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IgA nephropathy (IgAN) is the most prevalent primary glomerulonephritis worldwide, with

diverse clinical manifestations characterized by recurrent gross hematuria or microscopic

hematuria, and pathological changes featuring poorly O-galactosylated IgA1 deposition

in the glomerular mesangium. Pathogenesis has always been the focus of IgAN studies.

After 50 years of research, most scholars agree that IgAN is a group of clinicopathological

syndromes with certain common immunopathological characteristics, and multiple

mechanisms are involved in its pathogenesis, including immunology, genetics, and

environmental or nutritional factors. However, the precise pathogenetic mechanisms

have not been fully determined. One hypothesis about the pathogenesis of IgAN

suggests that immunological factors are engaged in all aspects of IgAN development and

play a critical role. A variety of immune cells (e.g., dendritic cells, NK cells, macrophages,

T-lymphocyte subsets, and B-lymphocytes, etc.) and molecules (e.g., IgA receptors,

Toll-like receptors, complements, etc.) in innate and adaptive immunity are involved in

the pathogenesis of IgAN. Moreover, the abnormality of mucosal immune regulation

is the core of IgAN immunopathogenesis. The roles of tonsil immunity or intestinal

mucosal immunity, which have received more attention in recent years, are supported

by mounting evidence. In this review, we will explore the latest research insights on the

role of immune modulation in the pathogenesis of IgAN. With a better understanding of

immunopathogenesis of IgAN, emerging therapies will soon become realized.

Keywords: glomerular mesangium, IgA nephropathy, immunopathogenesis, mucosal immune, innate immunity,

adaptive immunity

INTRODUCTION

IgA nephropathy (IgAN) is a clinicopathological syndrome, with diverse clinical manifestations
characterized by repeated episodes of gross or microscopic hematuria, and pathological changes
featuring IgA1 deposition in the glomerular mesangium, mesangial cell proliferation, and
matrix expansion (1). IgAN is the most common primary glomerulonephritis worldwide,
and it causes 25–50% of patients to develop end-stage renal disease (ESRD) within 20
years of diagnosis and shortens life expectancy by 10 years, although the course usually
evolves gradually (2). The incidence of IgAN is influenced by region, ethnicity, and
race; the highest incidence is in Asia, where it accounts for up to 60% of glomerular
disease, which is significantly more than the incidence in Europe (30%) and America
(10%) (3). Available data confirm that the prevalence of IgAN varies among different
races and that IgAN has a high tendency for family aggregation. Genetic factors are

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2020.00092
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2020.00092&domain=pdf&date_stamp=2020-03-24
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:ri-k@ncchd.go.jp
https://doi.org/10.3389/fmed.2020.00092
https://www.frontiersin.org/articles/10.3389/fmed.2020.00092/full
http://loop.frontiersin.org/people/803390/overview
http://loop.frontiersin.org/people/81822/overview


Chang and Li Immunomodulation in Pathogenesis of IgAN

thought to be related to the occurrence and development of
IgAN, although differences in the strategies and techniques
for renal biopsy in different countries or regions should
be considered. More specifically, the histopathological
manifestations of IgAN based on characteristic IgA1, which is
immunoprecipitated in the glomerulus alone or concomitant
with immunoglobulin, may help to elucidate the autoimmune
disease properties of IgAN. Immunological events play a decisive
role in the pathogenesis of IgAN.

The most widely accepted hypothesis about the pathogenesis
of IgAN has been known as a “four-hit” hypothesis (Figure 1)
(4). That is, the development of IgAN requires at least four

processes (called “hits”): (1) increased synthesis of poorly O-
galactosylated IgA1 (also called Galactose-deficient IgA1, Gd-

IgA1) in circulation; (2) production of autoantibodies against
Gd-IgA1; (3) formation of immune complexes containing
pathogenic O-galactosylated IgA1; and (4) mesangial deposition
of these immune complexes activating mesangial cells and
subsequently impairing glomeruli. In fact, multiple immune
cells and many immune molecules in the immune system

FIGURE 1 | “Four Hits” Hypothesis of IgA Nephropathy. In individuals with a genetic predisposition to IgA nephropathy, infection, or other events destroy the mucosal

barrier defense function. Chronic stimulation such as pathogenic microbial or alimentary antigens are taken up by antigen-presenting cells, thereby activating B cells,

and differentiating into plasma cell secreted IgA in T-cell-dependent or non-dependent manners. Due to the abnormal regulation of mucosal-bone marrow axis, the

mis-expression of homing receptors on the surface of B/plasm cells leads to increased synthesis of poorly glycosylated IgA1 (Gd-IgA1) and self-aggregation to form

aggregated Gd-IgA1 (Hit 1). The aberrant exposure of GalNAc of Gd-IgA1 as antigen stimulates B cells to differentiate into plasma cells and synthesizes anti-Gd-IgA1

autoantibodies (Hit 2). The Gd-IgA1 immune complex (Gd-IgA1-IC) is formed by anti-Gd-IgA1 autoantibodies binding to Gd-IgA1 along with soluble sCD89 (Hit 3).

Macromolecular Gd-IgA1-IC binds to the IgA receptor (CD71) expressed on mesangial cells and deposits on the glomerular mesangium. Subsequently, the mesangial

cells release various inflammatory factors (cytokines, chemokines, growth factors, etc.) under the stimulation of ICs, attracting and recruiting multiple subsets of T

cells, macrophages, neutrophils infiltration, and activating the lectin pathway and alternative pathway of the complement system. Synergistic effects lead to glomerular

injuries such as mesangial hyperplasia, matrix expansion, and interstitial fibrosis (Hit 4). DC, Dendritic cell; TLRs, Toll like receptors; APRIL, a proliferation-inducing

ligand; DAMPs, damage-associated molecular patterns; PAMPs, pathogen-associated molecular patterns; Gd-IgA1, poorly glycosylated IgA1/Galactose-deficient

IgA1; AP, The alternative pathway; LP, The lectin pathway.

participate in the pathogenesis of IgAN through diverse
mechanisms. This review focuses on the immune modulation
of IgAN and summarizes the mechanisms associated with
its pathogenesis.

ROLE OF POORLY O-GALACTOSYLATED
IGA1 AND IGA RECEPTORS IN IGAN

Abundant clinical and laboratory evidence show that both innate
and adaptive immunity play important roles in various aspects
of the immunological pathogenesis of IgAN. It is generally
agreed that IgAN does not originate from a single “hit” of
pathogenic disease, but from the result of multiple consecutive
but distinct “hits” of different pathogenic diseases. As mentioned
in the Introduction, the first hit is that individuals with a
genetic predisposition develop aberrant immune responses to
common and environmental causes, which leads to an increase
of poorly O-galactosylated IgA1 in the serum. As previously
reported (5), IgA accounts for about 15% of total serum
immunoglobulins in humans and it is mainly present in
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the mucosal area (i.e., alimentary, respiratory, and urogenital
tracts), but is also found in the blood. Structurally, IgA
exists in two isotypes, IgA1 and IgA2, each of which can be
divided into monomeric (mIgA) and polymeric (pIgA, mainly
dimeric) forms. Based on location, it can also be categorized
as serum IgA or secretory IgA (SIgA). Monomeric IgA is
found predominantly in the serum, most of which is produced
in the bone marrow. SIgA is mainly present in the mucosal
areas and secretions, whereas PIgA is present at low levels in
serum. The pIgA1 components are diverse, including dimeric
IgA, SIgA, and IgA immune complexes (6). The primary
function of SIgA on the mucosa and secretions is to neutralize
toxins and prevent the infiltration and invasion of microbes
(commensals and pathogens) through the mucosal epithelial
barrier, thereby preventing systemic infection and maintaining a
physiologically essential symbiotic relationship with commensals
(7). The difference between human IgA1 and IgA2 lies only
in the absence of 13 amino acids in the hinge region of
IgA2. The hinge region of IgA1, however, consists of unusual
repeated sequences rich in proline, serine, and threonine, with
serine-containing O-linked oligosaccharide chains (8). The O-
glycosylation consists of a core N-acetylgalactosamine (GalNAc),
which is extended with β-1,3-linked Gal or further with sialic
acid in α-2,3 and/or α-2,6 linkage. However, in the peripheral
blood and renal tissues of patients with IgAN, the glycosylation
of IgA1molecules often lacks galactose molecules (Gal), resulting
in the formation of monosaccharide side chains (i.e., aberrant
glycosylation) containing only a single GalNAc, which may be
related to the impaired function of β-1,3-galactosyltransferase.
Altered glycosylation favors self-aggregation of IgA1 (9); in
addition, aberrant glycosylation results in GalNAc exposure and
is recognized by normal IgG and IgA1 antibodies in the body to
form immune complexes (10). IgA immune complexes, which are
composed of aberrantly glycosylated IgA1, may escape clearance
from the liver and preferentially deposit in the kidney due to
enhanced lectin reactivity with fibronectin, laminin, and collagen
in the glomerular mesangial matrix.

Although aberrant IgA1 levels have been observed in
peripheral blood and kidney biopsies from patients with IgAN,
the source of this poorly O-galactosylated IgA1 has been
of concern and several clinical observations have generated
interest. Time-zero renal transplant biopsies were performed
in 510 renal transplant donors in a controlled study from
Japan (11). They found that mesangial IgA deposition was
present in 16.1% of donor kidneys with no statistically
significant difference between living donors and cadaveric
donors or between related donors and non-related donors. IgA
mesangial deposition often occurs in untreated celiac disease,
and although IgA appears to be deposited, it rarely induces
clinically significant glomerulonephritis. Another considerable
phenomenon associated with kidney transplantation is IgA
deposition. This frequently recurs in the allograft, with published
recurrence rates of 10–53%, and recurrence tends to occur in the
late phase of the post-transplant period. Additionally, after the
kidney of a subclinical IgAN donor is implanted into a non-IgAN
recipient, IgA deposits were removed from the kidney within a
few weeks. The above data suggest that IgA1 immune complexes

in glomerular mesangium of patients with IgAN are a result of
deposition as opposed to in situ synthesis (12). Moreover, IgA
deposition alone is not necessarily the main cause of kidney
damage, and sometimes these subclinical IgA deposits are cleared
and alleviated spontaneously (13).

To identify the molecular basis for aberrant IgA1 levels, an
in vitro model analyzed the pathway of IgA1-producing cells
from peripheral blood cells of patients with IgAN. The results
showed that β-1,3-galactosyltransferase activity decreased, and
N-acetylgalactosamine-specific α-2,6-sialyltransferase activity
increased in IgA1-producing cells of patients with IgAN.
Consequently, the data suggest that premature sialylation may
contribute to abnormal IgA1 glycosylation in IgAN (14).

