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Abstract: IgA nephropathy, initially described in 1968 as a kidney disease with glomerular “in-
tercapillary deposits of IgA-IgG”, has no disease-specific treatment and is a common cause of
kidney failure. Clinical observations and laboratory analyses suggest that IgA nephropathy is an
autoimmune disease wherein the kidneys are damaged as innocent bystanders due to deposition
of IgA1-IgG immune complexes from the circulation. A multi-hit hypothesis for the pathogenesis
of IgA nephropathy describes four sequential steps in disease development. Specifically, patients
with IgA nephropathy have elevated circulating levels of IgA1 with some O-glycans deficient in
galactose (galactose-deficient IgA1) and these IgA1 glycoforms are recognized as autoantigens by
unique IgG autoantibodies, resulting in formation of circulating immune complexes, some of which
deposit in glomeruli and activate mesangial cells to induce kidney injury. This proposed mechanism
is supported by observations that (i) glomerular immunodeposits in patients with IgA nephropathy
are enriched for galactose-deficient IgA1 glycoforms and the corresponding IgG autoantibodies;
(ii) circulatory levels of galactose-deficient IgA1 and IgG autoantibodies predict disease progression;
and
(iii) pathogenic potential of galactose-deficient IgA1 and IgG autoantibodies was demonstrated
in vivo. Thus, a better understanding of the structure–function of these immunoglobulins as autoan-
tibodies and autoantigens will enable development of disease-specific treatments.
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1. Introduction

IgA nephropathy (IgAN) is the most common form of primary glomerulonephritis
in many countries [1]. It was initially described in 1968 by Drs. Jean Berger and Nicole
Hinglais as a kidney disease with glomerular “intercapillary deposits of IgA-IgG” [2]. Five
decades later, the diagnosis still requires examination of kidney tissue. Routine immunoflu-
orescence microscopy reveals IgA as the predominant or co-dominant immunoglobulin in
the glomerular immune deposits. This IgA has distinctive characteristics: it is restricted
to the IgA1 subclass [3] and has less galactose in its O-glycans than does circulating IgA1
in healthy persons (galactose-deficient IgA1; Gd-IgA1) [4,5]. The immune proteins in the
glomeruli of patients with IgAN generally include complement C3; IgG, IgM, or both,
are often present [6,7]. Light microscopy typically shows glomerular injury as mesangial
hypercellularity and increased mesangial matrix [8].

IgAN may affect individuals of nearly all ages, although the diagnosis is rare in
children younger than five years of age. The incidence of IgAN peaks in the second and
third decades of life [1,7]. In children and adolescents, painless visible hematuria, often
concurrent with an infection of the upper respiratory or gastrointestinal tract, frequently
heralds the onset of clinical disease. This manifestation may also accompany intense
physical activity. Most patients with macroscopic (visible) hematuria have additional
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episodes over several years [9]. Visible hematuria due to IgAN rarely begins after age
40 years. For patients in their 30s and 40s, microscopic hematuria, with or without,
proteinuria may be discovered at the time of routine health screenings. The magnitude
of proteinuria varies widely between patients, although proteinuria without microscopic
hematuria is uncommon. IgAN is a common cause of chronic kidney disease, particularly
for patients with proteinuria persistently more than 1 g/day [10–12]. There is currently no
disease-specific therapy and 30–40% of patients progress to kidney failure that reduces life
expectancy by about 10 years [13].

The incidence of IgAN varies substantially between ethnic/racial groups, being high-
est in East Asians; the disease accounts for about 40% of all native-kidney biopsies in Japan,
25% in Europe, 12% in the United States, and less than 5% in central Africa [14]. Some of
this variability can be explained by differences in health screening policies and biopsy prac-
tices between these regions, but genetic factors also likely contribute [15]. The incidence
in the United States has been estimated at 1 per 100,000 person-years [16]. Distribution
between the sexes varies by region for reasons not yet defined; the male:female ratio is 2–3:1
in North America [16–18] and Europe [19], but about 1:1 in East Asia [20]. The frequency
of the disease may be underestimated. Autopsy studies found IgA glomerular deposits
accompanied by glomerular pathology in 1.3% of victims of trauma in Finland [21] and
4% of victims in Singapore [22]. A Japanese study showed that 16% of kidney allografts
(from living and deceased donors) had glomerular IgA deposits in biopsy specimens at the
time of engraftment of which 10% exhibited histological features typical of IgAN [23]. A
recent study confirmed these findings, with 13% of kidneys donated for transplantation
exhibiting asymptomatic IgA deposition [24].

In IgAN, kidneys are injured innocently, as indicated by two key findings in kidney
transplantation. IgAN often develops in allografts [25–27]; in contrast, IgA deposits dis-
appear from allografts from donors with subclinical IgAN shortly after engraftment into
non-IgAN recipients [28]. These observations suggest that the glomerular IgA is deposited
from the circulation. While serum Gd-IgA1 levels are elevated in most patients with IgAN,
such levels are not sufficient to induce the disease. Many first-degree relatives of patients
with IgAN have comparably high levels for years without exhibiting any clinical feature
of kidney disease [29]. Most of the circulating Gd-IgA1 is within immune complexes
bound by IgG that recognizes galactose-deficient hinge-region (HR) O-glycans on the
IgA1 heavy chain [30]. We have postulated that IgAN is an autoimmune disease with a
multi-hit mechanism [31] (Figure 1): Gd-IgA1 is produced in greater quantities in IgAN
patients compared with that in healthy individuals whereby circulating Gd-IgA1 levels
are elevated (hit #1). These Gd-IgA1 molecules are recognized by IgG autoantibodies
(hit #2), leading to formation of immune complexes in the blood (hit #3). Some of these
circulating immune complexes accumulate in the glomerular mesangium and activate
resident mesangial cells to induce kidney injury (hit #4). This proposed sequence is in
agreement with the observations that serum levels of Gd-IgA1 (autoantigen) and the corre-
sponding autoantibodies each correlate with disease severity and progression [30,32–34].
Furthermore, the IgG co-deposits in glomeruli are of the IgG1 and IgG3 subclasses [35] as
are the IgG autoantibodies in the circulation [30]. IgG is the main autoantibody isotype;
the levels of serum IgG autoantibodies in patients with IgAN correlate with those of the
autoantigen, Gd-IgA1 [36], and predict disease progression and disease recurrence after
transplantation [32,34,37–39]. Other studies revealed that IgG glomerular deposits were
associated with a worse long-term outcome [40–42]. These studies together indicate the
major role of IgG autoantibodies in IgAN pathogenesis [43].
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Figure 1. Model of pathogenesis of IgA nephropathy. IgA nephropathy (IgAN) is an autoimmune 
disease with a genetically and environmentally co-determined multi-hit process [31]. IgA1 with 
some O-glycans deficient in galactose (galactose-deficient IgA1; Gd-IgA1), in levels often elevated 
in the circulation of patients with IgAN (Hit #1), is recognized by IgG autoantibodies specific for 
Gd-IgA1 (Hit #2), and form pathogenic immune complexes, with other serum proteins being added 
(e.g., complement) (Hit #3). Blood levels of the autoantigen (Gd-IgA1) and the corresponding IgG 
autoantibodies correlate in IgAN patients, suggesting that elevated circulating levels of Gd-IgA1 
are associated with the production of IgG autoantibodies specific for Gd-IgA1 (dashed arrow). Some 
of the immune complexes formed in the circulation deposit in the kidneys, activate mesangial cells, 
and induce glomerular injury (Hit #4). Figure modified with permission [44]. 

Routine immunofluorescence microscopy fails to reveal IgG in many kidney biopsies 
of patients with IgAN [41,45]. To address this apparent discrepancy with the proposed 
multi-hit mechanism of disease, we characterized the IgG extracted from glomeruli of 
remnant renal-biopsy specimens of patients with IgAN to test its antigenic specificity [46]. 
IgG was detected in glomerular immunodeposits of all IgAN patients, including those 
without IgG on routine immunofluorescence microscopy. Furthermore, this IgG, but not 
that in kidney biopsies from patients with membranous nephropathy and lupus nephritis, 
was enriched for autoantibodies specific for Gd-IgA1. Confocal microscopy using an IgG-
specific nanobody confirmed that IgG was present in all IgAN biopsies, irrespective of 
whether IgG was detected by routine immunofluorescence microscopy. The IgA and IgG 
co-localized in the glomeruli, indicating that these immunoglobulins comprised immune 
complexes [46]. These findings strengthen the postulated multi-hit mechanism for the de-
velopment of IgAN and the central role of IgG autoantibodies in the process, as confirmed 
recently in an experimental animal model [47]. 

Figure 1. Model of pathogenesis of IgA nephropathy. IgA nephropathy (IgAN) is an autoimmune
disease with a genetically and environmentally co-determined multi-hit process [31]. IgA1 with
some O-glycans deficient in galactose (galactose-deficient IgA1; Gd-IgA1), in levels often elevated
in the circulation of patients with IgAN (Hit #1), is recognized by IgG autoantibodies specific for
Gd-IgA1 (Hit #2), and form pathogenic immune complexes, with other serum proteins being added
(e.g., complement) (Hit #3). Blood levels of the autoantigen (Gd-IgA1) and the corresponding IgG
autoantibodies correlate in IgAN patients, suggesting that elevated circulating levels of Gd-IgA1 are
associated with the production of IgG autoantibodies specific for Gd-IgA1 (dashed arrow). Some of
the immune complexes formed in the circulation deposit in the kidneys, activate mesangial cells, and
induce glomerular injury (Hit #4). Figure modified with permission [44].

