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Abstract

IgA nephropathy (IgAN) is the leading cause of primary glomerulonephritis in the world. The 

disease is characterized by the presence of immune complexes in the circulation and in mesangial 

deposits with ensuing glomerular injury. Although in humans there are two IgA subclasses, only 

IgA1 molecules are involved. The exclusivity of participation of IgA1 in IgAN prompted extensive 

structural and immunological studies of the unique hinge region (HR) of IgA1, which is absent in 

otherwise highly homologous IgA2. HR of IgA1 with altered O-glycans serves as an antigen 

recognized by autoantibodies specific for aberrant HR glycans leading to the generation of 

nephritogenic immune complexes. However, there are several unresolved questions concerning the 

phylogenetic origin of human IgA1 HR, the structural basis of its antigenicity, the origin of 

antibodies specific for HR with altered glycan moieties, the regulatory defects in IgA1 

glycosylation pathways, and the potential approaches applicable to the disease-specific 

interventions in the formation of nephritogenic immune complexes. This review focuses on the 

gaps in our knowledge of molecular and cellular events that are involved in the 

immunopathogenesis of IgAN.
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1. Introduction

Since the time of its discovery in 1968 [1], IgA nephropathy (IgAN) has been considered a 

chronic renal disease driven by mesangial deposition of immune complexes (IC). Up to 50% 

of patients with IgAN progress to end-stage renal disease, as there is no disease-specific 

treatment [2]. IgAN has a distinct world-wide geographic distribution, with the highest 

incidence in East Asia and the lowest incidence in central Africa. This differential 

geographic distribution can be at least partially explained by the variable number of genetic 

risk alleles of IgAN-associated loci and the local species abundance of parasites and bacteria 

[3–5]. It has been accepted that the pathogenesis of IgAN is driven by IgA-containing IC 

that form in the circulation and some of them deposit in the kidney to incite glomerular 

injury [6]. IgA in the pathogenic IC is of the IgA1 subclass and enriched for glycoforms 

deficient in galactose (Gal) at some hinge-region (HR) O-glycans (Gd-IgA1) [7–9]. Gd-

IgA1 is bound in these complexes by autoantibodies recognizing glycans in the HR of Gd-

IgA1 [9, 10]. Although there is limited information available concerning the characteristics 

of the IC present in the circulation and in mesangial deposits, as well as the association with 

clinical progression of disease, further studies of the origin of Gd-IgA1 and characteristics 

of the autoantibodies are needed to elucidate some of the basic mechanisms of this disease 

[2, 11, 12]. In this brief review, we attempt to highlight some of the unresolved issues and 

challenges to foster further progress in the clarification of molecular and cellular 

mechanisms involved in the disease pathogenesis. Inevitably, this is an incomplete and 

partially biased review of results and their interpretations, reflecting the many unanswered 

and challenging questions in the field.

2. Why IgA1?

Although immunoglobulins (Igs) structurally analogous to human IgA appear in the 

circulation of many species, IgA is the major Ig isotype produced in humans in quantities 

that by far exceed the combined production of Igs of all other isotypes [13]. Extensive 

comparative studies of Ig isotypes from various vertebrate species revealed several structural 

features intrinsic to IgA molecules, including the ability to produce IgA in monomeric (m) 

as well as in polymeric (p) forms, to bind covalently to the J chain through the penultimate 

Cys residue of the extended constant (C) regions of heavy (H) chains, to display unique 

glycan structures, and to participate in a selective, receptor-mediated transepithelial transport 

of J chain-containing pIgA into external secretions [13].

In humans and hominoid primates, there are two IgA subclasses, IgA1 and IgA2, which 

display a very high degree of structural homology in the C regions of α1 and α2 chains with 

the exception of a unique HR between Cα1 and Cα2 domains [14]. The molecular shape 

and dimensions of IgA1 and IgA2 are almost identical, except for the greater flexibility and 

length of the Fab arms of IgA1 due to the presence of extended HR when compared to IgA2 

[13]. The amino-acid sequence homology of Cα1, Cα2 and Cα3 heavy chain domains of 

