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Abstract

Background and aim IgA nephropathy is one of the lead-
ing causes of primary glomerulonephritis worldwide and an
important etiology of renal disease in young adults. IgA
nephropathy is considered an immune complex-mediated
disease.

Methods This review article summarizes recent evidence
on the pathophysiology of IgA nephropathy.

Results Current studies indicate an ordered sequence of
multi-hits as fundamental to disease occurrence. Altered
glycan structures in the hinge region of the heavy chains of
IgA1 molecules act as auto-antigens, potentially triggering
the production of glycan-specific autoantibodies. Recogni-
tion of novel epitopes by IgA and IgG antibodies leads to the
formation of immune complexes galactose deficient-IgA1/
anti-glycan IgG or IgA. Immune complexes of IgA com-
bined with FcaRI/CD89 have also been implicated in disease
exacerbation. These nephritogenic immune complexes are
formed in the circulation and deposited in renal mesangium.
Deposited immune complexes ultimately induce glomerular
injury, through the release of pro-inflammatory cytokines,
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secretion of chemokines and the resultant migration of
macrophages into the kidney. The TfR1/CD71 receptor has a
pivotal role in mesangial cells. New signaling intracellular
mechanisms have also been described.

Conclusion The knowledge of the whole pathophysiology
of this disease could provide the rational bases for devel-
oping novel approaches for diagnosis, for monitoring
disease activity, and for disease-specific treatment.
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Introduction

Immunoglobulin A nephropathy (IgAN) is a primary
glomerulonephritis, first described by Berger and Hinglais
in 1968 by the detection of mesangial immunodeposits of
immunoglobulin A (IgA) and immunoglobulin G (IgG) on
renal biopsies of patients with persistent microscopic
hematuria. IgAN is one of the leading causes of glomeru-
lonephritis worldwide. IgAN usually occurs in adolescents
and young adults with predominance of male gender, being
the male-to-female ratio 2:1 or 3:1 [1]. Although there are
clear geographical and ethnic variances, IgAN is more
common in Asians. IgAN was diagnosed in 40 % of native
kidney biopsies in Asia, compared with 20 % in Europe,
5-10 % in the United States and less than 5 % in Central
Africa [2]. It should be mentioned that differences in the
guidelines for renal biopsy might, at least in part, explain
the variability in the prevalence of IgA worldwide [3].
The commonest signs and symptoms of IgAN are
hematuria and variable degrees of proteinuria. Gross
hematuria is frequent in children after exposure to upper
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respiratory tract infections and may be the first symptom of
the disease [4]. In adults, IgAN usually runs an asymp-
tomatic course. Abnormal urine sediment and proteinuria
are found by routine health examination. The most com-
mon clinical presentation is macroscopic hematuria
accompanied by variable degree of proteinuria. Massive
proteinuria or nephrotic syndrome is unusual at diagnosis.
Moreover, IgAN is characterized by a highly variable
course that evolves from a mild renal disease without renal
function decline [5] to end-stage renal disease (ESRD)
[6, 7]. According to a Japanese cohort with 1012 IgAN
patients, renal survival was 84.3, 66.6 and 50.3 % in 10, 20
and 30 years, respectively [7]. In children, a reduction of
50 % in the estimative of glomerular filtration rate (GFR)
was reported in 12-18 % of patients with 5-10 years of
follow-up [8, 9]. Accordingly, renal survival was 87.6 %
among Chinese children and 86 % among Swiss children
followed for 4.6 and 10 years, respectively [8, 9]. There are
several clinical and histology factors that help to predict
the final outcome of patients with [gAN. Clinical predictors
of worse outcome are hypertension, altered renal function
at diagnosis, urinary protein excretion at the baseline and
urinary protein excretion during follow-up [10]. Histology
findings that indicate unfavorable outcomes are mesangial
hypercellularity (M), endocapillary hypercellularity (E),
segmental glomerulosclerosis (S) and interstitial fibro-
sis/tubular atrophy (T), according to the original studies
that proposed the Oxford classification [11, 12]. The
VALIGA (European Validation of the Oxford Classifica-
tion of IgAN) study evaluated 1147 patients from 13
European countries and also provided an independent
validation of the predictive value of the M, S and T lesions
across a broader spectrum of the disease [1]. However, a
systematic review and meta-analysis of 16 retrospective
studies that validated the Oxford classification did not
confirm the role of mesangial hypercellularity as a prog-
nostic factor and added the presence of crescents to the
other three factors (endocapillary hypercellularity, seg-
mental glomerulosclerosis and interstitial fibrosis/tubular
atrophy) as determinants of progression to ESRD [6].

The mesangial deposition of dominant or co-dominant
IgA is what defines the disease. Concomitant deposits of
IgG and IgM, C3 [13-16] and properdin [17] may also be
seen. C4 and C4d, mannose-binding lectin (MBL) and
C5b—C9 immunostaining can also be detected [18], while
Clq is usually absent [14, 16, 18]. It should be pointed,
however, that the immunostaining for C4 and C4d, man-
nose-binding lectin (MBL) and C5b—C9 in kidney biopsy is
sometimes difficult to reproduce and to interpret precisely.
These findings may suggest activation of alternative and
lectin pathways of the complement system in the patho-
genesis of IgAN [19]. However, mesangial granular IgA
deposits have also been documented in healthy population
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without evidence of renal injury [20] and in patients with
mesangioproliferative glomerulonephritis [21]. The aim of
this review article is to summarize the main findings related
to the pathophysiology of IgAN.