It has been demonstrated that aberrant glycosylation of
IgA1, irrespective of O-glycans or N-glycans (15), significantly
contributes to the pathogenesis of IgAN. An in vitro study using
a model of human mesangial cells found that the aggregated
IgA1 with underglycosylation from patients with IgAN bound
glomerular mesangial cells with more high affinity and could
induce profibrotic cytokine production and proliferation in
mesangial cells, and the effects were more significant compared
to aggregated IgA1 from a healthy control group (16). In
addition, aberrantly glycosylated IgA1 acts as an autoantigen and
forms IgG autoantibodies against Gal-deficient IgA1 molecules;
these bind to the aberrantly glycosylated IgA1 molecules to
form circulating immune complexes that are deposited in the
glomerular mesangium, thereby causing kidney damage (17).

In recent years, the role of receptor-ligand binding between
IgA1 circulating immune complexes and IgA receptors of
mesangial cells in the pathogenesis of IgAN has attracted much
attention. The deposition of circulating immune complexes in
the renal mesangium mainly depends on its high affinity to
IgAl receptors on mesangial cells. After binding, mesangial
cells are induced to secrete inflammatory factors and activate
complements, leading to pathological changes and clinical
symptoms of IgAN. It is generally believed that the IgA receptor
family comprises polymeric Ig receptors, involved in epithelial
transport of IgA/IgM, myeloid-specific IgA Fc receptors
(FcαRI or CD89), Fcα/µR, and some other IgA receptors.
These are asialoglycoprotein receptors, transferrin receptors
(TfR1 or CD71), FCRL4, and DC-SIGN/SIGNR1, which are
involved in IgA catabolism and tissue IgA deposition (18).
Recently, another new IgA receptor has been identified, namely
β-1,4-galactosyltransferase 1 (β-1,4-GalT1). It is expressed
constitutively by the human mesangial cells and its levels are
increased in patients with IgAN. This receptor plays an important
role in the deposition and clearance of mesangial IgA (19).

However, CD89 and CD71 are currently considered more
important than other receptors and have accordingly attracted
more attention. In a transgenic murine model co-expressing
human IgA1 and CD89, the mice exhibited IgA1-sCD89
complexes in circulation, mesangial deposits, and subsequent
glomerular inflammation in a similar manner as IgAN patients,
whereas mice expressing only IgA1 did not experience mesangial
impairment or renal dysfunction. However, following sCD89
injection, sCD89 and IgA1 deposits were detected in the
mesangium of IgA1-expressing mice (20). It is proposed
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that the pathogenic complexes containing polymeric Gd-IgA1
could facilitate IgA binding to CD89 on blood monocytes
(21). The cleavage of FcRc-less CD89 would produce soluble
CD89/Gd-IgA1 complexes, that would be deposited in the
mesangium via IgA1-sCD89 complexes binding to CD71. The
interaction of sCD89 with CD71 could induce expression of
transglutaminase 2 (TGase2) at the mesangial surface, which
upregulates CD71 and triggers an inflammatory feedback loop
through enhanced expression and mesangial cell proliferation as
well as inflammatory factors. These data indicate that interactions
among IgA1, sCD89, CD71, and TGase2 in mesangial cells are
required for IgAN progression.

A previous study demonstrated that the aberrantly
glycosylated IgA from IgAN patients contained higher molecular
weight pIgA than the normal IgA1 from healthy individuals.
And more importantly, the serum IgA immune complexes from
patients with IgAN bound more strongly to CD71, but soluble
CD71 could significantly block this binding (22). It has been
suggested that deposited pIgA1 or IgA1 immune complexes
could initiate a process of auto-amplification involving the
hyperexpression of CD71, allowing increased IgA1 mesangial
deposition of pIgA1 or IgA1 immune complexes may trigger the
self-amplification, which correlates to upregulation of CD71,
thereby prompting IgA1 deposits in glomerular mesangium
(23). Nevertheless, the novel findings in a recent study should
be considered seriously (24), as the authors found that human
IgA1 can cause glomerular damage in people without significant
glycosylation defects, as long as serum levels are high enough or
affinity is immature. Similarly, they observed that human IgA1
induced glomerular lesions independent of the IgA receptor
CD89 molecule. These findings still need to be verified by
more research.

The deposition of O-galactosylated IgA1 immune complexes
on the mesangium activates mesangial cells to release
inflammatory factors and complements. The activation of
the inflammatory cascade responds to podocyte and tubule
interstitial damage as well as renal fibrosis through crosstalk
among glomerulus-podocyte-tubular epithelial cells (25).
Podocytes are considered an important hub between the
glomerulus and tubulointerstitial cells (25). Previous studies
have confirmed that the mesangial cells incubated with
supernatant of co-cultured IgA1 from sera of patients with IgAN
can promote the expression of TNF-α and its receptor, and
increase the secretion of IL-6 in podocytes (26). PIgA1 triggers
mesangial cells to secrete cytokines (such as TNF-α and TGF-β),
thereby activating podocytes and causing high permeability of
the glomeruli and proteinuria. Simultaneously, the cytokines
secreted by mesangial cells also stimulate the tubulointerstitial
cells to produce other inflammatory factors or chemokines,
leading to renal tubular damage, interstitial inflammatory cell
infiltration and fibrosis (25). The TNF-α released by mesangial
cells can not only stimulate podocytes to secrete TNF-α in an
autocrine manner but also upregulate podocyte secretion of
TNF-αR1 and TNF-αR2. Additionally, when TNF-α combines
with TNF-αR1, it will increase IL-6 secretion and induce
podocyte apoptosis and renal tubular atrophy (26, 27). It has
been reported that IgA1 from blood of IgAN patients stimulates

mesangial cells to produce some substances, promoting synthesis
of TGF-β via activation of the renin-angiotensin system in
podocytes, which then causes renal interstitial fibrosis (28).
In addition, mesangial cells also release aldosterone, inducing
apoptosis of renal tubular epithelial cells, which leads to tubular
atrophy (29).

DIFFERENT PERSPECTIVES ON THE
INVOLVEMENT OF MUCOSAL IMMUNE
RESPONSE IN THE PATHOGENESIS OF
IGAN

The mucosal immune response has been shown to be important
in the pathogenesis of IgAN (30–33). It has long been found
that during mucosal infection, hematuria and proteinuria are
increased in patients with IgAN (34–36), and some cases have
an episode of upper respiratory infection at onset (37, 38). Thus,
this abnormal mucosal immune response is thought to be related
to the occurrence and development of IgAN.

Since the concept of mucosal immunity was proposed in
the 1960s, the mucosal immune system (MIS), as a relatively
independent immune system in the body has been a concern.
More than 95% of infections occur in or from the mucosa.
Mucosa-associated lymphoid tissue (MALT) is present in the
induction area that forms lymphoepithelial tissue. In these areas,
mucosal IgA production is induced in a T-cell-independent
and T-cell-dependent manner (39, 40). Primed B cells move
to mucosal lamina propria, where they synthesize polymeric
mucosal sIgA1 with poor O-galactosylation and low affinity;
they are secreted to the mucosal surface but rarely enter the
circulatory system. In contrast, most circulating IgA1 produced
by bone marrow intrinsic plasma cells is monomeric and heavily
O-galactosylated (41, 42).

The current hypothesis is that persistent exogenous antigen
stimulation and mucosal-bone marrow axis dysfunction cause
the production of pathogenic IgA1 and deposition in glomerular
mesangial area, leading to the onset of IgAN (43, 44). The
increased level of serum IgA1 with poor O-galactosylation in
IgAN may be due to “wrong transfer” to the bone marrow due
to the misexpression of homing receptors on the surface of
B/plasma cells secreting IgAl in the mucosa, rather than homing
to the mucosal surface, resulting in the direct release of “mucosal
IgA” into the systemic circulation (45–47).

Role of the Tonsils in IgAN Pathogenesis
The first study on the relationship between tonsils and IgAN was
carried out by Tomino in 1983 (48). It has been demonstrated
that the antibodies eluted from the renal tissues of patients
with IgAN specifically bound to tonsillar cells, and this effect
was entirely suppressed by the addition of anti-human IgA
antisera. It has also been reported that the serum IgA levels
were increased in about half of patients with IgAN, but
levels decreased after receiving a tonsillectomy, suggesting a
relationship between tonsils and IgAN (49). Increased levels of
circulating immune complexes have been observed after tonsil
provocation tests in patients with IgAN complicated by chronic
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tonsillitis (50). However, following a series of studies, the Japan
Society of Stomato-Pharyngology (51) officially analyzed the
relevant literature on the clinical benefits of tonsillar provocation
test to patients with IgAN and suggested that it lacked value
in determining indication for tonsillectomy in patients with
IgAN. Nevertheless, the worse urinary findings after tonsillar
irritation may be distinct, indicating that tonsil and kidney
diseases are related (52). Haemophilus parainfluenzae is one of
the common bacteria in tonsils. It has been reported that the
antigen and antibodies of this bacterium are present in the
glomerularmesangium and sera of IgAN patients, suggesting that
H. parainfluenzae infection may contribute to the pathogenesis
of IgAN (53). Another study also found that tonsil mononuclear
cells in patients with IgAN can release high levels of IgAl
after stimulation with lipopolysaccharide (LPS) and Streptococcus
hemolyticus, and this effect may be due to its activation-induced
cytidine deaminase and increased Iα-Cα expression (54). A
single-center controlled study confirmed that the amount of
interfollicular monocyte-derived dendritic cells (DCs) in the
palatine tonsils is associated with the formation of crescents
in IgAN, indicating that DCs in the interfollicular region of
tonsils are involved in the course of glomerular vasculitis
(55). Analysis in a group of patients with IgAN with gross
hematuria found that the expression of chemokine receptor
CX3CR1 in the circulating leukocytes was up-regulated, which
was consistent with the results from whole-genome sequencing
of these patients (56). This finding was supported by another
study, which presented that CD8+ lymphocytes from patients
with IgAN expressed significantly increased levels of CX3CR1,
but this expression declined after tonsillectomy, accompanied
by the remission of hematuria. Therefore, the excessive immune
response to microbial DNA raises the expression of CX3CR1
of CD8+ lymphocytes in the tonsils of patients with IgAN,
subsequently these lymphocytes transfer to renal glomeruli,
giving rise to renal damage and hematuria (57). All these findings
suggest that local mucosal infection of the tonsil is related to
the pathogenesis of IgAN. In light of the above findings, in Asia
(especially in Japan), tonsillectomy is generally considered to be
beneficial for effective control of IgAN (58). Many studies have
claimed that tonsillectomy had a favorable effect on long-term
kidney function in patients with IgAN (59–63). A Chinese single-
center cohort study found increased frequencies of memory
B cells in the blood and tonsils in IgAN (64), but following
tonsillectomy, these frequencies were significantly decreased.
The author speculated that this may be related to the aberrant
mucosa-bonemarrow axis in IgANpatients, and IgANhas a Th2-
related immunopathogenesis because memory B lymphocytes
are mainly involved in the humoral immune response. A meta-
analysis of non-randomized studies including 858 Asian IgAN
patients that underwent tonsillectomy or not, suggested that the
overall clinical remission rate was higher in the patients that
received a tonsillectomy. Meanwhile, more patients who did not
undergo surgery developed ESRD. The best clinical remission
rates occurred in patients who received tonsillectomy combined
with steroid pulse therapy. However, it is worth noting that the
clinical remission rate of tonsillectomy alone is not superior
to that of conventional treatment (65). A recent study from a

Japanese group suggested that the timing of tonsillectomy and
steroid pulse therapy is very important for the effect on IgAN.
It is recommended that tonsillectomy be performed in a short
window before and after steroid pulse therapy, which may be
helpful for improving IgAN. The potential mechanism is that a
steroid pulse can temporarily destroy the tonsil germinal center,
causing tonsil atrophy. Before reconstructing the germinal center
and restoring proliferation of local immune cells, tonsillectomy
may be more conducive to enhancing the effect of therapy (66).