IgA1 and IgA2 is 90%, 93% and 98%, respectively [13]. In other words, the primary 

structures of the entire human α1 and α2 C regions differ only in 14 of 340 amino-acid 

residues, with the exception of HR.
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Human Igs of the IgG, IgA and IgD isotypes contain HRs of variable length (from 12 to 64 

amino-acid residues) and composition. There are some notable differences as well as 

similarities in HRs of IgA1, IgA2 and IgD. The most striking difference in the HR of α1 and 

α2 H chains is in the insertion of 13 amino-acid residues in HR of α1 H chains. A detailed 

comparison of human, chimpanzee, and gorilla IgA HRs with IgA HRs of 10 other species 

(including 13 subclasses of lagomorphs’ IgA) clearly demonstrates the structural uniqueness 

of human and hominoid primate IgA1 [13–15]. Due to the duplicated octapeptide with Pro, 

Ser, and Thr residues and the Ser/Thr-attached glycans, the HR of IgA1 is reminiscent of 

that of mucin glycopeptides with O-glycans. However, the origin of the gene segment 

encoding the HR of IgA1 remains unknown. Despite the structural similarities to mucin, it is 

unlikely that the two structures have a common ancestor [16]. The HR of IgA1 is susceptible 

to the cleavage by a large family of bacterial enzymes, IgA-specific proteases whose only 

known substrate in nature is the HR [16]. These enzymes constitute a functionally identical 

but enzymatically diverse group of proteases [16]. IgA1 HR-specific proteases have been 

identified in several human respiratory-tract mucosal pathogens and are thought to 

contribute to immune-evasion from human IgA1. Elongated IgA1 HR provides extended 

flexibility to both IgA1 Fab arms allowing, theoretically, interaction of IgA1 with a large 

range of spatially diverse epitopes. IgA1-specific proteases may thus represent an adaptation 

of several bacteria species to avoid the protective role of IgA1. Unique and sequentially 

specific cleavage of IgA1 HR by IgA1-specific protease has been employed for studies of 

IgA1 HR glycosylation and the Gd-IgA1 interaction with specific autoantibodies [9, 17, 18]. 

Furthermore, the ability of an IgA1 protease to cleave IgA1 into Fab and Fc regions and thus 

disrupt the formed IC has been considered in the treatment of IgAN (see below).

3. What is the origin and molecular form of nephritogenic Gd-IgA1?

It has been shown that Gd-IgA1 is produced by some IgA1-producing cells due to altered 

expression and activity of key glycosyltransferases [19]. However, a highly challenging 

question, potentially related to future therapeutic approaches, is related to the tissue origin of 

Gd-IgA1-producing cells. Several indirect pieces of evidence indicate that cells producing 

Gd-IgA1 may originate from mucosal tissues. First, Gd-IgA1 in the glomerular deposits of 

IgAN patients is polymeric, which is a form typical for mucosal IgA [13]. Second, 

macroscopic hematuria episodes typical for IgAN are often associated with upper-

respiratory tract and/or gastrointestinal tract infections [2, 11, 20], indicating that mucosal 

inflammatory conditions associated with local cytokine stimulation (as discussed below) 

could induce in predisposed individuals enhanced production of Gd-IgA1 [21, 22]. The 

explanation of how pGd-IgA1 produced in mucosal tissue could reach the systemic 

compartment could be based on observation that a proportion of pIgA1 produced by lamina 

propria plasma cells may be directed to systemic compartment instead of being targeted to 

secretions through the interaction with receptor for polymeric immunoglobulins (pIgR) on 

the epithelial cells [23]. Mutation in the pIgR gene was identified in a population of 

Japanese IgAN patients and was proposed as the potential contributor to IgAN [24]. Another 

explanation for the presence of pIgA in plasma is consistent with alterations in the homing 

of IgA1-producing cells migrating from the inductive to the effector sites through systemic 

circulation [25]. Nevertheless, pIgA- and J chain-producing cells have been also detected in 
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the bone marrow from IgAN patients [26–30]. Although these studies suggested the close 

association between increased serum IgA levels and numbers of IgA plasma cells in the 

bone marrow of IgAN patients, such correlation was not confirmed for the IgA1 subclass 

[27]. Another report indicated that number of IgA plasma cells was elevated in the bone 

marrow of IgAN patients, but these cells did not produce pIgA1 [30]. Thus, a clear evidence 

for the bone-marrow origin of pGd-IgA1-producing plasma cells is missing.