Routine immunofluorescence microscopy fails to reveal IgG in many kidney biopsies
of patients with IgAN [41,45]. To address this apparent discrepancy with the proposed
multi-hit mechanism of disease, we characterized the IgG extracted from glomeruli of
remnant renal-biopsy specimens of patients with IgAN to test its antigenic specificity [46].
IgG was detected in glomerular immunodeposits of all IgAN patients, including those
without IgG on routine immunofluorescence microscopy. Furthermore, this IgG, but not
that in kidney biopsies from patients with membranous nephropathy and lupus nephritis,
was enriched for autoantibodies specific for Gd-IgA1. Confocal microscopy using an IgG-
specific nanobody confirmed that IgG was present in all IgAN biopsies, irrespective of
whether IgG was detected by routine immunofluorescence microscopy. The IgA and IgG
co-localized in the glomeruli, indicating that these immunoglobulins comprised immune
complexes [46]. These findings strengthen the postulated multi-hit mechanism for the
development of IgAN and the central role of IgG autoantibodies in the process, as confirmed
recently in an experimental animal model [47].

Most cases of IgAN appear to be sporadic, although kindreds with familial IgAN are
well described [48,49]. Genetically determined factors contribute to the pathogenesis of
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IgAN, even in patients with apparently sporadic disease [50–54]. Genome-wide association
studies of predominantly European and East Asian cohorts have identified at least 21 risk
variants for IgAN [55]. Some variants affect the enzymes controlling the glycosylation of
IgA1 [56–58] while others alter innate immunity or modulate the activity of the complement
system [54,59]. The genetic variants identified so far account for about 7% of the disease
risk. Moreover, the cumulative number of the risk variants is strongly associated with age
at disease onset, increasing progressively with younger age at diagnosis [50–54].

2. Galactose-Deficient IgA1 (Hit #1)

In humans and higher primates, IgA exists in two isoforms (also called subclasses),
IgA1 and IgA2 (~84% and ~16% of total circulatory IgA, respectively). Both isoforms can
be in the monomeric and polymeric forms, mIgA, and pIgA. pIgA has a joining chain
(J chain), a ~17-kDa protein that forms disulfide bridges with Cys residues at the tail piece of
the α heavy chain on the Fc region, to join two IgA monomers [60]. Most pIgA1 and pIgA2
is produced in the mucosal tissues, where pIgA molecules are moved by transcytosis onto
the mucosal surfaces. For mucosal secretions, pIgA is produced by IgA-secreting plasma
cells in mucosal tissues, such as those in gut-associated lymphoid tissues (GALT) [61,62].
pIgA is bound at the basolateral face of the intestinal epithelial cells by the pIg-receptor
(pIgR), which is responsible for transcytosis of pIgA or pIgM. Once the pIgR-IgA complex
reaches the apical membrane, pIgR is cleaved to produce the secretory component (SC),
and the protein complex containing pIgA and SC is secreted onto the mucosal surfaces as
secretory IgA [63,64].

IgA1 has a unique HR between the first and second constant domains (CH1 and CH2)
of the heavy chain, connecting the antigen-binding fragment (Fab, heavy-chain domains
VH and CH1, and the entire light chain) with the Fc region. Each IgA1 HR contains 3–6 O-
glycans, attached to some of the nine serine and threonine residues [65–69].The O-glycans
of the HR of circulatory IgA1 are core 1 O-glycans. The biosynthesis is initiated by addition
of an N-acetylgalactosamine (GalNAc) residue by a GalNAc-transferase (GalNAc-T), such
as GalNAc-T2. This initial step may be followed by addition of galactose to GalNAc
in a β1–3 glycosidic bond by the enzyme core 1 β1,3-galactosyltransferase (C1GalT1).
Proper folding of the C1GalT1 protein is facilitated by its chaperone, C1GalT1C1 (COSMC),
without which C1GalT1 protein integrity and, thus, function is compromised [70,71].
Additional modifications of GalNAc-galactose disaccharide can then occur on circulatory
IgA1: GalNAc can then be sialylated via an α2–6 linkage and/or galactose sialylated via
an α2–3 linkage (Figure 2) [72–75]. O-glycans of the HR consisting of GalNAc alone or
sialylated GalNAc are galactose-deficient. The serum IgA1 in patients with IgAN has more
galactose-deficient HR glycans (Gd-IgA1) than in healthy persons [76–78]. Furthermore,
the glomerular IgA deposits are enriched for Gd-IgA1 glycoforms, most likely due to
deposition of some of the circulating Gd-IgA1 [46]. The serum Gd-IgA1 level predicts
progression to end-stage kidney disease (ESKD) [33]. For patients with ESKD who undergo
transplantation, recurrent disease in the allograft is predicted by elevated Gd-IgA1 levels,
supporting the hypothesis on the extra-renal origin of IgAN [24,37].



J. Clin. Med. 2021, 10, 4501 5 of 22
J. Clin. Med. 2021, 10, x FOR PEER REVIEW 5 of 23 
 

 

 
Figure 2. Structure and glycosylation of human IgA1. (a) Each heavy chain of IgA1 contains two N-glycans, one in the 
CH2 domain (Asn263) and the other in the tailpiece (Asn459). (b) The hinge-region (HR) of IgA1, unlike that of IgA2, 
contains nine Ser and Thr residues that are potential O-glycosylation sites. Only 3–6 of these residues are O-glycosylated 
and the most common IgA1 glycoforms have 4 or 5 O-glycans in the HR. (c) The O-glycan composition of normal circula-
tory IgA1 is variable but usually consists of a core 1 disaccharide structure with N-acetylgalactosamine (GalNAc) in β1,3-
linkage with galactose (Gal); each of these monosaccharides can be sialylated. (d) The CH2 site of N-glycosylation contains 
digalactosylated biantennary glycans with or without a bisecting N-acetylglucosamine (GlcNAc), but it is not usually fu-
cosylated. (e) The tailpiece N-glycosylation site contains fucosylated glycans. Figure reproduced with permission [43]. 
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tigation. Gd-IgA1 in the circulation of patients with IgAN is predominantly polymeric 
[79] in contrast to the monomeric form for most of the circulatory IgA1. This fact raises 
questions about a potential mucosal origin of the Gd-IgA1-secreting cells and their local-
ization (mucosal tissue vs. subsequent errant homing to bone marrow) [80,81]. Alteration 
in activity of several glycosylation enzymes has been associated with increased Gd-IgA1 
production, including decreased expression and activity of C1GalT1 and increased ex-
pression and activity of ST6GalNAc2 [31,75,79,82]. The chaperone protein for C1GalT1, 
C1GalT1C1, is downregulated in B cells from IgAN patients compared to healthy controls 
and its activity inversely correlated with serum Gd-IgA1 levels [71]. Mechanistic studies 
found that some cytokines (e.g., leukemia inhibitory factor (LIF) and IL-6) increase Gd-
IgA1 production in cultured IgA1-producing cell lines from IgAN patients but not in those 
from healthy controls. Specifically, supplementation of IL-6 and IL-4 in the media of cul-
tured IgA1-producing cells from IgAN patients decreased expression and activity of 
C1GalT1 and increased expression of sialyltransferase ST6GalNAc2 [75]. IL-6-mediated 
activation increased and prolonged activation of the JAK-STAT pathway (detected as 
phospho-STAT3) was found in IgA1-secreting cells from IgAN patients compared to those 
from healthy controls [83]. Leukemia inhibitory factor (LIF) exhibits similar effects as IL-
6 on IgA1-producing cells from IgAN patients, except that the signaling is mediated by 
STAT1. These cytokine effects underscore the role of aberrant signaling and cellular acti-
vation in Gd-IgA1 production in IgAN [84]. 

The synthesis of Gd-IgA1 is genetically co-determined. In patients with familial and 
sporadic IgAN, the serum level of Gd-IgA1 is a heritable trait; many blood relatives have 
higher levels than genetically distinct married-in relatives, but without any clinical mani-
festation of IgAN [29,85]. Genome-wide association studies (GWAS) of serum levels of 
Gd-IgA1 have identified single-nucleotide polymorphisms (SNPs) in the C1GALT1 and 
C1GALT1C1 loci that are related to the expression of specific genes. Reduced expression 
of C1GALT1 and C1GALT1C1 would be manifested by addition of less galactose to Gal-
NAc of the IgA1 HR glycans. GWAS also revealed variants in several genes that influence 
the synthesis Gd-IgA1, including LIF [53,54]. 

