aim of IgAN
patients is to retard disease development and progression, which is generally achieved
through optimal supportive care. In-depth insights into pathophysiology allow novel
therapeutic approaches to provide treatment options for patients suffering from IgAN
(Table 3).

4.1. Supportive Therapy

An optimal and comprehensive supportive treatment regimen was suggested by the
KDIGO guidelines for IgAN patients, except for those with nephrotic syndrome or rapidly
progressive IgAN [69,89]. More specifically, it includes antihypertensive and antiproteinuric
medications, intensive education for lifestyle changes and avoidance of nephrotoxicity
combinations. Currently, renin-angiotensin system (RAS) blockade is still the first-line
treatment for IgAN patients due to its efficacy in reducing proteinuria and retarding disease
progression [90]. However, the results from the STOP-IgAN subcohort study showed that
a single RAS blockade (RASB) strategy exhibited antiproteinuric efficacy without affecting
outcomes like full clinical remission, eGFR drop rates and kidney failure occurrence [91].
Several emerging supportive approaches further expand the armamentarium of the single
RASB therapy. Sparsentan is a dual endothelin angiotensin receptor antagonist (DEARA).
Its reno-protective potential is currently being evaluated in patients with high-risk IgAN in
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the phase III PROTECT trial (NCT03762850). The selective endothelin A receptor inhibitor,
atrasentan, is also being tested in an ongoing phase III ALIGN study (NCT04573478). In
addition, sodium-glucose cotransporter-2 inhibitors (SGLT2i) emerge as a promising novel
approach in the treatment of IgAN. Results of a pre-specified analysis from the DAPA-CKD
trial showed that adding dapagliflozin on top of RASB slowed kidney function decline
versus placebo in IgAN patients [92]. Although the mechanisms by which dapagliflozin
protect kidney function and slow down further progression are not fully understood,
the early evidence demonstrated its remarkable kidney benefits and safety profiles in
treating IgAN. Similarly, in the EMPA-KIDNEY study (NCT03594110), 817 IgAN patients
were treated with long-term empagliflozin in addition to optimized supportive care. The
outcomes are awaited.

4.2. Immunosuppression Therapy

The KDIGO guidelines note that IgAN patients who remain at a high risk of disease
progression despite at least a 90-day course of optimized supportive care should consider
a six months course of systemic corticosteroid therapy. However, the efficacy and safety
of corticosteroids remain controversial. The STOP-IgAN trial brought negative results
of corticosteroid therapy in addition to optimized supportive care in kidney outcomes,
neither at three years after the trial randomization nor at prolonged follow-ups of a median
of more than seven years [2,93]. Moreover, reported adverse events were significantly
increased in the corticosteroid arm, particularly infections. Although treatment with oral
methylprednisolone reduced time-averaged mean proteinuria and eGFR-slope in high-risk
IgAN patients, the TESTING study supported safety concerns addressed by STOP-IgAN
and thereafter came to an early termination [94]. The follow-up study of the TESTING
trial reduced the methylprednisolone dose by 50%, combined with a 12-week antibiotic
prophylaxis for pneumocystis pneumonia [95]. After a median follow-up of 2.5 years,
there was no significant difference in treatment efficacy between the low-dose and original
full-dose corticosteroid regimen. In terms of the primary endpoint, proteinuria reduction
and kidney function loss, oral corticosteroids showed overall reno-protective effects over
placebo [96]. It is worth noting that a low-dose regimen had a lower risk of adverse events
compared with a full-dose regimen. Given the above, none of these studies provided a
definite answer for the long-term efficacy of corticosteroids since the renoprotection effects
might decrease over time. However, it is clear that high-dose and long-term systemic
corticosteroid therapy will increase the risk of infection or adverse events in IgAN patients.