Physiological IgA structure and function

In humans, IgA exceeds the daily production of all other
immunoglobulins (~ 70 versus ~22 mg/kg/day of IgG and
~7T mg/kg/day of IgM). The lower plasma level of IgA
compared with that of IgG is due to shorter circulatory
half-life of IgA (5 versus 21 days of IgG) and the fact that
approximately two-thirds of produced IgA is selectively
transported to external secretions [2]. IgA is found in serum
and mucosal secretions in two distinct isotypes, IgAl and
IgA2. Both isotypes can form polymers. The multimeration
is dependent on the J chain at the C-terminus of a-chains.
In serum, IgA is mainly found as monomeric form (aound
80 % in healthy subjects). The predominant isotype is IgA1
(~85 % of total IgA), which is consistent with the domi-
nance of IgA1-producing plasma cells in the bone marrow.
On the other hand, polymeric IgA (dimers or tetramers)
predominates in external secretions [22]. The IgA1/IgA2
ratio reflects differential distribution of IgAl and IgA2
secreting cells in corresponding mucosal tissues. Accord-
ing to IgA1/IgA2 ratio, IgAl-secreting cells prevail in
salivary and lacrimal glands, respiratory tract and upper
gastrointestinal tract in comparison to a slight predomi-
nance of IgA2-secreting cells in the colon and female
reproductive system [23].

The predominant form of both IgAl and IgA2 in
mucosal secretion is secretory IgA (S-IgA) that constitutes
the first line of mucosal immunity [24]. To pass through the
mucosal epithelium, IgA specifically binds at the epithe-
lium basolateral surface to the polymeric immunoglobulin
receptor (pIgR). IgA dimerization is critical for the inter-
action with the extracellular domain of pIgR. The resultant
dimeric IgA (dIgA)/pIgR complex is internalized in
membrane vesicles and transferred to the apical cell sur-
face. dIgA is then released into mucosal secretions with a
secretory component, the extracellular portion of the pIgR.
Both components together form S-IgA [25]. S-IgA exists as
two subclasses, S-IgA1l and S-IgA2, where S-IgA2 has a
shorter hinge joining the Fab and Fc regions. Also, S-IgA2
is significantly nonplanar in its structure, in distinction to
the near planar structure of S-IgAl. The shorter hinge
region of IgA2 and the presence of secretory component
appear to displace the four Fab regions out of the Fc plane
in S-IgA2. Differences in the structure result in specific
immune properties for S-IgA2 and S-IgA1 and may explain
the differences of S-IgA1l and S-IgA2 in terms of interac-
tions with antigens, susceptibility to proteases and effects
on receptors [26].
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IgA has been primarily viewed as an anti-inflammatory
antibody. The presence of S-IgA at mucosal surfaces might
warrant that inflammatory processes are kept under control.
S-IgA prevents penetration of the mucosal wall by patho-
genic microorganisms or foreign antigens, serving as an
antiseptic barrier [27]. S-IgA can surround microorganisms
and be repelled by mucosal surfaces, can agglutinate
microbes and interfere with bacterial motility and can
interact with and neutralize bacterial products such as
enzymes and toxins [28]. Moreover, if antigens achieve the
lamina propria, dIgA can interact and transport them back
to the lumen via the pIgR route, before recognition by
inflammatory cells. This process might be an effective way
to clear the mucosa of undesired excessive immune com-
plexes that otherwise may trigger immune response [29].
Many IgA-deficient patients do not suffer from serious
complications but are more susceptible to allergies and
autoimmune diseases, suggesting that the lack or low levels
of S-IgA may lead to inappropriate immune response
against food components or indigenous bacterial flora. This
may also play a role in several mucosal disorders, such as
gluten-sensitive enteropathy and inflammatory bowel dis-
eases, since the frequencies of these diseases are increased
in selective IgA-deficient patients [29].

On the other hand, dIgA is also considered as a very
potent stimulus to initiate inflammatory process. Once
microbial flora and food components in the intestinal tract
reach the lamina propria through diffusion or transcytosis,
they are opsonized with dimeric IgA without the secretory
component. dIgA has also the ability to recruit neutrophils
and other cells of the myeloid lineage by interacting with
human IgA Fc receptor (FcaRI), also known as CD89. This
mechanism functions as a second line of defense in
mucosal areas.

In serum, IgA has also a dual function in immune
responses, acting as pro- or anti-inflammatory substance.
Naturally occurring serum monomeric IgA induces inhi-
bitory signals through FcaRI/CD89, likely to dampen
excessive inflammatory responses in serum. Several
groups have demonstrated that, in the absence of antigens,
serum IgA downregulates IgG-mediated phagocytosis,
chemotaxis, bactericidal activity, oxidative burst activity,
and cytokine release in human cells in vitro [30]. Instead,
dimeric or multimeric IgA-opsonized pathogens lead to
potent pro-inflammatory responses when binding to FcaRI
in neutrophils and Kupffer cells to clear the infection
[28]. Thus, FcaRI can act as a molecular switch, directing
signals toward either an activating or an inhibitory func-
tion within the immune system. It should be mentioned
that FcoRI can also be shed from cell membrane, being
referred as soluble FcaRI. IgA-soluble FcoRI complexes
have also an important role in IgAN, as detailed in next
sections.