Figure 2. Structure and glycosylation of human IgA1. (a) Each heavy chain of IgA1 contains two N-glycans, one in the CH2
domain (Asn263) and the other in the tailpiece (Asn459). (b) The hinge-region (HR) of IgA1, unlike that of IgA2, contains
nine Ser and Thr residues that are potential O-glycosylation sites. Only 3–6 of these residues are O-glycosylated and the
most common IgA1 glycoforms have 4 or 5 O-glycans in the HR. (c) The O-glycan composition of normal circulatory IgA1
is variable but usually consists of a core 1 disaccharide structure with N-acetylgalactosamine (GalNAc) in β1,3-linkage
with galactose (Gal); each of these monosaccharides can be sialylated. (d) The CH2 site of N-glycosylation contains
digalactosylated biantennary glycans with or without a bisecting N-acetylglucosamine (GlcNAc), but it is not usually
fucosylated. (e) The tailpiece N-glycosylation site contains fucosylated glycans. Figure reproduced with permission [43].

The mechanism(s) of Gd-IgA1 production in patients with IgAN is still under investi-
gation. Gd-IgA1 in the circulation of patients with IgAN is predominantly polymeric [79] in
contrast to the monomeric form for most of the circulatory IgA1. This fact raises questions
about a potential mucosal origin of the Gd-IgA1-secreting cells and their localization (mu-
cosal tissue vs. subsequent errant homing to bone marrow) [80,81]. Alteration in activity of
several glycosylation enzymes has been associated with increased Gd-IgA1 production,
including decreased expression and activity of C1GalT1 and increased expression and
activity of ST6GalNAc2 [31,75,79,82]. The chaperone protein for C1GalT1, C1GalT1C1,
is downregulated in B cells from IgAN patients compared to healthy controls and its
activity inversely correlated with serum Gd-IgA1 levels [71]. Mechanistic studies found
that some cytokines (e.g., leukemia inhibitory factor (LIF) and IL-6) increase Gd-IgA1
production in cultured IgA1-producing cell lines from IgAN patients but not in those from
healthy controls. Specifically, supplementation of IL-6 and IL-4 in the media of cultured
IgA1-producing cells from IgAN patients decreased expression and activity of C1GalT1
and increased expression of sialyltransferase ST6GalNAc2 [75]. IL-6-mediated activation
increased and prolonged activation of the JAK-STAT pathway (detected as phospho-STAT3)
was found in IgA1-secreting cells from IgAN patients compared to those from healthy
controls [83]. Leukemia inhibitory factor (LIF) exhibits similar effects as IL-6 on IgA1-
producing cells from IgAN patients, except that the signaling is mediated by STAT1. These
cytokine effects underscore the role of aberrant signaling and cellular activation in Gd-IgA1
production in IgAN [84].

The synthesis of Gd-IgA1 is genetically co-determined. In patients with familial
and sporadic IgAN, the serum level of Gd-IgA1 is a heritable trait; many blood relatives
have higher levels than genetically distinct married-in relatives, but without any clinical
manifestation of IgAN [29,85]. Genome-wide association studies (GWAS) of serum levels
of Gd-IgA1 have identified single-nucleotide polymorphisms (SNPs) in the C1GALT1 and
C1GALT1C1 loci that are related to the expression of specific genes. Reduced expression of
C1GALT1 and C1GALT1C1 would be manifested by addition of less galactose to GalNAc
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of the IgA1 HR glycans. GWAS also revealed variants in several genes that influence the
synthesis Gd-IgA1, including LIF [53,54].

Treatment of patients with IgAN has included several approaches that reduce circulat-
ing levels of Gd-IgA1. Tonsillectomy has been widely accepted in Japan [86–90]. Gd-IgA1
production by IgA1-secreting cells in tonsils is related to abnormalities in the expression
of glycosyltransferase genes associated with core 1 O-glycosylation [91]. However, ton-
sillectomy has not improved kidney outcomes of IgAN patients in western Europeans,
suggesting that the underlying mechanisms of Gd-IgA1 production may be distinct in
different populations [92,93]. Although oral administration of corticosteroids may reduce
Gd-IgA1 synthesis and, consequently, circulating levels of Gd-IgA1-IgG immune com-
plexes [91,94,95], such therapy is not standard of care for most patients due to significant
toxicity [96]. In the recent NEFIGAN trial, oral administration of a slow-release corticos-
teroid (TRF-budesonide) designed to reach the mucosal surface of the ileum significantly
reduced proteinuria, slowed decline in kidney clearance function, and lowered serum
levels of Gd-IgA1 and Gd-IgA1-IgG immune complexes [97–99].

Catabolism of circulatory polymeric and monomeric IgA occurs in the liver and
depends on the asialoglycoprotein receptor (ASGPR) on hepatocytes [100,101]. The binding
to ASGPR is dependent on the glycosylation status of IgA, in line with the well-known
specificity of this hepatocyte lectin for glycans [102–106]. Circulating IgA1-IgG complexes
may not be cleared as quickly in IgAN patients as in healthy controls. Clearance of an IgA1-
IgG complexes-mimicking probe was delayed in IgAN patients compared with healthy
controls) [107]. However, clearance of another protein probe (asialo α1 acid glycoprotein)
was equivalent in the two cohorts, indicating that the liver clearance function is not
generally impaired in IgAN patients.

The origins of Gd-IgA1 production have not been defined, despite many studies
designed to evaluate the mechanisms of the synthesis of the immunoglobulin. There
persists substantial technical difficulty in evaluating whether mucosal tissues are the
site of Gd-IgA1-producing cells that secrete the galactose-deficient pIgA1 that enters the
circulation. Additionally, as not all IgA1-secreting cells produce Gd-IgA1, many questions
remain about how cytokines may control differential regulation of glycosylation in Gd-
IgA1-producing cells. Future innovative single-cell analytics that identify signaling and
transcriptional mechanisms in IgA1-secreting cells that produce Gd-IgA1 should find
potential targets for novel, effective disease-specific therapy.

3. Autoantibodies (Hit #2)

Autoantibodies in patients with IgAN recognize the aberrantly glycosylated HR of
IgA1 [30,108]. The specificity of serum IgG autoantibodies was assessed using a panel of
well-defined glycoforms of potential antigens. Serum IgG of patients with IgAN exhibited
significantly higher binding to enzymatically desialylated and degalactosylated IgA1, Fab
fragment of Gd-IgA1 with O-glycosylated HR, and albumin-linked HR glycopeptide with
three GalNAc residues compared to enzymatically galactosylated or sialylated Gd-IgA1 and
albumin-linked HR peptide without any glycan. These experiments confirmed the speci-
ficity of autoantibodies for IgA1 with its HR containing terminal GalNAc [30,109]. Serum
Gd-IgA1-specific antibodies can be of IgG, IgM, or IgA isotype, and it is thought that at least
some of them can be induced by microbiota with GalNAc-containing epitopes [110–113].
Follow-up studies with serum specimens from IgAN patients revealed that IgG is the
predominant autoantibody isotype specific for Gd-IgA1 [36,114].

IgG autoantibodies specific for Gd-IgA1 in patients with IgAN have a distinctive
sequence signature. IgG autoantibodies were cloned from immortalized IgG-producing
cells derived from peripheral blood of several patients with IgAN using single-cell RT-
PCR [30]. Sequence analysis of variable regions of the heavy chains (VH) of these IgG
autoantibodies revealed serine in the junction of framework 3 and the complementarity
determining region 3 (CDR3). Follow-up studies confirmed that serine residue in this region
was important for binding to Gd-IgA1. When the recombinant IgG autoantibody from an
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IgAN patient was modified to replace serine with alanine in this position, the resultant IgG
proteins exhibited reduced binding to Gd-IgA1. Conversely, IgG from a healthy control
that weakly bound Gd-IgA1 had alanine in that amino-acid position; replacing it with
serine significantly improved the binding, further confirming the importance of serine in
this position for binding of IgG to Gd-IgA1 [30].

A follow-up study was performed to assess whether this single amino-acid alteration
originates from a rare allele of a VH gene or somatic hypermutations, such as those
occurring during antibody-maturation processes [115]. Germline genomic DNA from
seven IgAN patients and six healthy controls was sequenced for the specific VH gene of
each autoantibody. These genomic sequences were then compared with the sequences of the
cloned VH regions of autoantibodies. Germline genomic VH genes of IgAN patients had
nucleotide sequences encoding alanine or valine, but not serine. These findings identified
several nucleotide mutations that resulted in a codon switch to serine. No such codon
change was observed in sequences originating from healthy controls. These data indicate
that serine in the framework 3-CDR3 region of these autoantibodies likely originates from
somatic hypermutations that enhance the affinity for IgG autoantibodies in patients with
IgAN [116].

It is not known what triggers the production of autoantibodies targeting IgA1 with
terminal GalNAc residue(s) in the hinge-region. One hypothesis proposes that an infection
by microorganisms carrying GalNAc on their outer surfaces elicits production of GalNAc-
recognizing antibodies that cross-react with Gd-IgA1. Infection by Epstein–Barr virus,
respiratory syncytial virus, herpes simplex virus, and streptococci may induce production
of such antibodies [110–113,117]. Tn-antigen-specific antibodies (i.e., recognizing GalNAc-
containing glycoconjugates) have been induced by ingestion or inhalation of live or killed
Escherichia coli (O86) [118,119]. Upon infection of mucosal surfaces and gastrointestinal
tract, susceptible individuals could react by producing hypermutated IgG against mucosal
pathogens [120]. A recent study proposed an association between infection by Strepto-
coccus mutans and severe outcome of IgAN [121]. Moreover, a study with Bacteroidetes
bacteria found aberrant mucosal immune responses to tonsillar anaerobic microbiota and
production of IgA specific for these bacteria may be involved in the pathophysiology of
IgAN [122].