In the circulation of IgAN patients, Gd-IgA1 is bound by unique Gd-IgA1-specific 

autoantibodies that can result in the formation of pathogenic IC [9, 10]. The IC activate 

mesangial cells in vitro, inducing cellular proliferation and overproduction of extracellular 

matrix components and cytokines/chemokines (for review see [31]). To activate mesangial-

cell proliferation, Gd-IgA1 must be present in IC; uncomplexed Gd-IgA1 does not stimulate 

proliferation of mesangial cells (for reviews see [11, 32]. Moreover, it was observed that the 

levels of IgA-containing IC correlated with disease activity [33] and the circulatory levels of 

the components of these complexes, Gd-IgA1 and anti-Gd-IgA1 autoantibodies, predict 

disease progression and, in IgAN patients with transplanted kidney, the disease recurrence 

[34–36].

3.1. What are the epitopes for Gd-IgA1-specific autoantibodies?

Autologous antibodies to IgA have been detected not only in sera of patients with IgA 

deficiency but also in apparently healthy individuals [37–43]. Detailed studies of the 

specificity and isotype association revealed that such antibodies are mainly of the IgG 

isotype but are also present, albeit at lower levels, in the IgM and even IgA isotypes [8]. 

Furthermore, these antibodies were found at elevated levels in IgAN patients [9, 10, 43]. 

With respect to their specificity, the antibodies react with native molecules of IgA1 myeloma 

proteins, polyclonal secretory IgA from human milk, as well as Fab but not Fc fragments 

obtained by cleavage of IgA1 myeloma protein with IgA-specific protease from 

Haemophilus influenzae [9]. After this treatment with H. influenzae protease, most of HR 

remained associated with the Fab [9]; because the enzymatic removal of HR O-glycans 

reduced autoantibody binding, we concluded that anti-IgA1 antibodies required O-glycans 

of HR [9]. Furthermore, the removal of sialic acid (SA) and Gal significantly enhanced the 

antibody binding [10]. This observation indicated that N-acetylglucosamine (GalNAc) 

represented the dominant epitope [9]. However, the location and context of the involved 

GalNAc residue(s) have not been conclusively established. Based on the earlier experiments 

[43] and the progress in the analysis of IgA1 clustered O-glycans by high-resolution mass 

spectrometry (for review see [44]), GalNAc residues attached to Thr 228 and/or Ser 230 are 

the likely candidates [9, 45, 46]. Although the enzymatic removal of SA and Gal enhances 

the reactivity with antibodies, further studies are necessary to determine the precise identity 

of the epitope. Notably, Gd-IgA1 bound in IC by corresponding antibody reacts with lectins 

specific for GalNAc, thus indicating that not all GalNAc residues are covered by Gd-IgA1-

specific antibodies.

3.2. What is the origin of anti-Gd-IgA1 antibodies?

The origin of anti-GalNAc antibodies has not been conclusively established. It is not clear 

whether Gd-IgA1 is the antigen solely responsible for inducing such antibodies, because 
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anti-Gd-IgA1 antibodies are found also in sera of healthy individuals. Moreover, sera of 

several animal species (pigs, rabbits, cows, camels, llamas, donkeys, goats, sheep, mice, and 

rats) have anti-Gd-IgA1 antibodies [47]. By analogy with other glycan-specific antibodies, 

such as isohemagglutinins specific for terminal Gal or GalNAc of blood group substances, it 

appears that antibodies binding to GalNAc-containing glycoconjugates may be induced by 

cross-reacting antigens of microbial origin [48]. In the case of IgAN, surface glycoproteins 

and glycoconjugates with terminal GalNAc from Epstein-Barr virus, respiratory syncytial 

virus, herpes simplex virus, and streptococci [47, 49–53] may be responsible for their initial 

induction of Gd-IgA1-specific autoantibodies [9]. The cross-reacting antigens of Gram-

negative bacteria are also involved in the induction of IgM-associated antibodies against Tn 

antigen (likely consisting of three vicinary GalNAc residues) on O-glycans expressed on 

surfaces of erythrocytes, platelets, monocytes, lymphocytes, and polymorphonuclear 

leukocytes of patients with Tn syndrome [54], a disease analogous to IgAN [55]. Some 

enterobacteria express highly immunogenic T antigen (Gal-GalNAc) and Tn antigen 

(GalNAc), and the corresponding antibodies are elicited by normal microbiota, as confirmed 

in germ-free animals [48]. Thus, anti-Tn antibodies could be elicited in human infants and 

adults after feeding or inhalation of live or killed Escherichia coli (O86) [48].