Numerous studies have sought to find a pathogenic
correlation between tonsils and IgAN, however, the results
are often contradictory. The ability of tonsillectomy to alleviate
disease has rarely been observed in European cohorts. In
a study involving a large European cohort of patients with
IgAN, there was no improvement in IgAN progression after
tonsillectomy (67). Furthermore, tonsillectomy did not influence
the activation of innate immunity, even though the aberrant
galactosylation of IgA1 was obvious in patients with IgAN. The
research hardly encourages the involvement of tonsillectomy in
the modification of mucosal immune response in patients with
IgAN, but implies that activation of the gut mucosal immune
network may potentially contribute to glomerulonephritis (68).
This may indicate that the role of tonsils in IgAN pathogenesis
is not significant enough, at least not in the numerous patients
outside Asia. The reasons may involve the influence of genetics,
environmental factors, attitude and timing of kidney biopsy, and
other factors (39, 69–72). In Japan and China, early screening
including renal biopsy is being used more aggressively, and even
routinely in some centers.

Role of Intestinal Mucosal Immune in IgAN
Pathogenesis
In recent years, the role of commensal microorganisms
(microbiota) colonized on the surface of human intestinal
mucosa, in both healthy and diseased conditions, has attracted
attention. The microbes on the mucosal surface are in close
contact with the intestinal epithelium and exert a significant effect
on the modulation of intestinal mucosal immune by influencing
the intestinal barrier against pathogens and the host immune
system (73). Under normal circumstances, when the intestinal
mucosa is stimulated, intestinal B cells switch from secreted IgM
to secreted IgA1. SIgA1 and other secretory components (such
as antimicrobial peptides and mucus secreted by Paneth cells and
goblet cells, respectively) synergetically play a host defense role
against the invasion of pathogens on the mucosa (74). Altered
intestinal barriers might facilitate an abnormal response to
microbiota, triggeringMALT activation and subclinical intestinal
inflammation (75). This can induce an abnormal response to
alimentary antigens or commensal microbes, along with the
synthesis of poorly glycosylated pIgA1, which eventually deposits
in the mesangium through circulation.

In patients with IgAN, several clinical observations have
shown activation of the innate immune system on the intestinal
mucosa (76–78). A link between IgAN and genes concerned
with the immunity of intestinal pathogens has been reported in
a genome-wide association study (GWAS). The results of the
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GWAS support the hypothesis that genetic risk, geospatial risk,
and environmental variables may collectively induce alteration of
the gut mucosal immunomodulation, which facilitates the course
of IgAN (30). A clinical investigation from China (79) found
that chronic enteritis was the second most common mucosal
symptom of IgAN patients after chronic pharyngitis, with
35.2% of patients with IgAN presenting with chronic enteritis
simultaneously. The incidence of chronic enteritis in patients
with hematuria wasmarkedly higher than that in patients without
hematuria, indicating that gastrointestinal mucosal immunity is
also closely related to IgAN.

It has been demonstrated that increased bacterial LPS
exposure is related to poorly galactosylated IgA. B cells stimulated
by LPS can promote the methylation of the chaperone Cosmc,
thereby downregulating the expression of the Cosmc gene, which
is the basis of abnormal O-glycosylation in the IgA1 hinge
region of patients with IgAN, and thus promotes the formation
of poorly galactosylated IgA (80). Other experimental models
suggest the involvement of alimentary antigens (e.g., gluten)
(81, 82). Increased IgA levels in response to alimentary antigens
has been observed in the peripheral blood, which is correlated
to increased intestinal permeability (83, 84). Coppo et al.
(82) successfully established a murine model of gluten-induced
experimental IgA glomerulopathy. Following this report, Papista
et al. studied the relationship between gluten and IgA deposition
in a spontaneous IgAN murine model expressing human IgA1
and CD89 (85). The mice were fed a gluten-free diet for three
generations, and they observed an improvement of mesangial
IgA1 deposits, alleviation of glomerular inflammation, and
reduction of IgA1-sCD89 immune complex levels in the blood
and renal eluates. On the contrary, a high-gluten diet could
induce glomerular inflammation and IgA1-sCD89 complex
deposition. In combination with the finding that high levels
of anti-gliadin IgA are closely associated with the degree of
proteinuria in patients with IgAN, a gluten-free diet may
be useful in ameliorating the development of IgAN. All the
above findings suggest that the gut mucosal immune system of
patients with IgAN is hyper-reactive to mucosal antigens, such as
alimentary antigens or microbial components.

INNATE IMMUNITY AND IGAN

Role of Toll-Like Receptors in IgAN
Pathogenesis
It is well-known that the mucosal surface is the main site
of innate immunity. As mentioned above, the innate immune
system works through the recognition of pathogen- and damage-
associated molecular patterns (PAMPs and DAMPs, respectively)
induced by macrophages, DCs, leukocytes, and other cells.
The system increases opsonification and phagocytosis, which
facilitate the swift elimination of pathogens. Toll-like receptors
(TLRs) are the key components of the mammalian innate
immune system and mediate immune and inflammatory
responses through binding PAMPs and/or DAMPs (86). Myeloid
differentiation factor 88 (MyD88) is the adaptor for TLR-
mediated signal transduction (87).

Antigen components from air, food, microorganisms, or
necrotic cells are recognized as a DAMP or PAMP by TLRs
on the surface of the mucosa, thereby initiating the innate
immune response (88). Upon activation, TLRs initiate an
intracellular signaling cascade, the release of cytokines, and the
enhanced expression of cell surface costimulatory molecules
(89). TLR activation induces DC maturation, chemokine release,
and recruitment of inflammatory cells in the infected site.
Subsequently, the mature DCs move to the lymph nodes,
where they interact with T cell receptors (TCRs) of T cells
and activate specific T cells and antibody synthesis (90).
Consequently, infection can exacerbate kidney inflammation in
diverse pathways by activating TLRs. Additionally, inflammatory
products can also activate TLRs expressed on intrinsic renal cells,
which can further trigger inflammation and tissue impairment.
TLRs are expressed not only on circulating immune cells and
in infiltrating macrophages/DCs, but also on resident renal cells
(91), and they have been considered as mediators of renal
diseases, playing a role in DC maturation and in autoimmunity
(92). There has been a series of evidence supporting the
involvement of TLRs in the pathogenesis of IgAN.

TLR4 recognizes LPS in gram-negative bacteria. It has been
observed that the expression of TLR4mRNA and protein in renal
tissue is significantly increased in IgAN rats treated with oral
and intravenous immunization of bovine serum albumin (BSA)
for 12 weeks (93). The elevated TLR4 expression on monocytes
of peripheral blood in patients with IgAN was significantly
associated with proteinuria or clinical activity (94). Previous
studies have mentioned that activation of TLR4 triggered by
bacterial LPS promotes Cosmc methylation, thereby reducing
the degree of glycosylation of the IgA1 molecule, which is also
the basis of the pathogenesis of IgA nephropathy (80). In an
in vitro co-culture system of IgA and mesangial cells, TLR4
mediates MAPK activation and MCP-1 secretion, indicating that
TLR4 is engaged in glomerular mesangium damage by inducing
inflammatory cytokines in IgAN (95). It has been confirmed
that TLR4 is involved in the activation of NF-κB. The nuclear
translocation of NF-κB triggers the transcription of mRNA
encoding many inflammatory mediators, such as cytokines,
chemokines, fibrinogen, etc., which contribute significantly to
the effects of the innate and adaptive immune responses (96).
For example, the nuclear translocation of NF-κB is conducive
to B cell proliferation, thus increasing the synthesis of IgA
(97). Animal experiments showed that TLRs are involved in the
conversion of B cells from IgM to IgA (97). In addition, TLR4
is constitutively expressed in podocytes. Podocytes responding to
immune complex-mediated glomerular filtration barrier damage
will upregulate the expression of TLR4, thereby resulting in the
local release of chemokines, which may allow the recruitment of
inflammatory leukocytes and exacerbate glomerular damage (98).
Recently, renal TLR4-mediated and profibrotic signaling have
been demonstrated in chronic kidney disease. TLR4 expression
was significantly associated with the expression of TGF-β1 and
altered susceptibility of renal cells to TGF signaling (99, 100).

TLR9 has been characterized as the receptor of viral
and bacterial cytosine-phosphate-guanosine (CpG)-DNA.
A previous study reported that the IgAN-susceptible ddY
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mice fed normally showed enhanced transcriptional levels
of TLR9 and MyD88 in the splenocytes. These mice treated
with nasal CpG-oligodeoxynucleotides can induce Th1
polarization, IgA expansion in circulation and mesangium,
and exhibit exacerbated renal lesions. In the same study, TLR9
polymorphism was found to be involved in the development,
but not occurrence, of human IgAN, revealing that an analogous
mechanism relevant to TLR9/MyD88 may play a role in murine
and human IgAN (101). The latest study found that CpG-ODN
activates TLR9/MyD88 signaling and induces the production
of glycosylated IgA1 and IgG-IgA ICs through the IL-6 and/or
a proliferation-inducing ligand (APRIL) pathway, and further
aggravates kidney damage. B cells and DCs are directly or
indirectly involved in the process of inducing the excessive
production of abnormally glycosylated IgA1, respectively (102).
A non-randomized controlled study in Japan investigated
expression of tonsillar TLR9 in a group of patients with IgAN
patients who received tonsillectomy in combination with steroid
pulse therapy (103). The results indicated that elevated tonsillar
TLR9 levels existed in 22.4% of patients, and TLR9-positive
patients showed better response to treatment, reflected in more
effective alleviation in urine findings. This indirectly reflects
the involvement of TLR9 in IgAN development. Additionally,
up-regulation of TLR 4, TLR 7, TLR 8, and TLR 9 has also
been observed in the renal tissues of patients with IgAN (104).
A real-time RT-PCR analysis suggested the mRNA expression
of TLR2, TLR3, TLR4, TLR5, TLR7, and TLR9 were markedly
increased in the peripheral blood mononuclear cells of patients
with IgAN. Among them, more obvious proteinuria was
present in the patients with high mRNA levels of TLR2, TLR3,
TLR5, or TLR9, while increased serum IgA was observed in
patients with high mRNA levels of TLR4 (105). The above data
suggest that PAMPs and/or DAMPs can aggravate glomerular
inflammation in various ways by activating TLRs. In addition,
inflammatory mediators can also activate TLRs present on the
renal intrinsic cells, which can further trigger inflammation and
tissue damage (90).