Regardless of the origin of Gd-IgA1-specific autoantibodies, their serum levels cor-
relate with disease severity [30] and predict disease progression [32,34]. Therefore, mea-
surement of serum levels of these autoantibodies may be a prognostic biomarker of IgAN.
Furthermore, serum levels of Gd-IgA1-specific IgG autoantibodies correlate with the levels
of serum Gd-IgA1 in IgAN patients [36], indicating potential utility of both biomarkers.

4. Other Types of Autoantibodies Targeting Aberrantly Glycosylated Proteins

Although the involvement of glycan-dependent Gd-IgA1-specific antibodies in IgAN
is clear, the origin of these autoantibodies is currently unknown. Glycan-reactive anti-
bodies are abundant in the circulation of healthy individuals and many specificities of
these antibodies have been described. For example, antibodies against xenoantigens, such
as α-galactose as well as allo- or auto-antigens, including blood groups which display
potential self-reactivity, are all readily detectable [123]. Although high levels of self-reactive
antibodies recognizing mature post-translational glycosylation are rare, antibodies that
react with immature or truncated glycosylation precursors are abundant in humans. Many
of these structures are also antigenic determinants of non-mammalian glycans, including
commensal and pathogenic bacteria, which likely promote the production of most, if not
all, natural glycan-reactive antibodies. Indeed, antibodies reactive with chitooligosac-
charides, short polymers of N-acetylglucosamine (GlcNAc) residues that are structurally
similar to the N-glycans, are among the most abundant glycan-specific antibodies in hu-
mans [124,125]. In rodents, the synthesis of these glycan-specific antibodies is driven by
the commensal flora [124,125]. Whether Gd-IgA1-reactive antibodies are derived from
naturally occurring precursors generated by microbial exposure or are the products of de
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novo responses against neoepitopes in Gd-IgA1 is unknown. These two possibilities are
not mutually exclusive; a comparable scenario may be the antigenicity of tumor-associated
antigen Tn-MUC1, i.e., MUC1 with terminal GalNAc residues (for review, see [126]).

Cellular transformation in cancer frequently alters glycosylation profiles. A simi-
lar process applies to the production of Gd-IgA1: the loss of function of the T-synthase
(C1GalT1) or its molecular chaperone Cosmc (C1GalTC1) truncates the synthesis of the HR
O-glycans after attachment of GalNAcα to serine or threonine [43]. The result is expres-
sion of tumor-associated antigen termed Tn antigen along with its sialylated form (sTn
antigen). Similar to the glycan-reactive epitopes described above, the Tn and sTn anti-
gens are among the epitopes covered by the natural antibody repertoire [127]. Moreover,
like other glycan-specific antibodies, the anti-Tn reactivity in human serum antibodies
is polyclonal in nature, exhibiting binding to an array of structurally similar glycans. In
fact, human anti-Tn antibodies, including IgG and IgM isotypes, affinity-purified using
terminal GalNAcα-containing matrix, demonstrate higher affinity for other glycan struc-
tures compared to terminal GalNAcα, including bacteria-derived products and cell-wall
structures [128]. At least some of these antibodies clearly recognize tumor-associated Tn
antigens [129]. MUC1 is a glycoprotein constitutively expressed by epithelial cells in many
organs, including the lungs and gastrointestinal tract. Extensively glycosylated, 50% of the
mass of MUC1 in normal healthy tissue is contributed by O-glycans [130]. Likely, because
of its size, density of O-linked glycosylation, and high-expression levels in many tumors,
aberrantly glycosylated MUC1 is an attractive tumor-associated antigen for immunother-
apy. Considerable efforts have been devoted to harnessing antibodies toward aberrantly
glycosylated MUC1 as cancer immunotherapy, through vaccination with glyco-MUC1
peptides or passive immunization [126].

As is the case with the other glycan epitopes described above, the fine-specificities of
antibodies that recognize tumor-derived MUC1 are diverse, as are their antigenic targets.
Immunization with MUC1 glycopeptides displaying aberrant glycan profiles generates
antibodies that differ from the natural Tn-reactive antibodies [131]. Although direct binding
to the Tn antigen has not been observed for most MUC1 antibodies generated in the efforts
to develop anti-tumor therapeutics, Tn glycans appear to play a role in antigen binding.
The affinity of many antibodies toward MUC1 peptides is increased in the presence of
the Tn antigen, in some cases correlating with the number of Tn modifications on MUC1
peptides [132].

Several anti-MUC1 recombinant antibodies have been investigated as therapeutic
reagents targeting breast, colon, and pancreatic cancers [133,134]. The mechanisms of action
of the reagents vary, ranging from antibody-dependent cellular cytotoxicity to polarization
of cell-associated MUC-1 promoting increased cell-mediated immunity [135,136]. For
one such antibody, mAb-AR20.5 (BrevaRex), cellular and humoral immunity recognizing
MUC1 were observed after its administration [137]. Initially, it was proposed that this
mouse IgG1 antibody was activating the idiotypic network, resulting in the derivation of
MUC1-reactive antibodies. It was subsequently determined, however, that the increase
in anti-MUC1 serum antibody reactivity in patients receiving BrevaRex therapy was the
result of the formation of immune complexes with BrevaRex and soluble MUC1 shed
from tumors. These immune complexes promoted T cell-meditated and humoral immune
activation directed toward the endogenous MUC1, resulting in elevated levels of antibody
reactive with MUC1. Interestingly, a similar phenomenon has been observed for two other
therapeutic antibodies targeting another mucin antigen (CA125) aberrantly glycosylated
and shed from tumor cells [138,139]. Although there is much work to be done to determine
the antigenic glycoforms of Gd-IgA1 contributing to IgAN and the autoantibodies that
complex with Gd-IgA1 driving this disease, these examples offer a plausible mechanism
by which the auto-immune responses to Gd-IgA1 could be initiated. Low affinity anti-Tn
antibodies, which are universally present in human sera, may recognize Gd-IgA1 to form
immune complexes, which, in turn, direct the activation of adaptive immunity, ultimately
promoting epitope spreading and the generation of high-affinity pathogenic antibodies.
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5. Circulating Immune Complexes (Hit #3)

Circulating immune complexes (CICs) in IgAN patients consist of IgG autoantibodies
bound to polymeric IgA1 with galactose-deficient HR O-glycans [117,140,141]. Aggregates
of Gd-IgA1 and fibronectin and extracellular matrix proteins have also been found in the
circulation [142,143]. The latter study showed that besides IgG, CICs are composed of
IgA, IgM, and complement C3 [144]. The biological activity of the CICs is determined by
composition and size. The CICs containing high content of Gd-IgA1 induce proliferation of
mesangial cells in culture, which was not observed for Gd-IgA1 alone or Gd-IgA1-lacking
immune complexes [145]. Large-molecular-weight CICs (800–900 kDa) are biologically
active. Cellular proliferation and overproduction of cytokines and components of ex-
tracellular matrix are observed in cultured primary mesangial cells stimulated with the
large-molecular-weight CICs, whereas smaller complexes are inhibitory [145,146]. Experi-
ments with in vitro produced immune complexes using Gd-IgA1 myeloma protein and
anti-glycan IgG from cord blood of healthy women confirmed the stimulatory effects of
IgA1-IgG immune complexes on mesangial cells [147].

Complement component C3 [148] and its fragments (iC3b, C3c, and C3dg) are also in
the Gd-IgA1-IgG immune complexes, confirming the biologic capability of these complexes
to activate the alternative complement pathway [149]. In a study of 81 IgAN patients,
C3 activation was demonstrated in 75% of the adult and 57% of the pediatric patients.
Involvement of the classical complement pathway, assessed by C4 activation, was de-
tected in plasma of 20% of the adult and 5% of the pediatric patients [150]. Analysis of
kidney biopsy specimens reveals C3 in most cases, indicating involvement of alternative
complement pathway, whereas C1 is usually absent. Complement activation pathways
are described in Figure 3 (for review, see [151,152]). Recent proteomics analysis of CICs
identified association of Gd-IgA1 with α1-microglobulin. Elevated blood levels of Gd-
IgA1-α1-microglobulin correlated with hypertension, eGFR levels, and extent of scarring
in the kidney biopsy sections [153].