4. What potential approaches are explored for the disease-specific 

treatment of IgAN?

Currently, there is no disease-specific therapy available that can selectively prevent 

formation or enhance removal of nephritogenic IC [2]. Several novel approaches have been 

considered and designed to interfere with the formation of nephritogenic IC based on 

immunological and biochemical strategies (for review see [6]).

4.1. Inhibition of Gd-IgA1 production

The elimination of cells producing Gd-IgA1 would be one of desirable goals that would 

prevent formation of nephritogenic Gd-IgA1-containing IC. However, the tissue origin and 

phenotype of such cells has not been determined. We do not know whether cells that 

produce Gd-IgA1 also express the same glycoform of IgA1 on their surfaces; furthermore 

IgA1 on the B cells surface is likely to be covered by anti-Gd-IgA1 antibodies and, thus, not 

necessarily accessible for differential recognition. There is a possibility that cells, ultimately 

producing Gd-IgA1 after their differentiation, do not express IgA on their surfaces and 

proceed in their differentiation from sIgM+ cells directly to the IgA-secreting cells [56]. 

Moreover, we do not know how such Gd-IgA1-secreting cells may be affected by human 

microbiome and how are such interactions genetically regulated [57].

Alternatively, it would be desirable to “correct” the glycosylation defect in IgA1-producing 

cells. Several glycosyltransferases were identified to be involved in O-glycosylation of IgA1 

HR and at least three of them are abnormally expressed in Gd-IgA1-producing cells, 

including core 1 β1,3-galactosyltransferase (C1GalT1), α-N-acetylgalactosaminide α-2,6-

sialyltransferase 2 (ST6GalNAc-II), and an O-glycosylation-initiating enzyme (N-

acetylgalactosaminyltransferase 14; GalNAcT14) (Fig. 1) [19, 58–61]. Recently, it was 

shown that the pro-inflammatory cytokine IL-6 and to a lesser extent IL-4, could enhance 
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production of Gd-IgA1 in cells from IgAN patients by affecting the expression level and 

activity of C1GalT1 and ST6GalNAc-II [22]; it is possible that these enzymes can be 

therapeutically targeted by agents blocking IL-6 signaling, particularly mediated through 

Jak-STAT pathway [62].

4.2. Interference with generation of nephritogenic IC

Inhibition of the formation of pathogenic Gd-IgA1-containing ICs is another attractive 

possibility for disease-specific therapy (for reviews see [6, 11]. The current view of the 

properties of IC suggests that they consist of two dimeric molecules of Gd-IgA1 bound by 

one or two molecules of IgG autoantibody [12]. Circulating ICs (CICs) with the molecular 

mass of ∼800–900 kDa display nephritogenic characteristics (activate cellular proliferation 

of mesangial cells), whereas the smaller CICs tend to be less active (for review see [12, 32, 

44]. There are two potential approaches to prevent the formation of such complexes (Fig. 1). 

To interfere with the cross-linking of Gd-IgA1 by IgG autoantibodies, it is possible to use, 

for example, IgA1 HR-derived E. coli-expressed recombinant or synthetic peptides with 

GalNAc attached enzymatically [6, 46]. Such an approach does not require detailed 

information about particular epitope recognized by patient’s Gd-IgA1-specific 

autoantibodies. However, several questions arise, namely concerning stability and potential 

immunogenicity of such glycoconjugates.

In the second approach we proposed [6, 11, 31] to generate monovalent fragments of 

antibodies specific for HR GalNAc and, thus, prevent the formation of pathogenic ICs. This 

goal can be achieved by generation of single chain Fv fragments (variable regions of H and 

light chains linked by a peptide chain) of antibodies specific for Gd-IgA1. Even more 

attractive is the possibility to generate such reagents by a novel technology based on the 

unexpected uniqueness of some camelid antibodies, which comprise two covalently linked H 

chains, and the antigen-binding site consists only of the variable-regions’ domains without 

light chain participation [63, 64]. Through the use of molecular genetic manipulations, 

monoclonal, highly specific monovalent antibodies containing only the variable region of H 

chain (designated VHH or “nanobodies”) can be generated [11, 65]. Both approaches are 

currently pursued in our laboratories.