Role of Complements in IgAN
Pathogenesis
Based on laboratory evidence and results of renal biopsy in
patients with IgAN, it is known that complements play important
roles in IgAN; however, the specific role of complement
activation in the mechanisms of disease is still not fully clear.
The complement system consists of the activation cascade of
∼50 proteins located in the plasma, tissues, and cells, including
complement component proteins (C3, C5, etc.), complement
regulatory proteins (factors H, I, etc.) and complement receptor
proteins (CRl, CR2, etc.). There are three commonly accepted
complement activation pathways, including the classical pathway
(CP), the alternative pathway (AP), and the lectin pathway (LP).
Each pathway has a respective triggering mechanism initiated by
the interaction of complement proteins with distinct structures.

In IgAN, one of the characteristic manifestations is that
IgA is generally co-deposited in mesangium with complement
proteins. Immunohistochemical evidence shows deposits of

C3, complement factor P (CFP), C4d, mannose-binding lectin
(MBL), and membrane attack complex (MAC) in the mesangium
of IgAN, along with the lack of C1q usually. Although some
studies showed that glomerular mesangial C1q deposition in
patients with IgAN was associated with poor renal prognosis and
serious pathological features, this finding has not been generally
accepted (106, 107). C1q is rare in the renal tissue of patients with
IgAN (108), and its presence and clinical significance in IgAN
are still inconclusive. AP is considered the most important effect
pathway in the pathogenesis of IgAN. It has been proposed that
pIgA, aggregated IgA, and abnormally glycosylated IgA have a
powerful ability to activate AP (109, 110). In vitro assays using
IgA coated directly on plastic surfaces, or serum pIgA showed
that IgA1 is capable of triggering the cascade and cleaving C3
through AP (111, 112). Evidence for AP-dependent complement
activation and essential effector molecular regulation of IgAN
suggests that a gd-IgA1-immunocomplex can be used as a
complement activation surface.

The co-deposition of C3 with IgA1in the mesangium is
correlated with the severity and progression of IgAN. Previous
studies have shown that poorly glycosylated pIgA1 in the
peripheral blood can bind with IgA-binding M protein from
Streptococcus pyogenes serotype M4 and co-deposit in the
mesangium, which enhances the synthesis and secretion of IL-
6 and C3 as well as the proliferation of mesangial cells, thereby
promoting the inflammatory progression of IgAN (113). Besides
C3 deposition in the kidney, lower C3 with higher C3 cleavage
(iC3b and C3d) is detected in the peripheral blood of some
patients with IgAN, suggesting systemic complement activation
(114). A Korean observational cohort study involving a total of
343 patients with biopsy-proven IgAN showed that serumC3 and
glomerular mesangial C3 deposits are independently associated
with poor prognosis of IgAN (115). Similarly, a Chinese single-
center cohort study analyzed the correlations of serum/urinary
C3a and C5a with clinical manifestation and histopathology in
patients with IgAN. They found that C3a and C5a depositions
in IgAN were obviously enhanced, and they increased with
the exacerbation of pathological impairment (116). In addition,
another study found that the IgA/C3 ratio in the peripheral blood
shows a significant positive correlation with quantities of protein
in the urine of patients with IgAN (117).

Several previous reports indicated that AP complement
components (factors B and P, CFB, and CFP) and complement
regulatory protein (complement factor H, CFH) are widely
present in the kidney tissues of patients with IgAN, and that
there are also significantly increased CFB and CFP levels in the
circulation of patients with IgAN (118, 119). CFH is the most
important regulatory protein in AP, whose main function is to
make the complement system clear pathogens or other dangerous
substances, but not impair their own tissues. In addition to
CFH, there is also a group of proteins that shows high sequence
homology with CFH, namely complement FH-related proteins
(CFHRs, including CFHR-1, CFHR-2, CFHR-3, CFHR-4, and
CFHR-5). Functionally, CFHRs deregulate CFH by competing
with CFH to bind C3b and promote activation of AP (120).

A GWAS of IgAN in Chinese and European cohorts found
that a CFH gene variant on chromosome 1q32 (rs6677604) is
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associated with IgAN (121). The same team also found that the
rs6677604-A allele is involved in increased CFH and decreased
C3a levels in serum (122). Moreover, serum C3 levels negatively
correlated with mesangial C3 levels, whereas CFH levels were
positively correlated with serum C3 levels. Decreased or absent
CFHR1/CFHR3 levels further weakened the deregulation effect
of CFH. This synergistic effect increased the negative regulation
of complement activation caused by aberrant glycosylation of
IgAl in IgAN, which may influence the formation of circulating
immune complexes, thereby reducing risk of IgAN occurrence.
It has been reported that in patients with IgAN, CFH levels
were normal, but CFHR-1 levels were enhanced (123), and
increased CFHR-1/CFH ratios were consistent with impaired
renal function. In IgAN pathogenesis, CFHR-1 antagonizes CFH,
thereby inhibiting the activation of C3. A study from another
group also came to a similar conclusion (124).

In addition to CFH, CFHRl, and CFHR3, the role of
CFHR5, another complement FH-related protein, has attracted
extensive attention regarding its role in the pathogenesis of
IgAN. A prospective clinical study showed that glomerular FHR5
deposition existed in all patients with IgAN, just in the same
manner that C3 and sc5b-9 did (125). Recently, a study of a large
Chinese cohort suggested that CFHR5 is an IgAN predisposition
gene (126), and another study also indicated that serum CFHR-5
level was independently correlated with IgAN progression (127).
It has been proposed that FHR1 and FHR5 homodimers can
disturb the physiological effects of FH. In addition, aberrant
FHR levels may trigger and promote AP activation, resulting
in complement cascade-associated inflammation and renal
lesions (128).

In IgAN, different research teams found that about 25% of
patients with IgAN exhibited positive renal local MBL staining,
suggesting the presence of complement activation of LP (129).
MBL, L-ficolin, M-ficolin, and H-ficolin are all complement-
activating soluble pattern recognition molecules, which interact
with PAMPs and/or DAMPs and initiate complement activation
through MBL-associated serine protease (MASP)-1, MASP-2,
and MASP-3, activating C4 and C2 and leading to C4b2a
formation and C3 cleavage. LP activation on the surface of
pathogens plays a first-line role in host defense (130). Clinical
analysis showed that M-ficolin, L-ficolin, and MASP-1 were
elevated, whereas MASP-3 levels were reduced in the blood
of patients with IgAN, indicating that MASP-3 levels may be
related to IgAN severity (131). The abnormal glycosylation of
IgA1 is characterized by high levels of GalNac exposure, which
may interact with ficolins to activate LP (132). In the absence
of CP activity, MBL-MASP causes C3 and C4 to deposit on
immobilized IgA, suggesting that a dose-dependent binding of
MBL can bind pIgA, but not monomeric IgA, and activate
complement LP (133). It has been reported in IgAN that positive
renal local MBL staining and urinary MBL levels are associated
with poor prognosis, suggesting that complement activation of
LP is involved in IgAN pathogenesis (134, 135). In addition,
the MBL level of patients with IgAN was closely related to
the MBL2 genotype. In patients with IgAN, the incidence of
prodromic infection and gross hematuria is significantly higher
in individuals with MBL deficiency, and the long-term prognosis

is poor. The possible underlying mechanism is that the risk
of infection is increased in patients with MBL deficiency, and
infection may induce impaired mucosal immune regulation,
which promotes the progression of IgAN (136). The findings
of many studies have suggested that the activated fragments
of C4 deposited in the glomerular mesangium of patients with
IgAN are more likely to be produced by the MBL pathway
(137, 138). Mesangial deposition of C4d has been identified as a
significant risk factor for worsening renal function (139–141). A
retrospective study on renal biopsies of 15 cases of IgAN showed
that segmental and global deposition of C4d was particularly
associated with endocapillary proliferation; moreover, interstitial
fibrosis and tubular atrophy were more severe in C4d-positive
patients with IgAN (142).

In addition to AP and LP, it is worth noting that the
complement terminal pathway also is involved in IgAN
pathogenesis. Treatments targeting this pathway are starting
to be used clinically. As early as the 1980s, studies on
histopathological analysis of IgAN biopsies began to demonstrate
glomerular C5b9 deposition (143). Using immunofluorescence,
researchers quantified MAC, properdin, CFH, and complement
receptor type 1 (CR1, an inhibitor of the complement system)
in urine samples of patients with IgAN (144). There was
glomerular deposition of C5, CFH, and properdin; urinary MAC,
CFH, and properdin levels were obviously elevated, but CR1
levels were apparently reduced. A proteomics study of IgAN
kidney biopsy specimens from Norway showed an increased
abundance of proteins of the terminal complement pathway,
suggesting complement-mediated impairment in progressive
IgAN. Meanwhile, one study reported a lower abundance of
CR1 in progressive IgAN, which may reflect an underlying
mechanism involved in reducing complement inhibitory control
in IgAN (145).

ADAPTIVE IMMUNITY AND IGAN

Adaptive immunity is certainly correlated with IgAN
pathogenesis. Under physiological circumstances, as previously
mentioned, T cells activated by DCs presenting mucosal antigens
(bacterial or viral products, alimentary antigens, etc.) trigger
naive B cells to undergo IgM-to-IgA class switch in a T-cell-
dependent manner in Peyer’s patches and tonsils. Activated
B cells migrate to regional lymph nodes and home to MALT,
where they eventually differentiate into IgA-secreting plasma
cells. In addition, IgA can be produced in a T-cell-independent
manner in the MALT. The IgA dimers move through the
mucosal epithelium to become SIgAs, which act in defense
against pathogens. In the pathogenesis of IgAN, the continued
exogenous antigen stimulation, abnormal mucosal immune
response, and the incorrect expression of homing receptors on
the surface of IgAl-secreting B/plasma cells can result in elevated
aberrantly glycosylated IgA1, which tends to self-aggregate
into pIgA1. Meanwhile, glycosylation deficiency brings about
GalNAc exposure and is recognized by natural IgG and IgA1
antibodies as an antigen, thereby resulting in the formation of
immune complexes. Furthermore, soluble CD89/Gd-IgA1-IgG
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complexes are deposited in the mesangium by binding to their
receptors and continuous release of cytokines and growth
factors in the local mesangium, leading to inflammatory damage,
matrix accumulation, and glomerulosclerosis. Finally, further
recruitment of T lymphocytes leads to renal tubular interstitial
damage and fibrosis (146).