The levels of CICs in IgAN patients correlate with clinical and histological activ-
ity such as microscopic hematuria, episodes of macroscopic hematuria, and severity of
glomerular injury [154]. At the time of macroscopic hematuria, the blood level of immune
complexes of IgA1-IgG may significantly increase, although IgA1-IgM complexes may also
be present [155].
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Mannan-binding lectin recognizes carbohydrate structures and, upon association with serine pro-
teases (MASP, mannose-associated serine proteases), can activate the lectin pathway. Complement
C3 that is covalently bound to microorganism surfaces as C3b initiates the cascade of the alternative
pathway. Each pathway can ultimately generate an active C3 convertase, resulting in cleavage of
C3 component into C3a and C3b fragments. C3b can interact with C4b2b or C3bBb to produce C5
convertase that cleaves C5 into C5a and C5b fragments. C5b binds to the cell membrane and serves
as a platform for assembly of the membrane attack complex (MAC) [156,157]. The formation of
MAC can be inhibited by membrane-bound CD59 that binds to C8 and/or C9. Selected regulatory
proteins are shown in light blue. CR1, complement receptor 1; CFHR 1–5, complement factor H-
related proteins 1–5; DAF, decay-accelerating factor; FB, factor B; FD, factor D; FI, factor I; Gd-IgA1,
galactose-deficient IgA1; Gd-IgA1-IC, galactose-deficient IgA1-containing immune complexes; MCP,
membrane cofactor protein; P, properdin. Figure modified with permission [151].

6. Deposition of Circulating Immune Complexes and Renal Injury (Hit #4)

As detailed above, IgAN is an autoimmune disease characterized by the glomerular
deposition of immune complexes containing Gd-IgA1 and IgG autoantibodies specific for
Gd-IgA1 [46,158,159]. These IgA1-containing glomerular immunodeposits usually contain
also complement C3. As IgAN patients often have elevated levels of circulatory Gd-IgA1
and IgG autoantibodies, and the Gd-IgA1-IgG immune complexes also contain C3 and the
same subclasses of IgG (IgG1 and 3), it is thought that the glomerular immunodeposits
originate from the circulation [31].

In vitro experiments using cultured primary human mesangial cells [160] have shown
that IgA1-containing immune complexes in the sera of patients with IgAN can activate
mesangial cells [44,145,161–171]. In contrast, free (uncomplexed) Gd-IgA1 did not stimulate
proliferation of cultured mesangial cells [31,145–147,164,171,172]. Moreover, immune
complexes formed in vitro from Gd-IgA1 and IgG autoantibody mimicked the stimulatory
effect of Gd-IgA1-IgG-containing immune complexes in sera of IgAN patients [147,159,173].

It is not fully understood what types of receptors on mesangial cells are engaged
by the pathogenic complexes. Mesangial cells express several receptors that can bind
IgA1: transferrin receptor (CD71) [166,174–176], integrin β1 [177], and cell surface galac-
tosyltransferase (e.g., β1,4-galactosyltransferase) [178]. The transferrin receptor (CD71)
binds IgA1, but not IgA2, and the IgA1 binding is inhibitable by transferrin [175]. CD71
binds polymeric, but not monomeric IgA1, and the binding is dependent on glycosylation,
namely O-glycosylation [166]. CD71 is thought to participate in the binding of pathogenic
IgA1-containing immune complexes by mesangial cells in IgAN [166]. The other two
receptors, integrin β1 and cell surface β1,4-galactosyltransferase, can bind IgA1 molecules,
although it is not clear whether either receptor is involved in the pathogenic cellular
activation in IgAN.

IgA in a soluble or aggregated form can bind to FcαRI (CD89). Although mesangial
cells do not express CD89, a complex formed from IgA1 and soluble CD89 can deposit in the
kidneys, as shown in an experimental animal model [179]. It is not clear whether the same
mechanism may operate in some IgAN patients. In general, IgA complexes can induce
immunosuppressive or pro-inflammatory responses. Soluble forms of IgA, monomers
and dimers, in the circulation have low affinity for FcαRI and bind only transiently, thus
mediating inhibitory signaling under homeostatic conditions [180]. Similar inhibitory
effects can be induced by peptidomimetics to reduce undesirable inflammatory responses,
such as those triggered by abnormal IgA-containing immune complexes in IgA-mediated
blistering skin diseases [181,182].

As noted above, glomerular immune deposits in patients with IgAN are enriched for
Gd-IgA1 glycoforms. A recent study provided experimental in vivo evidence to underscore
the pathogenic role of IgG autoantibodies specific for Gd-IgA1 [47]. Specifically, Gd-IgA1-
IgG immune complexes injected into immunodeficient mice deposited in the glomerular
mesangium, together with murine complement C3, and produced glomerular injury with
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histological features mimicking IgAN, such as mesangioproliferative changes. Injection of
the individual components (IgA1 or IgG) did not have such effects.

Transcriptome profiling of kidney tissues from mice injected with Gd-IgA1-rIgG
immune complexes revealed changes concordant with findings in kidney biopsy tissue
from IgAN patients. Pathway-enrichment analysis showed that immune complexes formed
by Gd-IgA1 and recombinant IgG (rIgG) dysregulated expression of genes in the MAPK
signaling, phagosome, complement, and coagulation pathways, as well as in cell adhesion
molecules, transcriptional misregulation, PPAR and Rap1 signaling, leukocyte migration,
and osteocyte differentiation [47].

These experimental approaches demonstrate the key roles of aberrantly O-glycosylated
IgA1 and the corresponding IgG autoantibodies in the formation of nephritogenic immune
complexes. Future studies are needed to provide additional information about processes
induced by glomerular deposition of Gd-IgA1-IgG immune complexes. It is hoped that this
approach can serve as a basis for development of new tools for elucidating some aspects of
pathogenesis of IgAN as well as for pre-clinical testing of future therapeutic approaches.

7. IgA Nephropathy—Disease-Specific Treatment Approaches

The multi-hit hypothesis for the pathogenesis of IgAN, as described above, provides
an overview of the immune players, IgG autoantibodies and Gd-IgA1, and the pathogenic
immune complexes that are at the core of the disease process. Despite having discov-
ered these players, clarified the importance of the galactose-deficient HR O-glycans for
formation of immune complexes, and developed the capacity to clone and characterize
IgG autoantibodies, we still lack full understanding of how such disease-causing immune
complexes are formed. Coincident with this, there is a lack of disease-specific treatment
for IgAN and many patients progress to ESKD. Even the new ongoing clinical trials for
IgAN target specific areas of the broader disease state [for review, see [183]]. Below, we
describe conceptual premises for disease-specific treatment and methods that may allow
investigators to get closer to that goal.

While effective in many cases, the current treatments for IgAN fail to address the
key causation of the disease, formation of pathogenic immune complexes. In principle,
methods to prevent or interfere with the process can be developed. From the perspective
of the IgG autoantibodies, smaller versions of IgG that retain the capacity to bind Gd-IgA1,
but are reduced to monovalent interactions, could be generated (Figure 4). Examples of
such reagents include Fab antigen-binding fragments, single-chain variable fragments
(scFv), or single-domain nanobody fragments [31]. These small monovalent reagents could
potentially reduce formation of large pathogenic immune complexes by blocking binding
of IgG autoantibodies to Gd-IgA1, thereby forming smaller complexes less prone to deposit
in the kidneys. An alternative to this approach is to develop glycopeptides or smaller
glycosylated proteins that are analogous to the HR of Gd-IgA1 or epitopes recognized
by Gd-IgA1-specific IgG (Figure 4). These Gd-IgA1 glycomimetics could bind to IgG
autoantibodies and prevent formation of complexes; however, design of minimalized
versions of these Gd-IgA1 analogs is hampered by gaps in our knowledgebase regarding
the definitive epitope(s) on Gd-IgA1 that are recognized by IgG autoantibodies.
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Figure 4. Structures of IgG and IgA1 with featured subdomain elements having theoretical utility to
block formation of IgG-Gd-IgA1 complexes. In (a), an intact IgG (PDB ID: 1IGT, [184–186]) is shown
in cartoon model. Heavy and light chains are green and cyan, respectively, with complementarity
determining regions (CDRs) red. In (b), an intact IgA1 (based on PDB ID: 1IGA, [187–190]) is shown
with heavy and light chains yellow and slate, respectively. Sites of O-linked (magenta) and N-linked
glycans (red) are denoted by spheres. For simplicity, IgA1 is shown in monomeric rather than one
of the possible polymeric forms. (c) Illustrates subdomain entities that could potentially be used to
block IgG binding to Gd-IgA1. The Fab and scFv are both derived from the IgG and follow the same
color patterns as in (a). The linker between VH and VL domains in the scFv is shown in dotted line.
Due to the monovalent nature (single antibody-binding site) of these antibody fragments, each could
bind to the Gd-IgA1, preventing IgG-binding and blocking formation of large-molecular-weight
immune complexes. (d) A theoretical glycopeptide is shown in stick representation. The peptide,
analogous to residues 224–233 of the IgA1 heavy chain, is shown with yellow carbon backbone.
O-linked GalNAc (white carbon backbone) is shown linked at amino acids Thr-225, Thr-228, Ser-230,
and Ser-232. This model could serve as a starting point for glycomimetic design for binding to
IgG autoantibodies that target Gd-IgA1. Glycans were modeled with GLYCAM [191] and energy
minimized with YASARA [192]. Images were made with PyMOL [193].