4.3. Inhibition of IC-induced signaling in mesangial cells

As detailed before, we proposed a multi-hit hypothesis for pathogenesis of IgAN [6]. 

Specifically, Gd-IgA1 produced in elevated amounts in patients with IgAN (Hit 1) is 

recognized in the circulation by unique autoantibodies (Hit 2), resulting in the formation of 

pathogenic IC (Hit 3), some of which ultimately deposit in the glomerular mesangium, 

activate mesangial cells and induce renal injury (Hit 4) (for review see [32]). Gd-IgA1-

containing IC activates cultured human mesangial cells, as evidenced by phosphorylation of 

multiple proteins [66–68]. Consequently, strategies using inhibitors of specific protein 

kinases can be a useful strategy for patients at risk of progressive renal disease [32].

4.4. Proteolytic digestion of IgA1 in the glomerular deposits

The HR of human IgA1 is susceptible to the digestion by several enzymes from many strains 

and species of pathogenic or commensal bacteria resulting in the generation of Fab and Fc 
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fragments [16]. It appears that not only the free IgA1 but also IgA1 in IC is susceptible to 

the proteolytic cleavage, resulting in their solubilization and at least partial elimination from 

mesangial of mice injected with human IC containing IgA1 [69]. Although attractive, this 

approach has little chance of success in the treatment of IgAN for several reasons. If injected 

in humans, IgA1 proteases would first encounter an enormous excess of its substrate, IgA1 

in the circulation, before reaching the mesangium. This approach is applicable only to 

experimental animals whose endogenous IgA is not susceptible to the cleavage by IgA1 

proteases and may therefore exhibit their activity in murine mesangium with human IgA1-

containing complexes [70]. The inevitable generation of large quantities of Fab and Fc 

fragments in the circulation of IgA1-protease-treated patients is likely to have unacceptable 

consequences [71]. Furthermore, the majority of bacterial IgA1 proteases induce, as 

microbial antigens, potent humoral responses manifested by the presence of neutralizing 

antibodies [16]. IgA1 proteases produced by selected oral bacteria are the only exception, 

probably due to the fact that such bacteria colonize oral cavities of children shortly after the 

birth and may thus elicit low immune responses due to the induction of mucosal tolerance 

[16, 72, 73]. Therefore, the anticipated frequently repeated use of IgA1 proteases required 

for solubilization of continuously generated complexes is not likely to be successful.

5. How useful are animal models of IgAN?

Although several small-animal models of IgAN have been described, their shortcomings 

limit their utility and interpretation relevant to human disease [74]. Most importantly, IgA 

present in sera and secretions of experimental animals - such as mice, rats, and ferrets - 

resemble human IgA2 and do not contain HR with O-glycans [11]. Therefore, the putative 

antigen, Gal-deficient HR glycan essential for the formation of IC is absent. Moreover, the 

IgA systems in humans and experimental animals display marked differences in the 

dominant molecular forms, biosynthesis, catabolism and transport [15]. In contrast to 

humans, almost all IgA in the murine circulation is present in the polymeric form and is 

effectively removed either in the free form or as IC from the circulation by the pIgR 

expressed on hepatocytes, which thus participate in the hepatobiliary transport [15]. 

However, murine models may be useful in assessing some aspects of IgAN, including the 

testing of various inhibitors of immune-complex formation or activity (for review, see [12]).

6. Conclusions

The available data concerning the marked structural and immunological differences between 

human IgA1 and IgA2 and the critical role of HR of IgA1 with its aberrant glycosylation 

provide a plausible explanation for the exclusive association of the IgA1 with the formation 

of nephritogenic IC in patients with IgAN. Additional studies are required to determine the 

roles of specific glycosyltransferases and the defects in the regulation of HR glycosylation to 

provide the physiological basis for the disease-specific interventions and rational therapy.
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Abbreviations