The KDIGO guidelines also recommended several immunosuppressants or
immunomodulators beyond corticosteroids in IgAN. Mycophenolate mofetil (MMF), a
B-lympholytic agent, exhibited beneficial effects in proteinuria reduction and further reno-
protection in Chinese IgAN patients [97,98]. However, the studies conducted on Cau-
casian patients produced conflicting data [99]. MMF was, therefore, recommended as a
corticosteroid-sparing agent only in Chinese patients by KDIGO. Hydroxychloroquine
(HCQ) is an antimalarial agent and also a TLR-9 inhibitor which is known to be involved in
the production of Gd-IgA1 and inflammatory responses suppression of class-switched mem-
ory B-cells [100,101]. HCQ significantly decreased proteinuria in IgAN patients without
evidence of adverse events [102,103]. Likewise, a retrospective study showed that long-
term HCQ monotherapy could reduce proteinuria and retard kidney function deterioration
in IgAN patients with different eGFR [104]. However, the intervention timing of HCQ,
whether as an additional initiative supportive therapy or a supplement for insufficient
conventional immunosuppression therapy, is required to be confirmed [105].

4.3. Outlook of Future Alternatives to Conventional Immunosuppression

Mounting evidence supports that immunological events are engaging in every aspect
of IgAN pathogenesis, especially in genetically susceptible individuals. General immuno-
suppression therapies, like systemic corticosteroids, would raise the risk of disruptive
adaptive immunity and infection. In light of the updated pathophysiological insights
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into IgAN, novel and promising therapeutic approaches were designed to target different
processes in IgAN. The adoption of these more targeted approaches would potentially
improve the risk/benefit profile in patients with IgAN.

4.3.1. Regulation of Pathogenic IgA1 and CIC Production

• Inhibition of TLRs/BAFF/APRIL signaling

An increasing number of studies revealed that LLPCs might be responsible for the
production of Gd-IgA1 and anti-Gd-IgA1 antibodies. The activation of TLRs and an up-
regulation of BAFF/APRIL signaling are significantly related to the function and survival
of B-cell and plasma cells [100,106–108].

As mentioned above, HCQ inhibited excessive TLR activation and has shown its
potential in renoprotection and anti-inflammation in IgAN patients [102].

Blisibimod is a monoclonal antibody against both soluble and membrane BAFF. As
shown by the interim results of the phase II/III BRIGHT-SC study (NCT02062684) in Kidney
Week of the American Society of Nephrology 2016, blisibimod-mediated BAFF inhibition
can reduce the level of peripheral B-cells, immunoglobulins and urine protein-to-creatinine
ratio (UPCR) when compared with placebo in patients with IgAN.

Anti-APRIL antibodies are also under evaluation in clinical studies. VIS649 is a human-
ized IgG2κ antibody, which has been tested for its therapeutic efficacy and safety profile
in preclinical research and in a phase I study in healthy subjects (NCT03719443) [109,110].
Similarly, humanized IgG4 anti-APRIL monoclonal antibody BION-1301 is being assessed
by phase I/II clinical trials (NCT03945318).

Atacicept, a soluble TACI-Immunoglobin fusion protein, may dually inhibit BAFF-
and APRIL-mediated B-cell class switching to reduce antibody levels. The phase II JANUS
study (NCT02808429) demonstrated the potential of atacicept in the renoprotection and
Gd-IgA1 reduction in high-risk IgAN patients [111]. A larger clinical trial (the ORIGIN
phase IIb study, NCT04716231) further assesses its tolerability and safety, which is now
undergoing. Likewise, another ongoing phase II trial was conducted to determine the
safety and efficacy of Telitacicept, which is a BAFF/APRIL dual inhibitor (NCT04291781
and NCT04905212).