One pathway to a better understanding how these disease-causing immune complexes
are formed may be the use of structural biology, an area of science that aims to define the
molecular structure of proteins, protein complexes, and other biological elements to better
understand the correlation between structure and function. Techniques for this pursuit in-
clude x-ray crystallography (XRC), electron microscopy (EM), small-angle x-ray scattering
(SAXS), nuclear magnetic resonance spectroscopy (NMR), and mass spectrometry (MS).
These tools have been critical for defining the structures of antibodies [for a recent review
of structural immunology, see [194]] and the glycan composition of IgA1 (see descrip-
tions above). The first volume structure of an immunoglobulin, an IgG, was published in
1971 [195]. This low-resolution structure (6Å resolution) showed the three-dimensional (3D)
organization of the IgG domains. In subsequent years, atomic structures of individual anti-
body domains and segments were published: the Fab (initially at 6Å resolution [196] and
later as a high-resolution structure [197]), and the fragment-crystallizable region (Fc) [198].
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Individual domains were then used to resolve the 3D coordinates of the first intact antibody
in 1977 [199]. Further studies led to a small-molecule Fab structure; as a result, a basis for
how antibodies bind to antigens was understood [197]. Since these early structures were
published, three additional intact IgG structures have been published [184–186], which
have collectively confirmed a common molecular structure. Although high-resolution
structures of intact IgA1 are lacking, four low-resolution bead models derived from SAXS
studies have been produced [187–190]. Moreover, 3D renderings of antibodies are illus-
trated in Figure 4. There are nearly 5200 antibody structures in the Research Collaboratory
for Structural Bioinformatics Protein Data Bank [200], 85% of which were determined
with XRC. These structural data provide valuable information about antibodies in general,
but more specifically provide clues as to how they interact with antigens because most
antibodies are in complexes with an antigen [201].

Despite this wealth of information, there is no structure of the glycosylated HR of IgA1
or structures of IgG or Fabs derived from patients associated with IgAN. In recent years,
the field of cryo-EM has undergone what has been termed the “resolution revolution”,
meaning that this technique has come of age, maturing to a high-resolution structural
technique on par with XRC [202,203]. The advantage of cryo-EM is that the technique
is amenable to proteins and protein complexes that are large and have some inherent
flexibility, which can present issues with NMR and XRC techniques, respectively. Since 2020,
structures of larger IgA1 segments and their complexes have been produced: Fc of secretory
IgA1 in complex with J chain and the secretory component of pIgR (dimeric [204–206],
tetrameric [204,206], and pentameric forms of IgA1 [204]), the dimeric form of IgA1 Fc in
complex with pneumococcal adhesion protein, SpsA [206], and IgA1 in complex with the
Streptococcus pneumoniae IgA1 protease [207]. These structures demonstrate feasibility to
determine the structures of large IgA1-associated complexes using cryo-EM. The complex
of IgA1 protease with IgA1 represents the first experimentally determined high-resolution
partial structures of the IgA1 hinge-region, although the structure does not resolve O-
glycans on the hinge-region.

As noted, a paramount goal in determining these structures is to provide a better
understanding of function and, in part, to generate hypotheses on possible approaches to
inhibit protein-protein associations. Still, the missing key elements in this pathway toward
disease-specific therapy for IgAN include knowledge of structures of the complexes of
IgG autoantibodies with Gd-IgA1autoantigen. Cryo-EM appears to be the likely avenue to
acquire this information. To go a step further and better define the epitopes on Gd-IgA1, a
panel of autoantibodies representing a comprehensive repertoire from patients with IgAN
is needed. Each structure will presumably reveal a snapshot of a unique binding-interface.
These data will provide a comprehensive topographical representation of the VH/VL
surfaces involved in Gd-IgA1 recognition and differences in binding associated with IgG
variability. Defining the same, overlapping, and/or distinct epitopes on the Gd-IgA1
will provide an opportunity to design strategies for disrupting the interaction of IgG and
Gd-IgA1. It remains to be determined if small molecules can be designed that disrupt
formation of pathogenic immune complexes, but discovery of the structures of each IgG
autoantibody and Gd-IgA1 affords the opportunity to perform in silico screening of ligand
libraries [208,209] in hopes of identifying, at least virtually, compounds that target critical
areas of antibody-antibody binding. Compounds fitting this criterion could be validated by
ELISA-based tests and further assessed in vitro (e.g., with cultured human mesangial cells)
and in vivo in a small-animal model of IgAN [47]. It remains to be seen if these concepts
for generating disease-specific treatments can be successfully implemented.

8. Conclusions

IgAN is characterized by glomerular immunodeposits enriched for Gd-IgA1 glyco-
forms and for IgG autoantibodies with specificity for the IgA1 with galactose-deficient
O-glycans. These immunodeposits are thought to originate from Gd-IgA1-IgG complexes
formed in the circulation. It was recently shown experimentally that human IgG autoan-
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tibodies bind to human Gd-IgA1 to form immune complexes that in a murine model
induce pathogenic changes consistent with IgAN. It is hoped that a better understanding
of the key players in IgAN, autoantibodies, and autoantigens, will enable development of
disease-specific treatments.
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65. Franc, V.; Řehulka, P.; Raus, M.; Stulík, J.; Novak, J.; Renfrow, M.B.; Šebela, M. Elucidating heterogeneity of IgA1 hinge-region

O-glycosylation by use of MALDI-TOF/TOF mass spectrometry: Role of cysteine alkylation during sample processing. J. Proteom.
2013, 92, 299–312. [CrossRef] [PubMed]

66. Frangione, B.; Wolfenstein-Todel, C. Partial duplication in the "hinge" region of IgA 1 myeloma proteins. Proc. Natl. Acad. Sci.
USA 1972, 69, 3673–3676. [CrossRef] [PubMed]

67. Ohyama, Y.; Renfrow, M.B.; Novak, J.; Takahashi, K. Aberrantly glycosylated IgA1 in IgA nephropathy: What we know and what
we don’t know. J. Clin. Med. 2021, 10, 3467. [CrossRef] [PubMed]

68. Renfrow, M.B.; Cooper, H.J.; Tomana, M.; Kulhavy, R.; Hiki, Y.; Toma, K.; Emmett, M.R.; Mestecky, J.; Marshall, A.G.; Novak,
J. Determination of aberrant O-glycosylation in the IgA1 hinge region by electron capture dissociation fourier transform-ion
cyclotron resonance mass spectrometry. J. Biol. Chem. 2005, 280, 19136–19145. [CrossRef]

69. Tarelli, E.; Smith, A.C.; Hendry, B.M.; Challacombe, S.J.; Pouria, S. Human serum IgA1 is substituted with up to six O-glycans
as shown by matrix assisted laser desorption ionisation time-of-flight mass spectrometry. Carbohydr. Res. 2004, 339, 2329–2335.
[CrossRef]

70. Ju, T.; Cummings, R.D. Protein glycosylation: Chaperone mutation in Tn syndrome. Nature 2005, 437, 1252. [CrossRef] [PubMed]
71. Qin, W.; Zhou, Q.; Yang, L.C.; Li, Z.; Su, B.H.; Luo, H.; Fan, J.M. Peripheral B lymphocyte beta1,3-galactosyltransferase and

chaperone expression in immunoglobulin A nephropathy. J. Intern. Med. 2005, 258, 467–477. [CrossRef]
72. Field, M.C.; Dwek, R.A.; Edge, C.J.; Rademacher, T.W. O-linked oligosaccharides from human serum immunoglobulin A1.

Biochem. Soc. Trans. 1989, 17, 1034–1035. [CrossRef] [PubMed]
73. Tomana, M.; Niedermeier, W.; Mestecky, J.; Skvaril, F. The differences in carbohydrate composition between the subclasses of IgA

immunoglobulins. Immunochemistry 1976, 13, 325–328. [CrossRef]
74. Reily, C.; Ueda, H.; Huang, Z.Q.; Mestecky, J.; Julian, B.A.; Willey, C.D.; Novak, J. Cellular signaling and production of

galactose-deficient IgA1 in IgA nephropathy, an autoimmune disease. J. Immunol. Res. 2014, 2014, 197548. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJM198501243120403
http://doi.org/10.1111/nep.13592
http://doi.org/10.1038/ng.787
http://doi.org/10.1371/journal.pgen.1002765
http://doi.org/10.1146/annurev-med-041811-142014
http://doi.org/10.1172/JCI74475
http://doi.org/10.1038/ng.3118
http://doi.org/10.1681/ASN.2019080799
http://doi.org/10.1681/ASN.2016091043
http://doi.org/10.1371/journal.pgen.1006609
http://doi.org/10.1681/ASN.2020060823
http://www.ncbi.nlm.nih.gov/pubmed/33593824
http://doi.org/10.1681/ASN.2014101000
http://www.ncbi.nlm.nih.gov/pubmed/25694468
http://doi.org/10.1038/mi.2011.39
http://www.ncbi.nlm.nih.gov/pubmed/21937984
http://doi.org/10.1111/j.0105-2896.2005.00283.x
http://doi.org/10.1111/j.0105-2896.2005.00278.x
http://doi.org/10.1038/nrm972
http://doi.org/10.1111/j.0105-2896.2005.00290.x
http://doi.org/10.1016/j.jprot.2013.07.013
http://www.ncbi.nlm.nih.gov/pubmed/23891555
http://doi.org/10.1073/pnas.69.12.3673
http://www.ncbi.nlm.nih.gov/pubmed/4509329
http://doi.org/10.3390/jcm10163467
http://www.ncbi.nlm.nih.gov/pubmed/34441764
http://doi.org/10.1074/jbc.M411368200
http://doi.org/10.1016/j.carres.2004.07.011
http://doi.org/10.1038/4371252a
http://www.ncbi.nlm.nih.gov/pubmed/16251947
http://doi.org/10.1111/j.1365-2796.2005.01558.x
http://doi.org/10.1042/bst0171034
http://www.ncbi.nlm.nih.gov/pubmed/2628063
http://doi.org/10.1016/0019-2791(76)90342-6
http://doi.org/10.1155/2014/197548
http://www.ncbi.nlm.nih.gov/pubmed/25152896