ASGPR Asialoglycoprotein receptor

CIC Circulating immune complexes

Gd-IgA1 Galactose-deficient IgA1

GalNAc N-acetylgalactosamine

HR Hinge region

IC Immune complexes

IgAN IgA nephropathy

mIgA Monomeric IgA

pIgA Polymeric IgA

pIgR Polymeric immunoglobulin receptor
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Fig. 1. Proposed pathogenesis of IgA nephropathy and potential therapeutic approaches
A hypothesis on the multi-hit process of the pathogenesis of IgAN explains autoimmune 

features of the disease, wherein Gd-IgA1 is recognized by anti-Gd-IgA1 autoantibodies, 

resulting in the formation of immune complexes, some of which deposit in the kidney and 

incite glomerular injury [6]. Mucosal infection-associated inflammatory mediators may in 

genetically predisposed subjects activate plasma-cell precursors, possibly originating from 

mucosal tissues, to produce pGd-IgA1 at higher proportions in IgAN patients (red arrows) 

relative to healthy controls (blue arrows).
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Gal deficiency is associated with aberrant O-glycosylation of IgA1 HR (A)O-glycosylation 

is initiated by a family of UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferases 

(GalNAc-Ts) which catalyze the transfer of GalNAc from UDP-GalNAc to the hydroxyl 

group on Ser or Thr residues (S/T). GalNAc-T2 was the identified as the key enzyme 

initiating glycosylation of IgA1 [75]. GalNAc-T14 is another candidate GalNAc-T involved 

in IgA1 HR O-glycosylation [12, 76]. Attachment of GalNAc is followed by addition of Gal 

from UDP-Gal catalyzed by C1GalT1. Synthesis of the stable enzyme C1GalT1 depends on 

Core 1 β1,3-galactosyltransferase-specific chaperone (Cosmc). The Core 1 disaccharide can 

be decorated with sialic acid residue(s) transferred from CMP-neuraminic acid (CMP-

NeuAc) by sialyltransferases to either Gal or GalNAc or both. The reactions are catalyzed 

by a Galβ1,3GalNAc α2,3-sialyltransferase (ST3Gal) and a α2,6-sialyltransferase 

(ST6GalNAc), respectively. In IgA1-producing cells, sialylation of GalNAc is catalyzed 

exclusively by ST6GalNAc II [19, 58]. Patients with IgAN have elevated serum levels of 

aberrantly glycosylated IgA1, with some of their O-glycans Gal-deficient and, thus, 

composed of GalNAc or sialylated GalNAc [19, 58]. This aberrancy is associated with 

decreased activity of C1GalT1 and increased activity of ST6GalNAc II, in the IgA1-

producing cells from the patients with IgAN [19]. Sialylated GalNAc (α2,6) represents a 

terminal step of the O-glycosylation pathway, as it presents a block for further O-glycan 

processing [22, 77].

pGd-IgA1 in the circulation is recognized by autoantibodies specific for Gd-IgA1 HR 

glycans or glycopeptides, leading to the formation of nephritogenic circulating immune 

complexes (CIC). pGd-IgA1-containing CIC are not effectively eliminated by liver clearance 

(hepatocytes) because of its large size precluding entry into the space of Disse and the 

reduced binding to liver receptor for IgA, the asialoglycoprotein receptor (ASGPR), due to 

occupation of Gd-IgA1 O-glycans by the autoantibody. In contrast, normal circulatory IgA1, 

mostly monomeric, is effectively eliminated by liver hepatocytes after binding to ASGPR 

(blue arrows).

Therapeutic outlook for interference with immune-complex formation (B). Formation of 

CIC in IgAN could be prevented by monovalent analogs of Gd-IgA1-specific autoantibodies 

(scFv, Fab, VHH) or by analogs of Gd-IgA1 hinge region (α1-HR-α2, HR). scFv, Fab, VHH 

would block the epitopes on Gd-IgA1, whereas α1-HR-α2 or HR must be prepared as 

GalNAc-osylated polypeptides to neutralize Gd-IgA1-specific autoantibodies.

Nephritogenic CIC are inefficiently eliminated by liver clearance and ultimately may deposit 

in the mesangium after passing through fenestrae in glomerular capillary endothelial cells. 

CIC bind to mesangial cells, involving transferrin receptor (CD71), and activate them. This 

process may be enhanced by alternative complement pathway activation. Subsequently, 

mesangial cells proliferate and produce inflammatory mediators and extracellular matrix 

proteins, thus inciting glomerular injury (C)
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