Heavy chains of IgA1 and IgA2 show marked homology
in their primary structure (CH2, 99.3 % and CH3, 98 %
homology) [2]. The main difference between these two
subtypes is the hinge region (HR) between domains one
and two of the heavy chain (CH1 and CH2), leading to
diverse biological properties. I[gA1 has duplicated insertion
of amino acids in HR, while this structure is absent in I[gA2
[24]. The extended HR of IgA1 may add sequential flexi-
bility for the Fab fragment and, thereby, increases the
antigen-binding capacity. However, IgA1 HR is highly
susceptible to specific I[gAl proteases, such as serine and
cysteine proteases. Most of these enzymes are specific for
human IgA1l HR, considering the low homology of this
region in other vertebrates [2]. These enzymes are pro-
duced by Haemophilus influenzae, Streptococcus
pneumoniae, Neisseria meningitidis, Neisseria gonor-
rhoeae, Streptococcus sanguis and other bacteria [24]. The
antigen specificity is also distinct between the two subtypes
of IgA. In general, antibodies specific for proteins and
glycoproteins of microbial or food origin are present
dominantly in the IgAl isotype while antibodies to
polysaccharides, lipopolysaccharides and lipoteichoic acid
are associated mainly with the IgA2 isotype [31].

Figure 1 shows the structure of galactose-deficient
IgAl. IgAl contains a HR rich in proline, serine and
threonine. Normal human IgAl in the circulation has
simple core O-glycosides basically composed by N-acetyl-
galactosamine carbohydrate linked to an oxygen atom of
serine or threonine in the HR. Attached to N-acetyl-
galactosamine is galactose, forming O-glycans. Usually, no
more than six among the nine residues of serine and thre-
onine are glycosylated in each HR, acting as potential sites
for O-glycan attachment. Four and five glycans attached to
HR are the commonest form [32]. This O-glycan structure
is lacking in IgA2. O-glycosylation is mediated by specific
glycosyltransferases in the Golgi apparatus of IgAl-se-
creting cells [33]. The O-glycans’ binding regions consist
of N-acetylgalactosamine (GalNAc) with [31,3-linked
galactose (Gal), with or without attached sialic acid (N-
acetylneuraminic acid—NeuNAc) [34]. The synthesis of
the O-glycoside is initiated via enzymatic addition of
GalNAc to serine or threonine residues by UDP-
GalNAc:polypeptide = N-acetylgalactosaminyltransferases
(GalNACcTs). Gal is linked to the GalNAc by the enzyme
B1,3-galactosyltransferase (C1GalT1). The stability of
C1GalT1 is given by its specific chaperone, Core 1 $1,3-
galactosyltransferase-specific chaperone (Cosmc). The
sialic acid NeuNAc is linked to GalNAc by o2,6-sialyl-
transferase GalNAc I and II (ST6GalNAc I or ST6GalNAc
II) or linked to Gal by o2,3-sialyltransferase [35].

The composition of carbohydrates in normal serum
IgAl is quite variable. Most prevalent form includes Gal-
NAc-Gal disaccharide (T antigen), with mono- and di-
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Fig. 1 Schematic view of the O-glycosylation of immunoglobulin A1
showing the heterogeneity of O-glycans in hinge region. CH, heavy
chain; GalNAc, N-acetylgalactosamine; GalNAcTs, N-acetylgalacto-
syltransferases; Ser, serine; Thr, threonine; NeuAc, neuraminic acid;
Gd-IgAl, galactosylated-deficient immunoglobulin Al; C1GalTl,

sialylated residues. Serum IgAl usually presents few
galactose-deficient O-glycosides (Gd-IgAl) [31]. Patients
with IgAN have increased levels of circulating free O-
glycoside IgA1l (Tn antigen). When sialylated, this struc-
ture is known as sialylated Tn antigen (STn) [36, 37]. The
Tn antigen is part of the epitope recognized by IgG and
IgA, forming immune complexes capable of inducing renal
lesion [38, 39].

Brief overview of IgA nephropathy pathogenesis

The pathogenesis of IgAN is still not completely eluci-
dated. Current studies indicate an ordered sequence of
“four hits” as fundamental to the disease occurrence
[2, 35, 40, 41]. Figure 2 shows a schematic view of the
“four hits”. First, there is an anomalous production of
galactosylated-deficient IgAl O-glycoforms. Genetic
stimuli and innate immune response, mainly via Toll-like
receptors (TLRs), seem to be involved in this process,
which also alters the crosstalk between mucosa and bone
marrow [42]. Mucosal B lymphocytes, that produce
galactosylated-deficient IgAl, are displaced to systemic
sites, especially the bone marrow, raising the serum Gal-
deficient IgA1l (Gd-IgAl). However, the presence of cir-
culating aberrant IgAl alone is not sufficient to cause
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kidney injury. The “second hit” in the pathogenesis of
IgAN is the production of antibodies against the under-
galactosylated hinge. These antibodies are naturally
occurring in the plasma, but their production may be
exacerbated following infections by bacteria and virus that
express N-acetylgalactosamine as surface antigens. A
cross-immune response thus happens between antigens of
microorganisms and Gd-IgAl [43]. Episodes of gross
hematuria after infections of air or intestinal mucosa are
described as clinical manifestations of IgAN [4]. IgAN is,
therefore, considered an immune complex-mediated dis-
ease in which autoantibodies, IgG and IgA, are produced
against the Gd-IgAl. Binding of glycan-specific IgG and
IgA antibodies to aberrant IgAl forms the immune com-
plexes, which are the “third hit” in the pathogenesis of
IgAN [44]. The formation of circulating Gd-IgA1 immune
complexes induces an alteration in the interaction between
IgA and FcoRI/CD89, the IgA receptor in myeloid cells
[25]. As a consequence, cleavage of the extracellular
domain of FcoRlI is induced, leading to the formation of
circulating Gd-IgA/FcaRI immune complexes. Immune
complexes with soluble Gd-IgA/FcaRI are also implicated
in the pathogenesis of IgAN [25]. Antibody binding to
IgAl hinge hampers the recognition of IgAl by the liver,
consequently reducing the serum clearance of this
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Fig. 2 Schematic view of the “four hits” related to the pathogenesis
of immunoglobulin A nephropathy (IgAN). B lymphocytes produce
galactosylated-deficient immunoglobulin A1 (Gd-IgAl) that triggers
the production of glycan-specific autoantibodies in circulation. The
binding of these antibodies to Gd-IgAl leads to the formation of