J. Clin. Med. 2021, 10, 4501 17 of 22

75. Suzuki, H.; Raska, M.; Yamada, K.; Moldoveanu, Z.; Julian, B.A.; Wyatt, R.J.; Tomino, Y.; Gharavi, A.G.; Novak, J. Cytokines alter
IgA1 O-glycosylation by dysregulating C1GalT1 and ST6GalNAc-II enzymes. J. Biol. Chem. 2014, 289, 5330–5339. [CrossRef]

76. Mestecky, J.; Tomana, M.; Crowley-Nowick, P.A.; Moldoveanu, Z.; Julian, B.A.; Jackson, S. Defective galactosylation and clearance
of IgA1 molecules as a possible etiopathogenic factor in IgA nephropathy. Contrib. Nephrol. 1993, 104, 172–182. [CrossRef]

77. Mestecky, J.; Tomana, M.; Moldoveanu, Z.; Julian, B.A.; Suzuki, H.; Matousovic, K.; Renfrow, M.B.; Novak, L.; Wyatt, R.J.; Novak,
J. Role of aberrant glycosylation of IgA1 molecules in the pathogenesis of IgA nephropathy. Kidney Blood Press. Res. 2008, 31,
29–37. [CrossRef]

78. Hastings, M.C.; Moldoveanu, Z.; Julian, B.A.; Novak, J.; Sanders, J.T.; McGlothan, K.R.; Gharavi, A.G.; Wyatt, R.J. Galactose-
deficient IgA1 in African Americans with IgA nephropathy: Serum levels and heritability. Clin. J. Am. Soc. Nephrol. 2010, 5,
2069–2074. [CrossRef]

79. Suzuki, H.; Moldoveanu, Z.; Hall, S.; Brown, R.; Vu, H.L.; Novak, L.; Julian, B.A.; Tomana, M.; Wyatt, R.J.; Edberg, J.C.; et al.
IgA1-secreting cell lines from patients with IgA nephropathy produce aberrantly glycosylated IgA1. J. Clin. Investig. 2008, 118,
629–639. [CrossRef]

80. Barratt, J.; Smith, A.C.; Molyneux, K.; Feehally, J. Immunopathogenesis of IgAN. Semin. Immunopathol. 2007, 29, 427–443.
[CrossRef]

81. Novak, J.; Julian, B.A.; Tomana, M.; Mestecky, J. Progress in molecular and genetic studies of IgA nephropathy. J. Clin. Immunol.
2001, 21, 310–327. [CrossRef]

82. Xing, Y.; Li, L.; Zhang, Y.; Wang, F.; He, D.; Liu, Y.; Jia, J.; Yan, T.; Lin, S. C1GALT1 expression is associated with galactosylation of
IgA1 in peripheral B lymphocyte in immunoglobulin a nephropathy. BMC Nephrol. 2020, 21, 18. [CrossRef] [PubMed]

83. Yamada, K.; Huang, Z.Q.; Raska, M.; Reily, C.; Anderson, J.C.; Suzuki, H.; Ueda, H.; Moldoveanu, Z.; Kiryluk, K.; Suzuki, Y.;
et al. Inhibition of STAT3 signaling reduces IgA1 autoantigen production in IgA nephropathy. Kidney Int. Rep. 2017, 2, 1194–1207.
[CrossRef] [PubMed]

84. Yamada, K.; Huang, Z.Q.; Raska, M.; Reily, C.; Anderson, J.C.; Suzuki, H.; Kiryluk, K.; Gharavi, A.G.; Julian, B.A.; Willey, C.D.;
et al. Leukemia inhibitory factor signaling enhances production of galactose-deficient IgA1 in IgA nephropathy. Kidney Dis. 2020,
6, 168–180. [CrossRef] [PubMed]

85. Kiryluk, K.; Moldoveanu, Z.; Sanders, J.T.; Eison, T.M.; Suzuki, H.; Julian, B.A.; Novak, J.; Gharavi, A.G.; Wyatt, R.J. Aberrant
glycosylation of IgA1 is inherited in both pediatric IgA nephropathy and Henoch-Schönlein purpura nephritis. Kidney Int. 2011,
80, 79–87. [CrossRef] [PubMed]

86. Xie, Y.X.; He, L.Y.; Chen, X.; Peng, X.F.; Ye, M.Y.; Zhao, Y.J.; Yan, W.Z.; Liu, C.; Shao, J.; Peng, Y.M. Potential diagnostic biomarkers
for IgA nephropathy: A comparative study pre- and post-tonsillectomy. Int. Urol. Nephrol. 2016, 48, 1855–1861. [CrossRef]

87. Hirano, K.; Matsuzaki, K.; Yasuda, T.; Nishikawa, M.; Yasuda, Y.; Koike, K.; Maruyama, S.; Yokoo, T.; Matsuo, S.; Kawamura, T.;
et al. Association between tonsillectomy and outcomes in patients with immunoglobulin A nephropathy. JAMA Netw. Open 2019,
2, e194772. [CrossRef] [PubMed]

88. Enya, T.; Miyazaki, K.; Miyazawa, T.; Oshima, R.; Morimoto, Y.; Okada, M.; Takemura, T.; Sugimoto, K. Early tonsillectomy for
severe immunoglobulin A nephropathy significantly reduces proteinuria. Pediatr. Int. 2020, 62, 1054–1057. [CrossRef]

89. Kawabe, M.; Yamamoto, I.; Yamakawa, T.; Katsumata, H.; Isaka, N.; Katsuma, A.; Nakada, Y.; Kobayashi, A.; Koike, K.; Ueda, H.;
et al. Association between galactose-deficient IgA1 derived from the tonsils and recurrence of IgA nephropathy in patients who
underwent kidney transplantation. Front. Immunol. 2020, 11, 2068. [CrossRef]

90. Aratani, S.; Matsunobu, T.; Shimizu, A.; Okubo, K.; Kashiwagi, T.; Sakai, Y. Tonsillectomy combined with steroid pulse therapy
prevents the progression of chronic kidney disease in patients with immunoglobulin A (IgA) nephropathy in a single Japanese
institution. Cureus 2021, 13, e15736. [CrossRef]

91. Nakata, J.; Suzuki, Y.; Suzuki, H.; Sato, D.; Kano, T.; Yanagawa, H.; Matsuzaki, K.; Horikoshi, S.; Novak, J.; Tomino, Y. Changes in
nephritogenic serum galactose-deficient IgA1 in IgA nephropathy following tonsillectomy and steroid therapy. PLoS ONE 2014,
9, e89707. [CrossRef]

92. Kawamura, T.; Yoshimura, M.; Miyazaki, Y.; Okamoto, H.; Kimura, K.; Hirano, K.; Matsushima, M.; Utsunomiya, Y.; Ogura, M.;
Yokoo, T.; et al. A multicenter randomized controlled trial of tonsillectomy combined with steroid pulse therapy in patients with
immunoglobulin A nephropathy. Nephrol. Dial. Transplant. 2014, 29, 1546–1553. [CrossRef] [PubMed]

93. Feehally, J.; Coppo, R.; Troyanov, S.; Bellur, S.S.; Cattran, D.; Cook, T.; Roberts, I.S.; Verhave, J.C.; Camilla, R.; Vergano, L.; et al.
Tonsillectomy in a European cohort of 1,147 patients with IgA nephropathy. Nephron 2016, 132, 15–24. [CrossRef]

94. Kim, M.J.; Schaub, S.; Molyneux, K.; Koller, M.T.; Stampf, S.; Barratt, J. Effect of immunosuppressive drugs on the changes of
serum galactose-deficient IgA1 in patients with IgA nephropathy. PLoS ONE 2016, 11, e0166830. [CrossRef] [PubMed]

95. Kosztyu, P.; Hill, M.; Jemelkova, J.; Czernekova, L.; Kafkova, L.R.; Hruby, M.; Matousovic, K.; Vondrak, K.; Zadrazil, J.; Sterzl, I.;
et al. Glucocorticoids reduce aberrant O-glycosylation of IgA1 in IgA nephropathy patients. Kidney Blood Press. Res. 2018, 43,
350–359. [CrossRef]