• Depletion of Gd-IgA1-producing plasma cells

Anti-CD20 antibody therapeutics aim to delete B-cells in the long-term treatment
of IgAN. Like rituximab, it was demonstrated to deplete B-cells effectively but failed to
eliminate LLPCs and the serum levels of Gd-IgA1 and Gd-IgA1 antibodies [112,113]. Addi-
tionally, strategies targeting CD38+ plasma cells hold great promise in future applications.
A phase IIa clinical trial (IGNAZ study, NCT05065970) of felzartamab, a fully human IgG1
monoclonal antibody designed to deplete CD38+ plasma cells, is currently underway in
IgAN patients at high risk of progression.

4.3.2. Clearance of IgA Deposits

Regarding the excessive pathogenic IgA1 and CICs, enhancing the functions of IgA
receptors and developing potent IgA1 proteases to dissolve away mesangial IgA deposits
offer a plausible proposition for the treatment of IgAN. The FcαRI (CD89) expressed on
blood myeloid cells and the transferrin receptor (CD71) expressed on mesangial cells
are two important IgA receptors. They both account for the initiation, progression and
chronicity of IgAN [114–116]. The bacteria-derived IgA proteases were found to be effective
in the cleavage of IgA1 and IgA1-containing ICs. Moreover, IgA proteases could diminish
mesangial deposition of IgA complexes [117,118] and reduce circulating IgA1 and IgA1–
sCD89 complexes in the α1KI-CD89Tg mouse model of IgAN [119]. Recently, Xie et al.
constructed a recombinant fusion protein termed Fc-AK183, which was fused by IgA
protease from a commensal bacteria, Clostridium Ramosum, and human IgG Fc. Fc-AK183
provided long-lasting clearance of both circulating and mesangial deposited IgA as well as
C3 in IgAN rodent models [120]. Nonetheless, these preliminary findings are still waiting
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for translation into clinical utilities. Fostamatinib, an oral prodrug spleen tyrosine kinase
inhibitor, was investigated by a phase II SIGN study (NCT02112838) [121]. It might also be
a novel treatment by targeting autoantibody production and downstream inflammatory
response in mesangium [122,123].

4.3.3. Modulation of Mucosal Immunity

• Modulation of NALT

Evidence suggested that NALT or palatine tonsils may also be responsible for the
synthesis of Gd-IgA1 in patients with IgAN [23,33,124]. Although several studies show
that tonsillectomy could reduce the serum levels of Gd-IgA1 [125,126], data from European
and Asian studies revealed that tonsillectomy is associated with an increased likelihood of
developing IBD and irritable bowel syndrome [127,128]. Thus, novel treatment strategies
targeting NALT are still needed. A pilot study of a topical steroid gargle targeting NALT
for patients with IgAN is now recruiting to assess its efficacy and safety (Preprint) [129].

• Modulation of GALT and Gut microbiota

1. Gut-targeted immunosuppression Evidence suggests that the GALT, including
Peyer’s patches, may play a critical role as a potential source of Gd-IgA1 in IgAN,
where antigens, microbes or products of gut microbial activity initiate mucosal
pathogenic IgA synthesis [130]. Hence, immunosuppression targeted to dysregu-
lated GALT immune responses may provide an alternative to conventional sys-
temic immunosuppression. Tarpeyo is a distal ileum targeted-release budesonide,
which has been shown to reduce the level of CICs in a dose-dependent man-
ner [131]. Recently, tarpeyo was granted accelerated approval by the FDA since
two clinical trials (NEFIGAN, NCT01738035; NefIgArd Part A, NCT03643965)
preliminarily demonstrated its efficacy in reducing proteinuria and stabiliz-
ing kidney function despite optimized RAS inhibition [132]. Zhang et al. de-
veloped a novel ileocecum targeting medication based on an orange-derived
and dexamethasone-encapsulated extracellular vesicle (EVs-DexP) delivery sys-
tem [133]. Evs-DexP exerted its effects by reducing intestinal IgA production and
kidney IgA deposition in IgAN mice. It can also suppress lymphocyte activation
in vitro while decreasing the ratio of IgA+B220+ lymphocytes in Peyer’s patches.