molecule. The trigger for renal injury is the deposition of
immune complexes in the glomerular mesangium, defined
as the “fourth hit” [45, 46]. These immune complexes are
formed by Gd-IgA/FcoRI and Gd-IgA/IgG or IgA. The
deposition of these immune complexes occurs mainly in
mesangium with little tubular or epithelial deposits. There
is evidence that immune complexes of higher sizes are
more likely to induce kidney damage than smaller ones
[39]. The transferrin receptor (TfR1/CD71) is a known
mesangial receptor able to bind and internalize pIgAl and
immune complexes containing IgAl [31]. Immune com-
plexes containing Gd-IgA1 deposition are initial inducers
of inflammation. By activating other glomerular and
tubular cells, the inflammatory process, which is initially
restricted to mesangial areas, progresses to glomerular and
tubulointerstitial sites [41].

Insights from genetic studies
The cause of primary IgAN is unknown. While most [gAN

patients are sporadic cases, familial aggregation of the dis-
ease has been well recognized [47-51]. Familial clustering
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immune complexes (IC). The liver is not able to remove IC. The
immune complexes deposit in renal mesangium. B cells type B
lymphocytes, Gd-IgAl galactosylated-deficient Immunoglobulin Al,
Anti-Gd-1gAl antibodies against galactosylated-deficient
Immunoglobulin A1; /C immune complexes

of a disease often suggests a genetic effect. However, gen-
ome-wide association studies (GWAS) of sporadic cases of
IgAN was considered the most promising approach to
identify susceptibility genes. These studies were aimed at
detecting variants at genomic loci that are associated with
some diseases, as IgAN [52]. The first published GWAS for
IgAN was performed in Europe [53] and was followed by
three larger studies performed in Chinese cohorts [54, 55]
and European and East Asian ancestry [56]. Several sus-
ceptibility loci were identified and candidate gene approach
based on the disease pathogenesis pointed out the mean-
ingful genes. The implicated pathways include antigen
processing and presentation [major histocompatibility com-
plex (MHC) region], the complement system (CFHR1/3 and
ITGAM-ITGAX loci), regulation of mucosal IgA produc-
tion (TNFSF13 and LIF/OSM loci), and innate immunity
against pathogens (DEFA, CARD9Y, ITGAM-ITGAX, and
VAV3 loci) [57]. Only 47 % of the disease variance can be
due to these loci [53-55, 58].

Complex selective pressure is suggested by the close
correlation between the IgA nephropathy risk allele fre-
quencies and the variation of disease prevalence among
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different ethnic populations. Helminth infection could be a
potential source of selection pressure, as the highest global
burden of soil-transmitted helminthes infections occurs in
Asia. The increased incidence of IgAN in Asia may rep-
resent an untoward consequence of protective adaptation to
mucosal invasion by local pathogens. The enhanced
immune response conferred by risk alleles would simulta-
neously explain the known association of mucosal
infections as a trigger for I[gAN [56].

Immune system and mucosa-bone marrow crosstalk

Classically, the immune system is divided into innate and
adaptive immunity [59]. The innate response is rapid but
nonspecific. Innate immunity includes recognition of
pathogen-associated molecular patterns (PAMPs) by mac-
rophages, dendritic cells, leukocytes, and other cells,
followed by opsonization and phagocytosis. Receptors of
PAMPs are the Toll-like receptors (TLRs). TLRs belong to
a family of pattern-recognition receptors that link innate
and acquired immune system [60]. Activation of TLRs
induces the maturation of dendritic cells, cytokine release
and recruitment of macrophages and lymphocytes. Mature
dendritic cells interact with T cells, activating specific T
cell response—the adaptive response [42].

The production of mucosal IgA occurs by the activation of
follicular B cells in germinal centers. The antigen-presenting
cells located below the specialized M cells take up antigens
and present them to T helper cells. The interaction between B
and T cells under cytokines stimulation, mainly transforming
growth factor (TGF)-beta and interleukin (IL)-10, stimulates
B cells to undergo class switching from IgM to IgA and
somatic hypermutation for affinity maturation [61]. However,
the stimulation of IgA production occurs also by a T cell-
independent pathway. The TLR/MyDS88 (TLR2, TLR4,
TLRS, TLRY) activated by antigens may stimulate antigen-
presenting cells in the lamina propria and stromal cells to
release innate response signals (as BAFF, APRIL, TNF, TGF-
beta, retinoic acid), which in turn promotes the conversion of
IgM to IgA in B cells, regardless of T-lymphocytes [35].