96. Rauen, T.; Fitzner, C.; Eitner, F.; Sommerer, C.; Zeier, M.; Otte, B.; Panzer, U.; Peters, H.; Benck, U.; Mertens, P.R.; et al. Effects of
two immunosuppressive treatment protocols for IgA nephropathy. J. Am. Soc. Nephrol. 2018, 29, 317–325. [CrossRef] [PubMed]

97. Fellström, B.C.; Barratt, J.; Cook, H.; Coppo, R.; Feehally, J.; de Fijter, J.W.; Floege, J.; Hetzel, G.; Jardine, A.G.; Locatelli, F.;
et al. Targeted-release budesonide versus placebo in patients with IgA nephropathy (NEFIGAN): A double-blind, randomised,
placebo-controlled phase 2b trial. Lancet 2017, 389, 2117–2127. [CrossRef]

http://doi.org/10.1074/jbc.M113.512277
http://doi.org/10.1159/000422410
http://doi.org/10.1159/000112922
http://doi.org/10.2215/CJN.03270410
http://doi.org/10.1172/JCI33189
http://doi.org/10.1007/s00281-007-0089-9
http://doi.org/10.1023/A:1012284402054
http://doi.org/10.1186/s12882-019-1675-5
http://www.ncbi.nlm.nih.gov/pubmed/31941451
http://doi.org/10.1016/j.ekir.2017.07.002
http://www.ncbi.nlm.nih.gov/pubmed/29270528
http://doi.org/10.1159/000505748
http://www.ncbi.nlm.nih.gov/pubmed/32523959
http://doi.org/10.1038/ki.2011.16
http://www.ncbi.nlm.nih.gov/pubmed/21326171
http://doi.org/10.1007/s11255-016-1372-2
http://doi.org/10.1001/jamanetworkopen.2019.4772
http://www.ncbi.nlm.nih.gov/pubmed/31150076
http://doi.org/10.1111/ped.14264
http://doi.org/10.3389/fimmu.2020.02068
http://doi.org/10.7759/cureus.15736
http://doi.org/10.1371/journal.pone.0089707
http://doi.org/10.1093/ndt/gfu020
http://www.ncbi.nlm.nih.gov/pubmed/24596084
http://doi.org/10.1159/000441852
http://doi.org/10.1371/journal.pone.0166830
http://www.ncbi.nlm.nih.gov/pubmed/27930655
http://doi.org/10.1159/000487903
http://doi.org/10.1681/ASN.2017060713
http://www.ncbi.nlm.nih.gov/pubmed/29042456
http://doi.org/10.1016/S0140-6736(17)30550-0


J. Clin. Med. 2021, 10, 4501 18 of 22

98. Coppo, R. Biomarkers and targeted new therapies for IgA nephropathy. Pediatr. Nephrol. 2017, 32, 725–731. [CrossRef]
99. Coppo, R.; Mariat, C. Systemic corticosteroids and mucosal-associated lymphoid tissue-targeted therapy in immunoglobulin A

nephropathy: Insight from the NEFIGAN study. Nephrol. Dial. Transplant. 2020, 35, 1291–1294. [CrossRef] [PubMed]
100. Tomana, M.; Kulhavy, R.; Mestecky, J. Receptor-mediated binding and uptake of immunoglobulin A by human liver. Gastroen-

terology 1988, 94, 762–770. [CrossRef]
101. Mestecky, J.; Moldoveanu, Z.; Tomana, M.; Epps, J.M.; Thorpe, S.R.; Phillips, J.O.; Kulhavy, R. The role of the liver in catabolism

of mouse and human IgA. Immunol. Investig. 1989, 18, 313–324. [CrossRef] [PubMed]
102. Baenziger, J.U.; Maynard, Y. Human hepatic lectin. Physiochemical properties and specificity. J. Biol. Chem. 1980, 255, 4607–4613.

[CrossRef]
103. Tomana, M.; Phillips, J.O.; Kulhavy, R.; Mestecky, J. Carbohydrate-mediated clearance of secretory IgA from the circulation. Mol.

Immunol. 1985, 22, 887–892. [CrossRef]
104. Basset, C.; Devauchelle, V.; Durand, V.; Jamin, C.; Pennec, Y.L.; Youinou, P.; Dueymes, M. Glycosylation of immunoglobulin A

influences its receptor binding. Scand. J. Immunol. 1999, 50, 572–579. [CrossRef] [PubMed]
105. Park, E.I.; Mi, Y.; Unverzagt, C.; Gabius, H.J.; Baenziger, J.U. The asialoglycoprotein receptor clears glycoconjugates terminating

with sialic acid alpha 2,6GalNAc. Proc. Natl. Acad. Sci. USA 2005, 102, 17125–17129. [CrossRef]
106. Steirer, L.M.; Park, E.I.; Townsend, R.R.; Baenziger, J.U. The asialoglycoprotein receptor regulates levels of plasma glycoproteins

terminating with sialic acid alpha2,6-galactose. J. Biol. Chem. 2009, 284, 3777–3783. [CrossRef]
107. Roccatello, D.; Picciotto, G.; Torchio, M.; Ropolo, R.; Ferro, M.; Franceschini, R.; Quattrocchio, G.; Cacace, G.; Coppo, R.; Sena,

L.M. Removal systems of immunoglobulin A and immunoglobulin A containing complexes in IgA nephropathy and cirrhosis
patients. The role of asialoglycoprotein receptors. Lab. Investig. 1993, 69, 714–723. [PubMed]

108. Tomana, M.; Matousovic, K.; Julian, B.A.; Radl, J.; Konecny, K.; Mestecky, J. Galactose-deficient IgA1 in sera of IgA nephropathy
patients is present in complexes with IgG. Kidney Int. 1997, 52, 509–516. [CrossRef] [PubMed]

109. Suzuki, H.; Moldoveanu, Z.; Hall, S.; Brown, R.; Julian, B.A.; Wyatt, R.J.; Tomana, M.; Tomino, Y.; Novak, J.; Mestecky, J. IgA
nephropathy: Characterization of IgG antibodies specific for galactose-deficient IgA1. Contrib. Nephrol. 2007, 157, 129–133.
[CrossRef]

110. Cisar, J.O.; Sandberg, A.L.; Reddy, G.P.; Abeygunawardana, C.; Bush, C.A. Structural and antigenic types of cell wall polysac-
charides from viridans group streptococci with receptors for oral actinomyces and streptococcal lectins. Infect. Immun. 1997, 65,
5035–5041. [CrossRef] [PubMed]

111. Johnson, D.C.; Spear, P.G. O-linked oligosaccharides are acquired by herpes simplex virus glycoproteins in the Golgi apparatus.
Cell 1983, 32, 987–997. [CrossRef]

112. Kieff, E.; Dambaugh, T.; Heller, M.; King, W.; Cheung, A.; van Santen, V.; Hummel, M.; Beisel, C.; Fennewald, S.; Hennessy, K.;
et al. The biology and chemistry of Epstein-Barr virus. J. Infect. Dis. 1982, 146, 506–517. [CrossRef] [PubMed]

113. Wertz, G.W.; Krieger, M.; Ball, L.A. Structure and cell surface maturation of the attachment glycoprotein of human respiratory
syncytial virus in a cell line deficient in O glycosylation. J. Virol. 1989, 63, 4767–4776. [CrossRef] [PubMed]

114. Yanagawa, H.; Suzuki, H.; Suzuki, Y.; Kiryluk, K.; Gharavi, A.G.; Matsuoka, K.; Makita, Y.; Julian, B.A.; Novak, J.; Tomino, Y. A
panel of serum biomarkers differentiates IgA nephropathy from other renal diseases. PLoS ONE 2014, 9, e98081. [CrossRef]

115. Hamel, K.M.; Liarski, V.M.; Clark, M.R. Germinal center B-cells. Autoimmunity 2012, 45, 333–347. [CrossRef]
116. Huang, Z.Q.; Raska, M.; Stewart, T.J.; Reily, C.; King, R.G.; Crossman, D.K.; Crowley, M.R.; Hargett, A.; Zhang, Z.; Suzuki, H.;

et al. Somatic mutations modulate autoantibodies against galactose-deficient IgA1 in IgA nephropathy. J. Am. Soc. Nephrol. 2016,
27, 3278–3284. [CrossRef]

117. Tomana, M.; Novak, J.; Julian, B.A.; Matousovic, K.; Konecny, K.; Mestecky, J. Circulating immune complexes in IgA nephropathy
consist of IgA1 with galactose-deficient hinge region and antiglycan antibodies. J. Clin. Investig. 1999, 104, 73–81. [CrossRef]

118. Springer, G.F.; Tegtmeyer, H. Origin of anti-Thomsen-Friedenreich (T) and Tn agglutinins in man and in White Leghorn chicks.
Br. J. Haematol. 1981, 47, 453–460. [CrossRef]

119. Mestecky, J.; Novak, J.; Moldoveanu, Z.; Raska, M. IgA nephropathy enigma. Clin. Immunol. 2016, 172, 72–77. [CrossRef]
120. Raška, M.; Zadražil, J.; Horynová, M.S.; Kafková, L.R.; Vráblíková, A.; Matoušovic, K.; Novak, J.; Městecký, J. IgA nephropathy-
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