2. Gut microbiota modulation Several studies indicated that dysbiosis of the gut
microbiota might be associated with the progression, clinical features and treat-
ment responses of IgAN [134–136]. Coupled with the pathogenesis of IgAN,
approaches focused on the restoration of intestinal flora homeostasis, such as
regulation of microbial diversity and metabolites, would be promising adjuvant
therapeutic options against IgAN. Broad-spectrum antibiotics exhibited thera-
peutic effects on modulating microbiota, resulting in reduced IgA1-related CICs
and mesangial IgA1 deposition in humanized mouse models of IgAN [137,138].
Another potential option is regulating gut immunity by the supplementation of
probiotics/prebiotics/specific microbial metabolites or by the transplantation of
fecal microbiota [139–141]. Some of these strategies have been shown to improve
pathophysiological and clinical parameters in IgAN patients.

4.3.4. Blockade of Complement Cascades

Several ongoing phase II/III trials have targeted downstream factors of C5. For
instance, CCX168, an anti-C5a receptor antagonist, showed an improvement in the slope of
the UPCR in a short-term pilot study (NCT02384317) [142]. ALXN1210, as an eculizumab-
derived long-acting C5-blocking antibody (SANCTUARY study, NCT04564339), and ALN-
CC5, as a small interfering RNA-targeting C5 (NCT03841448), are being evaluated for
their safety, tolerability and efficacy in IgAN patients with results awaited. While other
complement-directed therapies targeting AP or LP are also pursued as promising options
for IgAN in their underway phase II/III trials. APL-2, an AP inhibitor preventing C3
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activation, is being tested in a phase II trial for preliminary efficacy (NCT03453619). LNP023
is a promising oral selective factor B inhibitor. It provides sustained inhibition of AP
activity while exhibiting a continuous antiproteinuric effect and a well-tolerated safety
profile in a phase II trial (NCT03373461) [143]. Phase III APPLAUSE-IgAN trial of LNP023
(NCT04578834) is underway based on these results. Moreover, an anticomplement factor
B monoclonal inhibitor, IONIS-FB-LRx, is currently being evaluated by a phase II trial
(NCT04014335). Interim analysis of the anti-MASP-2 monoclonal antibody, OMS721, has
indicated its potential benefits from the data of a staged phase II study (NCT02682407) [144].
The safety and efficacy of OMS721 in IgAN patients with more than 1 g/d proteinuria are
currently being assessed in the phase III ARTEMIS-IGAN study (NCT03608033).

Table 3. Clinical trials assessing targeted therapies in IgAN.

Agent Mechanism of Action Registration
No. Phase Primary Outcome

Measures Trial Results/Status Reference

Hydroxychloroquine TLR signaling inhibitor NCT02942381 2 Proteinuria (every
2 months, total 6 months)

In addition to optimized
renin-angiotensin–aldosterone system

inhibition, hydroxychloroquine
significantly reduced proteinuria

without evidence of adverse event

[102]

Blisibimod
Monoclonal antibody of

soluble and
membrane BAFF

NCT02062684 2/3

Proportion of subjects
achieving reduction in

proteinuria from baseline
(24 weeks)

The interim results of blisibimod
treatment showed a reduction in the

level of proteinuria, peripheral B-cells
and immunoglobulins

-

VIS649
Monoclonal IgG2κ
antibody targeting

APRIL
NCT03719443 1

Number of participants
with adverse events and

frequency of ECG
abnormalities (112 days)

VIS649 treatment reduced serum levels
of APRIL, IgA and Gd-IgA1 without

evidence of severe adverse event
[109,110]

BION-1301
Monoclonal IgG4

antibody targeting
APRIL

NCT03945318 1/2 Incidence and severity of
adverse events (76 weeks) Recruiting -

Atacicept BAFF/APRIL
dual inhibitor

NCT02808429 2 Percentage of adverse
events (96 weeks)