It has been suggested that changes in the immune
response of the mucosa cells leads to reduced antigen
clearance with continuous antigen exposure, which may
trigger the production of anomalous IgA1 [42]. In several
experimental studies, antigens capable of enhancing serum
altered IgAl or inducing IgAN have been tested, such as
Staphylococcus aureus [62], H. influenzae [63], Sendai
virus [64, 65], gliadin [66]. On the other hand, no food or
viral antigens were consistently found in mesangial
deposits, suggesting a nonspecific alteration of IgAl pro-
duction via innate immune response [42]. The mechanisms
of this unbalance are still unknown. There is evidence that
TLRs are possible culprits, both in the increased production
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of abnormal IgAl, as well in the aberrant glycosylation
[67-69]. TRLY are hyperexpressed in plasmocytoid den-
dritic cells in tonsils of patients with IgAN [68].
Upregulation of TLR4 was found in patients with IgAN,
particularly associated with proteinuria and microscopic
hematuria [67]. Furthermore, reduced levels of the chap-
erone (Cosmc) were found to be involved in
undergalactosylation. This process is promoted via acti-
vation of TLR4 by bacterial LPS in vitro [69].

Despite the association of respiratory and intestinal
infections with IgAN exacerbation, it is well recognized
that circulating Gd-IgA1 antibodies are primarily produced
in the bone marrow [70]. Some researchers suggest that B
cells previously encountered the antigens at other sites and,
at that point, relocated them to bone marrow [42]. It has
been hypothesized that there is a defect in the crosstalk
between mucosa and bone marrow, induced by cytokines
and adhesion molecules [70]. IgA-secreting cells have
traffic pattern associated with their site of origin. Homing
and differentiation of plasma cells in the lamina propria of
the small gut is associated with upregulation of integrin
a4p7, CCR9 and CCR10 receptors, whereas the expression
of integrin 04B1 and CXCR4 is linked to the homing and
differentiation of B cells in the bone marrow [71]. Batra
and co-workers showed increased expression of a4f1 by
CD3T cells in patients with IgAN [72].

Abnormal glycosylation of IgA1l

Studies with IgAN patients showed alterations in glycosy-
lation of circulating IgA1 [73, 74] and IgA1 from mesangial
immunodeposits [75]. Typically, the hinge region of IgAl
contains O-glycans formed by N-acetylgalactosamine and
the disaccharide galactose (GalNAc-Gal, also known as T
antigen) and their sialylated forms (ST antigens)
[30, 37, 76]. Some IgA1l molecules in patients with IgAN
present O-glycosides with galactose deficiency in HR, which
consist of only GalNAc (Tn antigen) or GalNAc terminal
with sialylation (sTn antigen). This finding was inferred
from the reduction of reactivity of IgA1 to specific T lectins
antigens (jacalin) in patients with IgAN [73], and increased
reactivity to GalNAc-specific lectins, such as that produced
by Helix aspersa [36].

Using Epstein—Barr virus in circulating B cells that
produce IgA, the under-galactosylation was seen only in
patients with [gAN, compared to normal controls [43]. This
change can be basically explained by the expression of key
enzymes in the O-glycosylation pathway [36, 77, 78]. First
of all, there are different subtypes of N-acetylgalactosyl-
transferases (GalNAcTs). GalNAcT2 is ubiquitous and
appears to have a predominant role in IgA O-glycosylation.
GalNACcT2 rarely attaches glycans to sites next to GalNAc
regions of the HR. However, five GalNAcTs, rather than
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GalNAcT2, showed very weak and almost negligible
activity toward HR, and their specificities were totally
different from those of GalNAc-T2 [77]. Indeed, the link
between isotypes of GalNAcT and O-glycosylation defects
is still unclear. Probably, the increased expression and
activity of sialyltransferase ST6GalNAc II may result in a
premature sialylation, which, in turn, inhibits the attach-
ment of galactose to N-acetylgalactosamine in IgAl Tn
antigens. Accordingly, Suzuki et al. observed an increased
expression of ST6GalNAc II in B lymphocytes from
patients with IgAN [36]. In addition, reduced expression
and activity of galactosyltransferase C1GalT1 [36] and
decreased expression of ClGalTl-specific chaperone
Cosmc [78] have also been observed in peripheral B
lymphocytes from patients with IgAN.

It should be mentioned that data concerning either
intrinsic or extrinsic regulation of glycosylation of IgAl in
B cells are still limited. Among serum proteins with
O-glycosylation, two have been studied in detail in patients
with IgAN: the C1 esterase inhibitor and IgD. In both
cases, there were no alterations to the O-galactosylation
pattern in patients with IgAN [79]. The result indicates that
patients with IgAN exhibit galactose-deficient O-glycans
uniquely on IgAl in the circulation, but not on other gly-
coproteins. These observations argue against the existence
of a global deficit in O-glycosylation of serum proteins in
IgAN, and suggest that this defect may be limited to a
specific B lymphocyte population secreting Gd-IgAl.
Moreover, only a fraction of B lymphocytes produces Gd-
IgAl in patients with IgAN [36]. It is now recognized that
O-glycosylation defects happen in late stages of B cell
development and maturation as a consequence of abnormal
immune regulation induced by acquired stimuli [42]. Fur-
thermore, external stimuli and cytokines influence the
O-glycosylation of IgA [35]. Increased Th2 response can
reduce the O-glycosylation of IgA [80]. IL-4 stimulation of
B cell lines causes increased production of IgA and sig-
nificant reduction in the levels of Cosmc mRNA and of
C1GalT1 mRNA, leading to a defect in the galactosylation
of HR [67]. Cosmc inhibition was also evidenced by LPS
stimulation of B lymphocytes [69]. All these evidences
point to an acquired defect of glycosylation whose stimulus
comes from an abnormal immune response.