Role of T Cells in IgAN Pathogenesis
Multiple T-cell subsets, especially Tc, Th2, Th17, Th22, T
follicular helper (Tfh), and regulatory T-cells (Tregs), are
major contributors to the pathogenesis and pathophysiology of
IgAN. Th1 lymphocytes are primarily involved in cell-mediated
immunity, secreting IFN-γ, IL-2, TNF-β, and facilitating the
elimination of intracellular pathogens, whereas Th2 lymphocytes
regulate humoral immunity and mediate the clearance of
parasites by producing IL-4, IL-5, IL-9, and IL-13. It is generally
believed that patients with IgAN have Th1/Th2 imbalances
that tend to favor Th2 shift (147–149). Previous study had
shown that the ratio of Th1/Th2 in tonsil lymphocytes in IgAN
patients with tonsillitis was lower than that in patients with
common chronic tonsillitis, and Th1/Th2 ratio was consistent
with proteinuria and histopathology features in IgAN group
(147). It has been observed that Th2 differentiation promoted
poor galactosylation of IgA in a murine model of IgAN (148).
Subsequent studies demonstrated that IL-4 treatment resulted
in decreased expression of C1GALT1C1 mRNA of B cells
from patients with IgAN, by methylation modification, which
is beneficial to the secretion of aberrantly glycosylated IgA1
(149). Moreover, the response of glomerular cells to Gd-IgA
immunocomplexes could be enhanced by Th2 lymphocytes,
thereby reducing the glomerular filtration rate (GFR) (148).
In addition, as a Th1-type cytokine, IFN-γ may be beneficial
for preventing the progression of IgAN (150). Some studies
also reported that IFN-γ serum levels were rarely significantly
increased in patients with IgAN compared with the obvious
elevation of Th2-type cytokines (151, 152). Moreover, as another
major cytokine secreted by Th1 cells, the level of IL-2 has
no correlation with serum IgA levels, the severity of renal
histological changes, or other clinical parameters in patients
with IgAN (153). Additionally, it should be emphasized that
IL-2 is not unique to the Th1 subgroup. Other Th subgroups,
activated Tc cells, NK T cells, and dendritic cells also can secrete
a large amount of IL-2 (154). It has been shown that Th1
cells may be predominant during the late stage of IgAN with
crescent formation and tissue damage (155). Another Italian
study of whole-genome DNA methylation screening in CD4+
T cells in patient with IgAN proposed that there are specific
methylation abnormalities in CD4+ T cells in patients with
IgAN, which may cause reduced TCR function and decreased
T cell activation, thereby leading to a Th1/Th2 imbalance
with an enhanced IL2/IL5 ratio. These abnormalities may be
related to the subsequent immunoglobulin class-switch to IgG
production (156).

Tfh cells were first discovered in human tonsils and described
as a subset of CD4+ T cells expressing the chemokine receptor
CXCR5. They are localized in the B-cell region of lymphoid
tissues and play a pivotal function in the formation of memory

B cells and long-lived plasma cells (157). It was reported that
there is a higher frequency of CD4+CXCR5+Tfh cells in patients
with IgAN, and there is a negative correlation between this
subpopulation and estimated GFR. In addition, there are positive
correlations among CD4+CXCR5+PD-1+ Tfh cells and serum
IL-21, Gd-IgA1, and proteinuria. This indicates that high Tfh
frequency may be involved in the development of IgAN (158).
Another study indicated that Tfh might be involved in IL-21-
mediated production of IgA and Gd-IgA1 (159). The study
also found that IL-21 promoted the level of activation-induced
cytidine deaminase in B cells, thereby promoting somatic
hypermutation. According to a previous study, anti-Gd-IgA1
autoantibodies originate from somatic hypermutation of heavy-
chain gene segments in anti-Gd-IgA1-producing cells (160).

Th17 and Treg cells are frequently found on the mucosal
surface, where they implement their defenses against microbial
invasion and prevent excessive immune responses, respectively.
It has been identified that Th17 cells, driven by IL-23, are
involved in autoimmune inflammation (161), whereas Tregs
suppress the immune responses and inflammation, and maintain
peripheral tolerance. Studies have shown that these two T-
cell subsets can be transformed into each other under certain
conditions. RORγt and Foxp3 are the main modulators of
Th17 cells and Tregs, respectively, and the balance of their
expression levels determines the direction in which T-cell subsets
differentiate (162). The balance of Th17 and Treg cells in vivo
maintains immune homeostasis (163).

It has already been demonstrated that patients with IgAN
present a reduced frequency of CD45RA(-) FoxP3 (high)
activated Treg subset, elevated frequency of Th17, as well
as correspondingly elevated serum levels of Th17-associated
cytokines, such as IL-17A, IL-21, IL-23, IL-1β, and IL-6, and
decreased serum levels of Treg-associated cytokine, IL-10. The
patients with high IL-17A expression had lower renal function,
greater proteinuria, and more severe tubulointerstitial damage
(164). Upon IL-17 stimulation, B lymphocytes proliferate and
lead to increased production of underglycosylated IgA1 in
vitro (165). Moreover, mesangial cells stimulated by Gd-IgA1
are capable of producing CCL20, and therefore, inflammatory
Th17 cells recruited to the kidney induce further glomerular
lesions in IgAN (166). Previous studies suggested that the
frequencies of Tregs in the peripheral blood and tonsils of
patients with IgAN were significantly lower than those in the
healthy controls. The reduction is primarily ascribed to the
decreased levels of induced Tregs, but no significant alteration
in levels of natural Tregs is observed (167, 168). In addition,
another study revealed not only a deficient quantity but also
poor immunosuppressive function of Tregs in IgAN. Perhaps
because of the dual defect in both quantity and function, Tregs
of patients with IgAN hardly prevent formation of Gd-IgA1
mesangial deposits, and subsequent infiltration of inflammatory
cells as well as proliferation of the mesangial matrix (169).
T cell development is regulated by microRNAs (miRNAs)
post-transcription. As one of the post-transcriptional regulator
of miRNAs, miR-155 can regulate mammalian immunity in
various ways. It has been demonstrated that peripheral blood
lymphocytes of patients with IgAN express extremely low

Frontiers in Medicine | www.frontiersin.org 9 March 2020 | Volume 7 | Article 92

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Chang and Li Immunomodulation in Pathogenesis of IgAN

levels of mir-155. This causes a T-cell subset shift that makes
individuals prone to the development of autoimmune diseases
(i.e., elevated frequencies of Th2 and Th17 along with reduced
frequencies of Th1 and Treg), which is beneficial for inhibiting
the expression of Cosmc gene and aggravating poor IgA1
glycosylation (151).

Concerning the role of Tc cells in the pathogenesis of IgAN,
it has been previously mentioned that the high expression of
CX3CR1 is presented in the peripheral blood CD8+ Tc of
patients with IgAN, which boosts lymphocytes moving across
the glomerular endothelium and causes glomerular capillary wall
destruction and hematuria (56, 57).

Role of B Cells in IgAN Pathogenesis
B cells are essential in the early stage of IgAN pathogenesis. The
existing data indicate that besides TLRs, the mucosal response of
B cells also involves APRIL and B-cell activation factor (BAFF),
which makes an important contribution in IgAN progression
(170, 171). APRIL and BAFF are two important factors for
B cell homeostasis; they share two receptors–transmembrane
activator and calcium modulator cyclophilin ligand interactor
(TACI) and B cell maturation antigen (BCMA), and BAFF also
has a unique receptor: BAFF receptor (BAFF-R) (172). APRIL
synthesis is enhanced when pathogens on the mucosal surface
induce TLR9 expression, which further contributes to T-cell-
independent IgA class switching on B cells. One study showed
that TLR9 stimulation can induce abnormal expression of APRIL
in B cells of the tonsil germinal center of patients with IgAN
(173). APRIL promotes increased production of IgA, mainly Gd-
IgA1. The findings from a controlled study showed that the
expression of APRIL and its receptors is elevated in B cells from
patients with IgAN, which promotes the hypersecretion of Gd-
IgA1 (174). A recent study identified that over-production of
IgA from tonsillar mononuclear cells of patients with IgAN is
induced by the APRIL pathway and that high expression of TACI
on patients’ B-cells induced by oligodeoxynucleotides with CpG
will promote APRIL-associated IgA production (175). In a group
of patients with IgAN recurrence after renal transplantation, the
serum levels of APRIL remained relatively high for nearly 3 years
after surgery (176). Moreover, it has been demonstrated that IL-
6-mediated overproduction of Gd-IgA1 can be entirely inhibited
by treatment with APRIL-specific siRNA in ddY mice (102).

BAFF is involved in B cell survival, maturation, proliferation,
and differentiation. During mucosal infection, myeloid cells
secrete IL-12, IL-8, and IFN-α, and these cytokines boost the
secretion of IFN-γ by NK cells, which further up-regulates
the expression of BAFF. Excessive BAFF levels hinder B cell
proliferation and differentiation into antibody-secreting cells,
promoting the production of aberrantly glycosylated IgA1.
Several groups have previously measured BAFF expression in
IgAN. Treating tonsillar mononuclear cells from IgAN patients
in vitro by physical or chemical stimulation may activate
BAFF, and induce secretion of aberrant O-glycosylated IgA1
by suppressing the expression of C1GALT1 and Cosmc (177,
178). It has been identified that elevated levels of TLR9 and
BAFF are conducive to the overexpression of serum IgA1
and associated with renal function and disease activity of

IgAN (179). Interestingly, the findings from a clinical cohort
study proposed that Streptococcus pyogenes infection was closely
associated with BAFF production in patients with IgAN, but
the levels of BAFF were decreased (172). In addition, a study
of comprehensive transgenic animal models and clinical data
indicated that although BAFF-overexpressing Tgmice can induce
IgAN, peripheral blood in patients with IgAN revealed a
unique elevation of APRIL levels and no significant change in
BAFF levels (180). Martín-Penagos et al. hypothesized that this
phenomenon may have occurred because TACI expressed in B
cells in the human small intestine upregulates APRIL-induced
IgA synthesis and downregulates BAFF-mediated responses in
vitro. Upon binding to TACI, APRIL is more strongly correlated
to IgA class switching than BAFF (176).

Evidence from animal models suggests that CD19+ B
cells are essential for the pathogenesis of IgAN. Furthermore,
the reconstitution of IgAN by transfusion of murine spleen
cells without CD90+ pan T cells and transfusion of CD19+
cells in SCID mice indicates that the responsible B cells are
involved in nephritogenic IgA synthesis in a T-cell-independent
manner (181). A Chinese clinical cohort study demonstrated
that the levels of tonsillar CD19+CD5+B cells of patients
with IgAN were positively associated with the severity of renal
histopathology (182). Another study investigated the features
of CD19+CD5+ B cells in the circulation, ascites, and biopsy
tissues of patients with IgAN. The results revealed that the
frequency of CD19+CD5+ B cells can be observed in above
samples of all patients with IgAN. Furthermore, higher levels of
IgA and IFN-γ are secreted by CD19+CD5+ B cells in patients
with untreated IgAN (183).

SUMMARY

The most widely accepted “four-hit” hypothesis about the
pathogenesis of IgAN implies that immunological factors are
engaged in all aspects of IgAN development and play a
critical role. Chronic stimulation of harmless antigens, such
as bacteria or virus products, alimentary antigens or airborne
antigens contributes to abnormal mucosal immunoregulation.
In pathological conditions, abnormal expression of effector
molecules and disordered activation and differentiation of
immune cells in the innate and adaptive immune system
synergistically cause poorly glycosylated IgA1 self-aggregation,
immune complex formation, and deposition on the mesangium,
which further stimulates local inflammation and immune
response, causing tissue damage and pathological repair.