1. Atacicept treatment demonstrated
an acceptable safety profile 2. The

interim results of atacicept treatment
showed early reduction in proteinuria

and dose-dependent reduction
in Gd-IgA1

[111]

NCT04716231 2 Change from baseline in
UPCR (24 weeks) Active, not recruiting -

Telitacicept BAFF/APRIL
dual inhibitor

NCT04291781 2 Change from baseline in
24-h urine protein

excretion level (24 weeks)

Results not yet available -

NCT04905212 2 Recruiting -

Rituximab Monoclonal anti-CD20
antibody NCT00498368 4 Change in proteinuria

(12 months)

Rituximab treatment did not
significantly improve kidney function

or proteinuria and failed to reduce
serum levels of Gd-IgA1 and

anti-Gd-IgA1 antibodies

[113]

Felzartamab Monoclonal IgG1
antibody targeting CD38 NCT05065970 2

Relative change in
proteinuria value

(9 months)
Recruiting -

Fostamatinib Spleen tyrosine kinase
inhibitor NCT02112838 2 Mean change from baseline

in proteinuria (24 weeks)

Fostamatinib treatment did not
significantly improve proteinuria

or eGFR
[121]

NEFECON
(TARPEYO)

Distal ileum
targeted-release

budesonide formulation
targeting B-cells in

mucosal lymphoid tissue

NCT01738035 2 Change from baseline in
UPCR (9 months)

Nefecon treatment reduced proteinuria
and preserved kidney function

[132]

NCT03643965 3
Change in proteinuria (9
months) and eGFR (up to

2 years)
[131]

CCX168 Anti-C5a receptor
antagonist NCT02384317 2

The number of patients
with adverse events

(169 days)

CCX168 treatment
improved proteinuria [142]

ALXN1210 Long-acting C5-blocking
antibody NCT04564339 2

Percentage change from
baseline in proteinuria

(26 weeks)
Recruiting -

ALN-CC5 Small interfering RNA
targeting C5 NCT03841448 2

Percentage change from
baseline in UPCR

(32 weeks)
Active, not recruiting -

APL-2 Cyclic peptide inhibitor
of C3 NCT03453619 2 Proteinuria (48 weeks) Active, not recruiting -
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Table 3. Cont.

LNP023 Selective complement
factor B inhibitor

NCT03373461 2

Multiple comparison
procedure modeling

estimates of the ratio to
baseline of UPCR

(90 days)

LNP023 treatment led to continuous
reduction in proteinuria and strong

inhibition of alternative pathway activity
[143]

NCT04578834 3

Ratio to baseline in
UPCR (9 months) and
annualized total eGFR

slope (24 months)

Recruiting -

IONIS-FB-LRx Antisense inhibitor of
complement factor B NCT04014335 2

Percent reduction in 24-h
urine protein excretion

(29 weeks)
Recruiting -

OMS721

Monoclonal antibody
against

mannan-associated
lectin-binding serine

protease-2

NCT02682407 2

Proportion of adverse
events (Up to 104 weeks)

and change from
baseline in serum and

urine complement
component levels

(38 weeks)

OMS721 treatment reduced proteinuria
and preserved kidney function [144]

NCT03608033 3
Change from baseline in

24-h urine protein
excretion (36 weeks)

Recruiting -

UPCR: urine protein to creatinine ratio.

5. Conclusions

IgAN is an autoimmune disease arising from interactions of genetic, ethnic, envi-
ronmental and nutritional contributing factors. It is characterized by vast heterogeneity
in clinical presentation and prognosis between individuals. As discussed in this review,
disease-oriented specific biomarkers with prognostic values and putative therapeutic ap-
proaches targeting updated pathogenesis processes are evaluated in ongoing clinical trials
worldwide. Although tremendous progress in the understanding of the disease has been
made, there are still a number of questions that require clarification in the coming years.
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