On the other hand, evidence of a genetic contribution for
IgAN has come to light. Recently, researchers have found
that microRNAs may play an important role in the patho-
genesis of IgAN [81, 82]. MicroRNAs (miRNAs) are short,
noncoding RNA molecules that regulate gene expression.
Patients with IgAN exhibited lower CIGALT1 expression,
which negatively correlated with miR-148b expression
[81]. Also, GalNACcT?2 is a potential target of the miRNA
called let-7b. In IgAN patients, this miRNA is significantly
upregulated compared with healthy blood donors. In

ex vivo experiments, let-7b decreased GalNAcT?2 levels in
peripheral blood mononuclear cells of IgAN patients,
whereas the loss of let-7b function in healthy blood donors
led to an increase of GalNAcT2 mRNA and its protein
level [82].

Recently, a new approach to hypogalactosylated struc-
tures is being analyzed based on microheterogeneity
studies [34, 83]. This approach includes the direct deter-
mination of sites of attachment of the O-glycans as well as
the characterization of microheterogeneity of glycans at
each site. For example, in normal individuals, Thr228,
Ser230, Ser232 and Thr233 residues are the most common
sites attached to glycan, while Thr225 and Thr236 residues
are predominantly hypogalactosylated. Indeed, for IgAl
myeloma protein, Thr225, Thr228 and Ser232 were pre-
dominantly attached to GalNAc-Gal disaccharide, whereas
GalNAc-Gal deficient or the absence of glycan was
determined at Ser230, Thr233 and Thr236 [33]. This
microheterogeneity in HR rises a new questioning,
extrapolated to IgAN. It is highly possible that the shapes
of nephritogenic Gd-IgA1 arise not only from galactosy-
lation insufficiency, but also from different binding sites of
O-glycosides at amino acid residues in HR.

Anti-glycan antibodies and immune complexes

As a result of deficiency of galactose, residues of N-
acetylgalactosamine in the truncated IgAl hinges are
exposed as novel epitopes [44]. Poorly galactosylated IgA1
O-glycoforms may act as auto-antigens, potentially trig-
gering the production of glycan-specific autoantibodies.
Recognition of novel epitopes by IgA and IgG antibodies
leads to the formation of immune complexes Gd-IgA1/IgA
and Gd-IgA1/IgG [44]. Virtually, all serum Gd-IgAl is
combined with other anti-glycan-specific antibody [19].
Anti-glycoside antibodies occur naturally in plasma. Some
bacteria and virus express N-acetylgalactosamine as sur-
face antigens. An infection by these agents could facilitate
the production of anti-glycosides, which might cross-react
with Gd-IgA, causing or exacerbating I[gAN [45]. This may
explain why urinary abnormalities are often intensified
during episodes of upper airway infections in patients with
IgAN [4].

Moreover, it seems that the anti-glycoside antibodies in
patients with IgAN have a peculiarity in their primary
structure with high affinity for Gd-IgAl, as shown by
Suzuki et al. [43]. This research group has cloned EBV-
immortalized lymphocytes that secreted IgG with speci-
ficity for Gd-IgA1l. The analysis of the sequence of light
(VL) and heavy (Vy) chains of IgG showed unique fea-
tures in complementarity-determining region three
(CDR3) of Vy. Serine was observed in the third position
of CDR3 from six of seven patients with I[gAN. On the
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other hand, alanine was detected in the same position
from all six healthy controls. Furthermore, on reversing
the residue serine to alanine through site-directed muta-
genesis, there was a reduction of the affinity of
recombinant IgG for Gd-IgA1 [43]. Currently, we still do
not know if this change (Ala to Ser in CDR3) originates
from genetic variation or somatic mutation during an
active immune response [31].

The production of complexes with IgA reduces plasma
clearance [84]. IgA is catabolized mainly by the liver,
through the asialoglycoprotein receptor (ASGP-R), which
recognizes sialylated glycoproteins [85, 86]. In the case of
IgA, Gal and terminal GalNAc are recognized. However,
binding of the anti-GalNAc glycoside-specific antibody
prevents recognition of glycosides in HR by ASGP-R,
thereby reducing catabolism. Also, immune complexes
have difficulty to cross hepatic fenestrated capillaries up to
the space of Disse, consequently reducing the contact with
hepatocytes expressing ASGP-R [2].

Furthermore, the level of specific IgG anti-glycoside is
increased in patients with IgAN and is associated with
degree of proteinuria and with the amount of urinary IgA1-
IgG immune complexes [43]. Increased antigen—antibody
complexes of IgAl were observed in acute episodes of
gross hematuria [43]. Consequently, immune complexes
not effectively metabolized by the liver are deposited in
mesangial region due to high molecular weight [87]. This
deposition stimulates mesangial proliferation and local
cytokines release [88].

Immune complexes with soluble FcaRI/CD89 are also
implicated in the pathogenesis of IgAN [25]. FcaRI is the
only Fc receptor that specifically binds to IgA. Physio-
logically, FcaRI plays an essential anti-inflammatory role
in immunity by allowing the transmission of inhibitory
signals as a consequence of binding to serum monomeric
IgA. This effect prevents the development of autoimmu-
nity. Moreover, when combined to FcRy, FcoRI can act as
a molecular switch, directing signals toward either anti- or
pro-inflammatory actions. FcRy-associated FcaRI mediates
either activating (with multimeric IgA) or inhibitory
responses (with monomeric IgA), being a dual-function
type receptor that operates differently according to the type
of ligand [25]. In IgAN, the formation of circulating Gd-
IgAl immune complexes induces an alteration in the
interaction between IgA and FcaRI (e.g., increased affinity
or increased aggregation). As a consequence, cleavage of
the extracellular domain of FcaRI is induced, leading to the
formation of circulating IgA/FcoRI immune complexes,
which are found in mesangial deposits. [gA/FcaRI immune
complexes have been implicated in disease exacerbation
through the release of pro-inflammatory cytokines, secre-
tion of chemokines and the resultant migration of
macrophages into the kidney [40, 89-91].
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Mesangial deposition of immune complexes
with Gd-IgAl, cell activation and glomerular injury

The deposition of immune complexes (IC) of Gd-IgAl/
specific anti-glycan IgG in the mesangium plays a critical
role in the pathogenesis of IgAN [45, 46]. Isolated depo-
sition of Gd-IgA1 or isolated glycoside antibodies is not
sufficient to trigger inflammatory response [39, 92]. The
deposition is predominantly in the mesangium with limited
amount of immune complexes in podocytes and tubular
epithelial cells [41].