Aiming at all aspects of immune mechanism involvement,
it is helpful to develop novel and promising clinical early-
diagnosis and prognostic indicators, as well as ideal specific
targeted therapeutic drugs in translationalmedicine. In fact, there
are already some promising detection indicators and therapeutic
approaches in preclinical stages of development. Certainly, we
must also be aware that the current research progress on
the immunological mechanism of IgAN is incomplete, and
sometimes even contradictory. It is still very difficult for us to
systematically link all evidence into fully clear pathogenesis. The
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following work will require continued efforts to systematically
understand IgAN.

AUTHOR CONTRIBUTIONS

SC is responsible for writing the review. X-KL is responsible for
determining the topic and supervising the content of the article.

FUNDING

This work was supported by National Natural
Science Foundation of China (No. 81873511)
and the Non-Profit Central Research Institute
Fund of Chinese Academy of Medical
Sciences (2018PT32018).

REFERENCES

1. Berger J, Hinglais N. Intercapillary deposits of IgA-IgG. J Urol Nephrol.

(1968) 74:694–5.

2. D’Amico G, Imbasciati E, Barbiano Di Belgioioso G, Bertoli S,

Fogazzi G, Ferrario F, et al. Idiopathic IgA mesangial nephropathy.

Clinical and histological study of 374 patients. Medicine. (1985)

64:49–60. doi: 10.1159/000183538

3. Zhu L, Zhang H. The genetics of IgA nephropathy: an overview from China.

Kidney Dis. (2015) 1:27–32. doi: 10.1159/000381740

4. Suzuki H, Kiryluk K, Novak J, Moldoveanu Z, Herr AB, Renfrow MB, et

al. The pathophysiology of IgA nephropathy. J Am Soc Nephrol. (2011)

22:1795–803. doi: 10.1681/ASN.2011050464

5. de Sousa-Pereira P, Woof JM. IgA: structure, function, and developability.

Antibodies. (2019) 8:E57. doi: 10.3390/antib8040057

6. Oortwijn BD, van der Boog PJ, Roos A, van der Geest RN, de Fijter JW, Daha

MR, et al. A pathogenic role for secretory IgA in IgA nephropathy. Kidney

Int. (2006) 69:1131–8. doi: 10.1038/sj.ki.5000074

7. Perse M, Veceric-Haler Z. The role of IgA in the pathogenesis of IgA

nephropathy. Int J Mol Sci. (2019) 20:6199. doi: 10.3390/ijms20246199

8. Kerr MA. The structure and function of human IgA. Biochem J. (1990)

271:285–96. doi: 10.1042/bj2710285

9. Kokubo T, Hiki Y, Iwase H, Horii A, Tanaka A, Nishikido J, et al. Evidence

for involvement of IgA1 hinge glycopeptide in the IgA1-IgA1 interaction in

IgA nephropathy. J Am Soc Nephrol. (1997) 8:915–9.

10. Tomana M, Novak J, Julian BA, 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 Invest.

(1999) 104:73–81. doi: 10.1172/JCI5535

11. Suzuki K, Honda K, Tanabe K, Toma H, Nihei H, Yamaguchi Y. Incidence

of latent mesangial IgA deposition in renal allograft donors in Japan. Kidney

Int. (2003) 63:2286–94. doi: 10.1046/j.1523-1755.63.6s.2.x

12. Novak J, Vu HL, Novak L, Julian BA, Mestecky J, Tomana M. Interactions

of human mesangial cells with IgA and IgA-containing immune complexes.

Kidney Int. (2002) 62:465–75. doi: 10.1046/j.1523-1755.2002.00477.x

13. Ibels LS, Gyory AZ, Caterson RJ, Pollock CA, Mahony JF, Waugh DA,

et al. Recognition and management of IgA nephropathy. Drugs. (1998)

55:73–83. doi: 10.2165/00003495-199855010-00006

14. Suzuki H, Moldoveanu Z, Hall S, Brown R, Vu HL, Novak L, et al. IgA1-

secreting cell lines from patients with IgA nephropathy produce aberrantly

glycosylated IgA1. J Clin Invest. (2008) 118:629–39. doi: 10.1172/JCI33189

15. Kobayashi I, Nogaki F, Kusano H, Ono T, Miyawaki S, Yoshida

H, et al. Interleukin-12 alters the physicochemical characteristics of

serum and glomerular IgA and modifies glycosylation in a ddY mouse

strain having high IgA levels. Nephrol Dial Transplant. (2002) 17:2108–

16. doi: 10.1093/ndt/17.12.2108

16. Wang Y, Zhao MH, Zhang YK, Li XM, Wang HY. Binding capacity and

pathophysiological effects of IgA1 from patients with IgA nephropathy on

human glomerular mesangial cells. Clin Exp Immunol. (2004) 136:168–

75. doi: 10.1111/j.1365-2249.2004.02408.x

17. Tumlin JA, Madaio MP, Hennigar R. Idiopathic IgA nephropathy:

pathogenesis, histopathology, and therapeutic options. Clin J Am Soc

Nephrol. (2007) 2:1054–61. doi: 10.2215/CJN.04351206

18. Monteiro RC, VanDeWinkel JG. IgA Fc receptors. Ann Rev Immunol. (2003)

21:177–204. doi: 10.1146/annurev.immunol.21.120601.141011

19. Molyneux K, Wimbury D, Pawluczyk I, Muto M, Bhachu J,

Mertens PR, et al. beta1,4-galactosyltransferase 1 is a novel

receptor for IgA in human mesangial cells. Kidney Int. (2017)

92:1458–68. doi: 10.1016/j.kint.2017.05.002

20. Berthelot L, Papista C, Maciel TT, Biarnes-Pelicot M, Tissandie E,

Wang PH, et al. Transglutaminase is essential for IgA nephropathy

development acting through IgA receptors. J Exp Med. (2012) 209:793–

806. doi: 10.1084/jem.20112005

21. Lechner SM, Papista C, Chemouny JM, Berthelot L, Monteiro RC. Role of

IgA receptors in the pathogenesis of IgA nephropathy. J Nephrol. (2016)

29:5–11. doi: 10.1007/s40620-015-0246-5

22. Moura IC, Arcos-Fajardo M, Sadaka C, Leroy V, Benhamou M, Novak

J, et al. Glycosylation and size of IgA1 are essential for interaction with

mesangial transferrin receptor in IgA nephropathy. J Am Soc Nephrol. (2004)

15:622–34. doi: 10.1097/01.ASN.0000115401.07980.0C

23. Moura IC, Arcos-Fajardo M, Gdoura A, Leroy V, Sadaka C, Mahlaoui

N, et al. Engagement of transferrin receptor by polymeric IgA1: evidence

for a positive feedback loop involving increased receptor expression and

mesangial cell proliferation in IgA nephropathy. J Am Soc Nephrol. (2005)

16:2667–76. doi: 10.1681/ASN.2004111006

24. Wehbi B, Oblet C, Boyer F, Huard A, Druilhe A, Paraf F, et

al. Mesangial deposition can strongly involve innate-like IgA

molecules lacking affinity maturation. J Am Soc Nephrol. (2019)

30:1238–49. doi: 10.1681/ASN.2018111089

25. Lai KN, Leung JC, Chan LY, Saleem MA, Mathieson PW,

Tam KY, et al. Podocyte injury induced by mesangial-derived

cytokines in IgA nephropathy. Nephrol Dial Transplant. (2009)

24:62–72. doi: 10.1093/ndt/gfn441

26. Lai KN, Leung JC, Chan LY, Saleem MA, Mathieson PW, Lai FM, et

al. Activation of podocytes by mesangial-derived TNF-alpha: glomerulo-

podocytic communication in IgA nephropathy. Am J Physiol Renal Physiol.

(2008) 294:F945–55. doi: 10.1152/ajprenal.00423.2007

27. Chan LY, Leung JC, Tsang AW, Tang SC, Lai KN. Activation

of tubular epithelial cells by mesangial-derived TNF-alpha:

glomerulotubular communication in IgA nephropathy. Kidney Int. (2005)

67:602–12. doi: 10.1111/j.1523-1755.2005.67116.x

28. Wang C, Liu X, Peng H, Tang Y, Tang H, Chen Z, et al. Mesangial

cells stimulated by immunoglobin A1 from IgA nephropathy

upregulates transforming growth factor-beta1 synthesis in podocytes

via renin-angiotensin system activation. Arch Med Res. (2010)

41:255–60. doi: 10.1016/j.arcmed.2010.05.003

29. Chan LY, Leung JC, Tang SC, Choy CB, Lai KN. Tubular expression of

angiotensin II receptors and their regulation in IgA nephropathy. J Am Soc

Nephrol. (2005) 16:2306–17. doi: 10.1681/ASN.2004121117

30. Kiryluk K, Li Y, Scolari F, Sanna-Cherchi S, Choi M, Verbitsky M, et al.

Discovery of new risk loci for IgA nephropathy implicates genes involved

in immunity against intestinal pathogens. Nat Genet. (2014) 46:1187–

96. doi: 10.1038/ng.3118

31. Harabuchi Y, Takahara M. Recent advances in the immunological

understanding of association between tonsil and immunoglobulin a

nephropathy as a tonsil-induced autoimmune/inflammatory syndrome.

Immun Inflamm Dis. (2019) 7:86–93. doi: 10.1002/iid3.248

32. Meng H, Ohtake H, Ishida A, Ohta N, Kakehata S, Yamakawa M. IgA

production and tonsillar focal infection in IgA nephropathy. J Clin Exp

Hematopathol JCEH. (2012) 52:161–70. doi: 10.3960/jslrt.52.161

33. Novak J, Moldoveanu Z, Julian BA, Raska M, Wyatt RJ, Suzuki Y, et

al. Aberrant glycosylation of IgA1 and anti-glycan antibodies in IgA

nephropathy: role of mucosal immune system. Adv Otorhinolaryngol. (2011)

72:60–3. doi: 10.1159/000324607

Frontiers in Medicine | www.frontiersin.org 11 March 2020 | Volume 7 | Article 92

https://doi.org/10.1159/000183538
https://doi.org/10.1159/000381740
https://doi.org/10.1681/ASN.2011050464
https://doi.org/10.3390/antib8040057
https://doi.org/10.1038/sj.ki.5000074
https://doi.org/10.3390/ijms20246199
https://doi.org/10.1042/bj2710285
https://doi.org/10.1172/JCI5535
https://doi.org/10.1046/j.1523-1755.63.6s.2.x
https://doi.org/10.1046/j.1523-1755.2002.00477.x
https://doi.org/10.2165/00003495-199855010-00006
https://doi.org/10.1172/JCI33189
https://doi.org/10.1093/ndt/17.12.2108
https://doi.org/10.1111/j.1365-2249.2004.02408.x
https://doi.org/10.2215/CJN.04351206
https://doi.org/10.1146/annurev.immunol.21.120601.141011
https://doi.org/10.1016/j.kint.2017.05.002
https://doi.org/10.1084/jem.20112005
https://doi.org/10.1007/s40620-015-0246-5
https://doi.org/10.1097/01.ASN.0000115401.07980.0C
https://doi.org/10.1681/ASN.2004111006
https://doi.org/10.1681/ASN.2018111089
https://doi.org/10.1093/ndt/gfn441
https://doi.org/10.1152/ajprenal.00423.2007
https://doi.org/10.1111/j.1523-1755.2005.67116.x
https://doi.org/10.1016/j.arcmed.2010.05.003
https://doi.org/10.1681/ASN.2004121117
https://doi.org/10.1038/ng.3118
https://doi.org/10.1002/iid3.248
https://doi.org/10.3960/jslrt.52.161
https://doi.org/10.1159/000324607
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Chang and Li Immunomodulation in Pathogenesis of IgAN

34. Bene MC, Hurault De Ligny B, Kessler M, Faure GC. Confirmation of

tonsillar anomalies in IgA nephropathy: amulticenter study. Nephron. (1991)

58:425–8. doi: 10.1159/000186474

35. Sugiyama N, Shimizu J, Nakamura M, Kiriu T, Matsuoka K, Masuda

Y. Clinicopathological study of the effectiveness of tonsillectomy in IgA

nephropathy accompanied by chronic tonsillitis. Acta Otolaryngol Suppl.