Studies with cultured human mesangial cells showed
that immune complexes (Gd-IgA1/IgG) of high molecular
weight (>800 kDa) had greater impact on mesangial pro-
liferation and cytokine production. In contrast, Gd-IgAl,
complexed or non-complexed into smaller immune com-
plexes, was not able to induce mesangial proliferation
[39, 93]. Of note is the fact that immune complexes with a
definite molecular mass induced further mesangial prolif-
eration in patients with IgAN compared to healthy controls
[84]. Moreover, immune complexes containing higher
amounts of Gd-IgAl produced more intense mesangial
proliferation [39]. On the other hand, no GalNAc epitopes
were found in the mesangium, suggesting that specific IgG
deposition is not directly targeted to the mesangium with-
out formation of immune complexes in situ [43]. Such
findings show how relevant Gd-IgAl antigens and Gd-
IgA1/specific IgG or IgA antibodies are to the formation of
immune complexes and the essential role of passive
deposition of circulating immune complexes containing
Gd-IgA1l for the activation of mesangial cells.

The role of soluble FcaRI mesangial deposition in the
pathogenesis of IgAN was further supported by findings
obtained with transgenic mice expressing FcoRI. These
animals spontaneously developed IgAN with IgA mesangial
deposition, macrophage infiltration, hematuria, weak pro-
teinuria, but without renal dysfunction [94]. After crossing
mice overexpressing human IgA1l and human FcaRI mice,
the offspring spontaneously presented a complete pheno-
type of human IgAN, with kidney inflammation, IgAl
mesangial deposition, hematuria, and proteinuria [95]. The
double transgenic model confirmed that the IgAl/FcaRI
interactions conferred to circulating immune complexes a
nephritogenic behavior on the mesangium [25].

Signaling pathways of immune response in the kidney of
patients with IgAN remain to be clarified. Indeed, some
classic receptors for IgA (pIgR, FcaRI and Fc-o/puR) were
not found in mesangial cells of some patients with IgAN
[96]. Also, IgAl receptors in podocytes and tubular
epithelial cells are still unknown [41]. In this regard, Kaneko
et al. identified integrin o1/B1 and o2/B1 heterodimer as a
potential receptor for IgA1 in human glomerular mesangial
cells in IgAN [97]. The combination of IgAl with this
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receptor induced mesangial cell proliferation and collagen
deposition [97]. The transferrin receptor (TfR1/CD71) is
another well-known mesangial receptor able to bind and
internalize pIgAl and immune complexes containing IgAl
[31]. Moreover, the binding and internalization trigger a
positive feedback loop, inducing higher expression of TfR1/
CD71 in mesangial cells [98]. The IgAl/sFcoRI immune
complexes have also the capacity to bind mesangial TfR1
[95]. IgA1 deposition involved a direct binding of sFcaRI to
mesangial TfR1, resulting in TfR1 upregulation [40].
sFcaRI-TfR1 interaction induced mesangial surface
expression of transglutaminase 2 (TGase2), which in turn
upregulated TfR1 expression. Tissue TGase2 was consid-
ered an essential molecule in IgAN pathogenesis in mice as
it controls mesangial deposition of IgA1 complexes that lead
to renal dysfunction. TGase2 would be the factor responsible
for TfR1 overexpression in primary cells implicated in IgA-
related diseases and celiac disease. In the absence of trans-
glutaminase 2, IgAl/sFcaRI deposits were dramatically
impaired. Therefore, TGase2 may facilitate IgA1/sFcaRI
deposition and mesangial cell activation, being considered a
potential target for therapeutic intervention [95].

In IgAN, kidney injury begins with the activation of
mesangial cells, which alters the profile of cytokines and
other mediators. Novak et al. showed that there are two
types of IgA immune complexes (stimulatory and inhibi-
tory) capable of producing distinct patterns of intracellular
phosphorylation. Stimulatory immune complexes have
higher mass with elevated amounts of Gd-IgAl. These
immune complexes exhibited strong stimulatory effect on
expression of IL-6 and IL-8 genes [93]. Polymeric IgAl
interactions with TfR1 on human mesangial cells induced
cell proliferation and secretion of IL-6 through activation
of phosphoinositide 3-kinase (PI3K)/protein kinase B
(AKT)/mechanistic target of rapamycin (MTOR) and the
extracellular signal-regulated kinase (ERK) 1/2 kinase
pathways [25]. Tamouza et al. showed activation of the
MAPK/ERK pathway (identified by ERK1/2 phosphory-
lation) in a subgroup of IgAN patients presenting with high
blood pressure and proteinuria higher than 1 g per day.
Interestingly, IgAN patients with less pronounced pro-
teinuria had no expression of mesangial p-ERK1/2 in spite
of the presence of IgA deposits in the mesangium [99]. The
link between mesangial ERKI1/2 phosphorylation and
proteinuria in IgAN patients points to a dysregulated
mesangial-podocyte crosstalk, resulting in an altered fil-
tration barrier (indirect podocyte injury through mesangial
stimulation) [99].

The complement system also plays a significant role in
the pathogenesis of IgAN. Complement activation occurs
via three pathways: (1) classic pathway, activated primarily
by immune complexes with IgG and IgM, but also by
necrotic or apoptotic cells and acute-phase proteins such as

C-reactive protein [100], (2) alternative pathway, initiated
by spontaneous breaking of the C3 component, but with
current evidence of the participation of properdin as ini-
tiator, in addition to its role in stabilizing the C3 convertase
[101], and (3) lectin pathway, which, instead of using
antibodies to recognize pathogens, acts through plasma
proteins, such as mannose-binding lectins (MBL) and
ficolins, to identify carbohydrate patterns found on the
surface of microorganisms [100]. Regardless of the com-
plement pathway, an amplification cascade is initiated in
IgAN, which releases soluble pro-inflammatory molecules
and membrane attack complex (C5b—9 complex), resulting
in osmotic cell lysis. The complement system is highly
regulated by short half-life activated factors and endoge-
nous regulatory proteins [100]. In ~90 % of IgAN
patients, C3 is detected in the glomerulus [13—16]. The
activation of the alternative complement pathway is also
suggested by: (1) the presence of properdin in most renal
biopsies, co-localized with IgA deposits [17], (2) the
absence of Clq [14, 16, 18] and (3) the elevation of C3
catabolites in serum of patients with IgAN [101]. However,
recent findings also suggest the involvement of the lectin
pathway in IgA nephropathy [102]. Mesangial deposits of
MBL are seen in 25 % of patients with IgAN [18].
Mesangial deposits of MBL and C4 and/or C4 catabolites
are potential markers for the progression of IgAN
[103, 104]. In contrast, patients with MBL deficiency tend
to show better clinical presentation and lower levels of
serum creatinine and proteinuria than patients without
MBL deficiency [105, 106]. N-glycans present on the
heavy chains of secretory IgAl are candidate ligands for
lectin pathway activation [107]. However, further studies
are essential to confirm the role of MBL ligands in the
pathogenesis of IgAN.

Activation of mesangial cells by immune system has
been considered the initial step of inflammation in the
pathogenesis of IgAN [108]. Figure 3 shows the pathways
related to renal injury in patients with IgAN. Activated
mesangial cells could initiate three mechanisms that
operate independently or synergistically to develop kidney
injury in IgAN patients: (1) tubulointerstitial infiltration by
monocytes and macrophages; (2) tubulointerstitial injury
secondary to intraluminal exposure to albumin; and (3)
glomerulus—podocyte—tubule crosstalk [41]. Mesangial
cells activated by immune complexes proliferate and
release extracellular matrix proteins, chemokines and
cytokines. Such pro-inflammatory and pro-fibrotic mole-
cules (TNF, IL-6, angiotensin II, platelet-derived growth
factor) modify the gene expression of podocyte and stim-
ulate the infiltration of inflammatory cells into the
tubulointerstitial compartment [41]. The attracted inflam-
matory cells, in turn, release further cytokines that activate
tubular epithelial cells, which amplify the inflammatory
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Fig. 3 Schematic view of the pathways related to renal injury in
patients with immunoglobulin A nephropathy (IgAN). The deposition
of immune complexes (galactose-deficient IgA1 combined with anti-
glycan IgG/IgA) in mesangium triggers complement activation,
production of angiotensin II, recruitment of inflammatory cytokines,
and stimulation of renal fibrosis. These mechanisms resulted in
podocyte and renal tubular cell injury, leading to progressive renal

cascade by releasing more pro-inflammatory and pro-fi-
brotic mediators. A positive feedback loop is then
activated, perpetuating the process. Inflammatory media-
tors released by mesangial cells may also change the slit
diaphragm in podocytes, thus causing proteinuria.
Proteinuria, by itself, stimulates chemotaxis and migration
of immune cells in various glomerular diseases [109].

Concluding remarks
IgA nephropathy is an immune complex-mediated disease

with a multi-hit kinetics. The IgAN pathophysiology is not
yet fully elucidated, as well as the role of IgA in the
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regulation of immune—inflammatory functions. However,
knowledge of the pathophysiology of this immune complex
disease has undoubtedly progressed with discoveries
involving the structure of hypogalactosylated IgA, the
formation of antibodies directed against these new epi-
topes, the formation and mesangial deposition of Gd-IgA/
IgG or IgA and Gd-IgA/FcoRI immune complexes and the
glomerulus—podocyte—tubule crosstalk. Studies on IgA
receptors allowed advances even in the understanding of
normal IgA immune response. The characterization of
FcoRI/CDS89 receptor highlighted the duality of IgA in
promoting immune response, pro- or anti-inflammatory,
according to their binders. Furthermore, it was demon-
strated that the soluble FcaRI is capable of interacting with
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mesangial receptors, notably TfR1/CD71, and, thereby,
triggering the activation of the mesangial cell. Some sig-
naling mechanisms in mesangial cells have also been
described, such as transglutaminase 2, activation of the
MAPK/ERK pathway and activation of the alternative and
lectin pathways. These, and further advances in the studies
of the molecular basis and mechanisms of IgAN, will
provide essential information for future earlier diagnosis,
better monitoring of the clinical course or response to
treatment and, ultimately, disease-specific therapy.
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