(1993) 508:43–8. doi: 10.3109/00016489309130265

36. Harper SJ, Allen AC, BeneMC, Pringle JH, Faure G, Lauder I, et al. Increased

dimeric IgA-producing B cells in tonsils in IgA nephropathy determined

by in situ hybridization for J chain mRNA. Clin Exp Immunol. (1995)

101:442–8. doi: 10.1111/j.1365-2249.1995.tb03132.x

37. Feehally J, Beattie TJ, Brenchley PE, Coupes BM, Mallick NP, Postlethwaite

RJ. Sequential study of the IgA system in relapsing IgA nephropathy. Kidney

Int. (1986) 30:924–31. doi: 10.1038/ki.1986.274

38. Floege J. The pathogenesis of IgA nephropathy: what is new and how

does it change therapeutic approaches? Am J Kidney Dis. (2011) 58:992–

1004. doi: 10.1053/j.ajkd.2011.05.033

39. Kiryluk K, Novak J. The genetics and immunobiology of IgA nephropathy. J

Clin Invest. (2014) 124:2325–32. doi: 10.1172/JCI74475

40. Macpherson AJ, Gatto D, Sainsbury E, Harriman GR, Hengartner H,

Zinkernagel RM. A primitive T cell-independent mechanism of intestinal

mucosal IgA responses to commensal bacteria. Science. (2000) 288:2222–

6. doi: 10.1126/science.288.5474.2222

41. Khera AK, Afkhami S, Lai R, Jeyanathan M, Zganiacz A, Mandur T, et

al. Role of B cells in mucosal vaccine-induced protective CD8+ T cell

immunity against pulmonary tuberculosis. J Immunol. (2015) 195:2900–

7. doi: 10.4049/jimmunol.1500981

42. Fernandes JR, Snider DP. Polymeric IgA-secreting and mucosal homing

pre-plasma cells in normal human peripheral blood. Int Immunol. (2010)

22:527–40. doi: 10.1093/intimm/dxq037

43. Floege J, Feehally J. The mucosa-kidney axis in IgA nephropathy. Nat Rev

Nephrol. (2016) 12:147–56. doi: 10.1038/nrneph.2015.208

44. Harper SJ, Allen AC, Pringle JH, Feehally J. Increased dimeric IgA

producing B cells in the bone marrow in IgA nephropathy determined

by in situ hybridisation for J chain mRNA. J Clin Pathol. (1996) 49:38–

42. doi: 10.1136/jcp.49.1.38

45. Batra A, Smith AC, Feehally J, Barratt J. T-cell homing receptor

expression in IgA nephropathy. Nephrol Dial Transplant. (2007) 22:2540–

8. doi: 10.1093/ndt/gfm228

46. Kennel-de March A, Bene MC, Renoult E, Kessler M, Faure GC,

Kolopp-Sarda MN. Enhanced expression of L-selectin on peripheral blood

lymphocytes from patients with IgA nephropathy. Clin Exp Immunol. (1999)

115:542–6. doi: 10.1046/j.1365-2249.1999.00823.x

47. Buren M, Yamashita M, Suzuki Y, Tomino Y, Emancipator SN. Altered

expression of lymphocyte homing chemokines in the pathogenesis of IgA

nephropathy. Contrib Nephrol. (2007) 157:50–5. doi: 10.1159/000102304

48. Tomino Y, Sakai H, Endoh M, Suga T, Miura M, Kaneshige H, et al.

Cross-reactivity of IgA antibodies between renal mesangial areas and nuclei

of tonsillar cells in patients with IgA nephropathy. Clin Exp Immunol.

(1983) 51:605–10.

49. Tomino Y, Sakai H. Clinical guidelines for immunoglobulin a (IgA)

nephropathy in Japan, second version. Clin Exp Nephrol. (2003) 7:93–

7. doi: 10.1007/s10157-003-0232-4

50. Masuda Y, Terazawa K, Kawakami S, Ogura Y, Sugiyama

N. Clinical and immunological study of IgA nephropathy

before and after tonsillectomy. Acta Otolaryngol Suppl. (1988)

454:248–55. doi: 10.3109/00016488809125036

51. Akagi H, Nishizaki K, Hattori K, Kosaka M, Fukushima K, Doi A, et

al. Prognosis of tonsillectomy in patients with IgA nephropathy. Acta

Otolaryngol Suppl. (1999) 540:64–6. doi: 10.1080/00016489950181224

52. Xie Y, Chen X, Nishi S, Narita I, Gejyo F. Relationship between tonsils and

IgA nephropathy as well as indications of tonsillectomy. Kidney Int. (2004)

65:1135–44. doi: 10.1111/j.1523-1755.2004.00486.x

53. Suzuki S, Nakatomi Y, Sato H, Tsukada H, Arakawa M.

Haemophilus parainfluenzae antigen and antibody in renal

biopsy samples and serum of patients with IgA nephropathy.

Lancet. (1994) 343:12–6. doi: 10.1016/S0140-6736(94)

90875-3

54. Liu H, Peng Y, Liu F, Xiao W, Zhang Y, Li W. Expression

of IgA class switching gene in tonsillar mononuclear cells in

patients with IgA nephropathy. Inflamm Res. (2011) 60:869–

78. doi: 10.1007/s00011-011-0347-0

55. Takechi H, Oda T, Hotta O, Yamamoto K, Oshima N, Matsunobu T, et al.

Clinical and immunological implications of increase in CD208+ dendritic

cells in tonsils of patients with immunoglobulin a nephropathy. Nephrol Dial

Transplant. (2013) 28:3004–13. doi: 10.1093/ndt/gft399

56. Cox SN, Sallustio F, Serino G, Loverre A, Pesce F, Gigante M, et al. Activated

innate immunity and the involvement of CX3CR1-fractalkine in promoting

hematuria in patients with IgA nephropathy. Kidney Int. (2012) 82:548–

60. doi: 10.1038/ki.2012.147

57. Otaka R, Takahara M, Ueda S, Nagato T, Kishibe K, Nomura

K, et al. Up-regulation of CX3CR1 on tonsillar CD8-positive

cells in patients with IgA nephropathy. Hum Immunol. (2017)

78:375–83. doi: 10.1016/j.humimm.2017.02.004

58. Nagayama Y, Nishiwaki H, Hasegawa T, Komukai D, Kawashima E, Takayasu

M, et al. Impact of the new risk stratification in the 2011 Japanese society

of nephrology clinical guidelines for IgA nephropathy on incidence of early

clinical remission with tonsillectomy plus steroid pulse therapy. Clin Exp

Nephrol. (2015) 19:646–52. doi: 10.1007/s10157-014-1052-4

59. Ponticelli C. Tonsillectomy and IgA nephritis. Nephrol Dial Transplant.

(2012) 27:2610–3. doi: 10.1093/ndt/gfs093

60. Ohya M, Otani H, Minami Y, Yamanaka S, Mima T, Negi S, et al.

Tonsillectomy with steroid pulse therapy has more effect on the relapse rate

than steroid pulse monotherapy in IgA nephropathy patients. Clin Nephrol.

(2013) 80:47–52. doi: 10.5414/CN107861

61. Ochi A, Moriyama T, Takei T, Uchida K, Nitta K. Comparison

between steroid pulse therapy alone and in combination with

tonsillectomy for IgA nephropathy. Inter Urol Nephrol. (2013)

45:469–76. doi: 10.1007/s11255-012-0251-8

62. Maeda I, Hayashi T, Sato KK, Shibata MO, Hamada M, Kishida M, et

al. Tonsillectomy has beneficial effects on remission and progression of

IgA nephropathy independent of steroid therapy. Nephrol Dial Transplant.

(2012) 27:2806–13. doi: 10.1093/ndt/gfs053

63. Kawaguchi T, Ieiri N, Yamazaki S, Hayashino Y, Gillespie B, Miyazaki

M, et al. Clinical effectiveness of steroid pulse therapy combined with

tonsillectomy in patients with immunoglobulin A nephropathy presenting

glomerular haematuria andminimal proteinuria. Nephrology. (2010) 15:116–

23. doi: 10.1111/j.1440-1797.2009.01147.x

64. Wu G, Peng YM, Liu FY, Xu D, Liu C. The role of memory B cell in tonsil

and peripheral blood in the clinical progression of IgA nephropathy. Hum

Immunol. (2013) 74:708–12. doi: 10.1016/j.humimm.2012.10.028

65. Wang Y, Chen J, Wang Y, Chen Y, Wang L, Lv Y. A meta-analysis

of the clinical remission rate and long-term efficacy of tonsillectomy in

patients with IgA nephropathy. Nephrol Dial Transplant. (2011) 26:1923–

31. doi: 10.1093/ndt/gfq674

66. Adachi M, Sato M, Miyazaki M, Hotta O, Hozawa K, Sato T, et al. Steroid

pulse therapy transiently destroys the discriminative histological structure

of tonsils in IgA nephropathy: tonsillectomy should be performed before

or just after steroid pulse therapy. Auris Nasus Larynx. (2018) 45:1206–

13. doi: 10.1016/j.anl.2018.04.009

67. Feehally J, Coppo R, Troyanov S, Bellur SS, Cattran D, Cook T, et al.

Tonsillectomy in a European cohort of 1,147 patients with IgA nephropathy.

Nephron. (2016) 132:15–24. doi: 10.1159/000441852

68. Vergano L, Loiacono E, Albera R, Coppo R, Camilla R, Peruzzi L,

et al. Can tonsillectomy modify the innate and adaptive immunity

pathways involved in IgA nephropathy? J Nephrol. (2015) 28:51–

8. doi: 10.1007/s40620-014-0086-8

69. Sissons JG, Woodrow DF, Curtis JR, Evans DJ, Gower PE, Sloper JC, et al.

Isolated glomerulonephritis with mesangial IgA deposits. Br Med J. (1975)

3:611–4. doi: 10.1136/bmj.3.5984.611

70. Power DA, Muirhead N, Simpson JG, Nicholls AJ, Horne CH, Catto GR, et

al. IgA nephropathy is not a rare disease in the United Kingdom. Nephron.

(1985) 40:180–4. doi: 10.1159/000183457

71. Liu H, Peng Y, Liu H, Liu Y, Yuan S, Liu F, et al. Renal biopsy findings

of patients presenting with isolated hematuria: disease associations. Am J

Nephrol. (2012) 36:377–85. doi: 10.1159/000342233

Frontiers in Medicine | www.frontiersin.org 12 March 2020 | Volume 7 | Article 92

https://doi.org/10.1159/000186474
https://doi.org/10.3109/00016489309130265
https://doi.org/10.1111/j.1365-2249.1995.tb03132.x
https://doi.org/10.1038/ki.1986.274
https://doi.org/10.1053/j.ajkd.2011.05.033
https://doi.org/10.1172/JCI74475
https://doi.org/10.1126/science.288.5474.2222
https://doi.org/10.4049/jimmunol.1500981
https://doi.org/10.1093/intimm/dxq037
https://doi.org/10.1038/nrneph.2015.208
https://doi.org/10.1136/jcp.49.1.38
https://doi.org/10.1093/ndt/gfm228
https://doi.org/10.1046/j.1365-2249.1999.00823.x
https://doi.org/10.1159/000102304
https://doi.org/10.1007/s10157-003-0232-4
https://doi.org/10.3109/00016488809125036
https://doi.org/10.1080/00016489950181224
https://doi.org/10.1111/j.1523-1755.2004.00486.x
https://doi.org/10.1016/S0140-6736(94)90875-3
https://doi.org/10.1007/s00011-011-0347-0
https://doi.org/10.1093/ndt/gft399
https://doi.org/10.1038/ki.2012.147
https://doi.org/10.1016/j.humimm.2017.02.004
https://doi.org/10.1007/s10157-014-1052-4
https://doi.org/10.1093/ndt/gfs093
https://doi.org/10.5414/CN107861
https://doi.org/10.1007/s11255-012-0251-8
https://doi.org/10.1093/ndt/gfs053
https://doi.org/10.1111/j.1440-1797.2009.01147.x
https://doi.org/10.1016/j.humimm.2012.10.028
https://doi.org/10.1093/ndt/gfq674
https://doi.org/10.1016/j.anl.2018.04.009
https://doi.org/10.1159/000441852
https://doi.org/10.1007/s40620-014-0086-8
https://doi.org/10.1136/bmj.3.5984.611
https://doi.org/10.1159/000183457
https://doi.org/10.1159/000342233
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Chang and Li Immunomodulation in Pathogenesis of IgAN

72. Kiryluk K, Novak J, Gharavi AG. Pathogenesis of immunoglobulin a

nephropathy: recent insight from genetic studies. Annu Rev Med. (2013)

64:339–56. doi: 10.1146/annurev-med-041811-142014

73. Shreiner AB, Kao JY, Young VB. The gut microbiome in

health and in disease. Curr Opin Gastroenterol. (2015) 31:69–

75. doi: 10.1097/MOG.0000000000000139

74. Chairatana P, Nolan EM. Defensins, lectins, mucins, and secretory

immunoglobulin a: microbe-binding biomolecules that contribute to

mucosal immunity in the human gut. Crit Rev Biochem Mol Biol. (2017)

52:45–56. doi: 10.1080/10409238.2016.1243654

75. Coppo R. The intestine-renal connection in IgA nephropathy. Nephrol Dial

Transplant. (2015) 30:360–6. doi: 10.1093/ndt/gfu343

76. Russell MW, Mestecky J, Julian BA, Galla JH. IgA-associated renal

diseases: antibodies to environmental antigens in sera and deposition of

immunoglobulins and antigens in glomeruli. J Clin Immunol. (1986) 6:74–

86. doi: 10.1007/BF00915367

77. Wang J, Anders RA, Wu Q, Peng D, Cho JH, Sun Y, et al.

Dysregulated LIGHT expression on T cells mediates intestinal

inflammation and contributes to IgA nephropathy. J Clin Invest. (2004)

113:826–35. doi: 10.1172/JCI20096

78. Smerud HK, Fellstrom B, Hallgren R, Osagie S, Venge P, Kristjansson

G. Gluten sensitivity in patients with IgA nephropathy. Nephrol Dial

Transplant. (2009) 24:2476–81. doi: 10.1093/ndt/gfp133

79. Jiang J, Wang XX, Shen PC, Sun C, He LQ. Clinical investigation of

mucosal immune system in IgA nephropathy patients. J Dalian Med Univ.

(2016) 38:558–61.

80. Qin W, Zhong X, Fan JM, Zhang YJ, Liu XR, Ma XY. External suppression

causes the low expression of the cosmc gene in IgA nephropathy. Nephrol

Dial Transplant. (2008) 23:1608–14. doi: 10.1093/ndt/gfm781

81. Emancipator SN, Gallo GR, Lamm ME. Experimental IgA

nephropathy induced by oral immunization. J Exp Med. (1983)

157:572–82. doi: 10.1084/jem.157.2.572

82. Coppo R, Mazzucco G, Martina G, Roccatello D, Amore A, Novara

R, et al. Gluten-induced experimental IgA glomerulopathy. Lab Invest.

(1989) 60:499–506.

83. Kloster Smerud H, Fellstrom B, Hallgren R, Osagie S, Venge P, Kristjansson

G. Gastrointestinal sensitivity to soy and milk proteins in patients with IgA

nephropathy. Clin Nephrol. (2010) 74:364–71. doi: 10.5414/CNP74364

84. Coppo R, Amore A, Roccatello D, Gianoglio B,Molino A, Piccoli G, et al. IgA

antibodies to dietary antigens and lectin-binding IgA in sera from Italian,

Australian, and Japanese IgA nephropathy patients. Am J Kidney Dis. (1991)

17:480–7. doi: 10.1016/S0272-6386(12)80644-5

85. Papista C, Lechner S, Ben Mkaddem S, LeStang MB, Abbad L, Bex-

Coudrat J, et al. Gluten exacerbates IgA nephropathy in humanized

mice through gliadin-CD89 interaction. Kidney Int. (2015) 88:276–

85. doi: 10.1038/ki.2015.94

86. Chen JQ, Szodoray P, Zeher M. Toll-like receptor pathways

in autoimmune diseases. Clin Rev Allergy Immunol. (2016)

50:1–17. doi: 10.1007/s12016-015-8473-z

87. O’Neill LA, Bowie AG. The family of five: TIR-domain-containing

adaptors in toll-like receptor signalling. Nat Rev Immunol. (2007) 7:353–

64. doi: 10.1038/nri2079

88. Zhu L, Zhang Q, Shi S, Liu L, Lv J, Zhang H. Synergistic

effect of mesangial cell-induced CXCL1 and TGF-beta1 in

promoting podocyte loss in IgA nephropathy. PLoS ONE. (2013)

8:e73425. doi: 10.1371/journal.pone.0073425

89. Gay NJ, Gangloff M. Structure and function of Toll

receptors and their ligands. Ann Rev Biochem. (2007)

76:141–65. doi: 10.1146/annurev.biochem.76.060305.

151318

90. Takeda K, Kaisho T, Akira S. Toll-like receptors. Ann Rev Immunol. (2003)

21:335–76. doi: 10.1146/annurev.immunol.21.120601.141126

91. Anders HJ, Schlondorff D. Toll-like receptors: emerging concepts

in kidney disease. Curr Opin Nephrol Hypertens. (2007)

16:177–83. doi: 10.1097/MNH.0b013e32803fb767

92. Patole PS, Zecher D, Pawar RD, Grone HJ, Schlondorff D, Anders HJ. G-

rich DNA suppresses systemic lupus. J Am Soc Nephrol. (2005) 16:3273–

80. doi: 10.1681/ASN.2005060658

93. He L, Peng X, Liu G, Tang C, Liu H, Liu F, et al. Anti-inflammatory effects

of triptolide on IgA nephropathy in rats. Immunopharmacol Immunotoxicol.

(2015) 37:421–7. doi: 10.3109/08923973.2015.1080265

94. Coppo R, Camilla R, Amore A, Peruzzi L, Dapra V, Loiacono E, et al. Toll-

like receptor 4 expression is increased in circulating mononuclear cells of

patients with immunoglobulin a nephropathy. Clin Exp Immunol. (2010)

159:73–81. doi: 10.1111/j.1365-2249.2009.04045.x

95. Lim BJ, Lee D, Hong SW, Jeong HJ. Toll-like receptor 4 signaling is involved

in IgA-stimulated mesangial cell activation. Yonsei Med J. (2011) 52:610–

5. doi: 10.3349/ymj.2011.52.4.610

96. Chen X, Peng S, Zeng H, Fu A, Zhu Q. Toll-like receptor 4 is involved

in a protective effect of rhein on immunoglobulin a nephropathy. Indian J

Pharmacol. (2015) 47:27–33. doi: 10.4103/0253-7613.150319

97. McCarthy DD, Chiu S, Gao Y, Summers-deLuca LE, Gommerman JL. BAFF

induces a hyper-IgA syndrome in the intestinal lamina propria concomitant

with IgA deposition in the kidney independent of LIGHT. Cell Immunol.

(2006) 241:85–94. doi: 10.1016/j.cellimm.2006.08.002

98. Banas MC, Banas B, Hudkins KL, Wietecha TA, Iyoda M, Bock E, et al.

TLR4 links podocytes with the innate immune system to mediate glomerular

injury. J Am Soc Nephrol. (2008) 19:704–13. doi: 10.1681/ASN.2007040395

99. Campbell MT, Hile KL, Zhang H, Asanuma H, Vanderbrink BA, Rink RR, et

al. Toll-like receptor 4: a novel signaling pathway during renal fibrogenesis. J

Surg Res. (2011) 168:e61–9. doi: 10.1016/j.jss.2009.09.053

100. Skuginna V, Lech M, Allam R, Ryu M, Clauss S, Susanti HE, et al. Toll-

like receptor signaling and SIGIRR in renal fibrosis upon unilateral ureteral

obstruction. PLoS ONE. (2011) 6:e19204. doi: 10.1371/journal.pone.0019204

101. Suzuki H, Suzuki Y, Narita I, Aizawa M, Kihara M, Yamanaka T, et al. Toll-

like receptor 9 affects severity of IgA nephropathy. J Am Soc Nephrol. (2008)

19:2384–95. doi: 10.1681/ASN.2007121311

102. Makita Y, Suzuki H, Kano T, Takahata A, Julian BA, Novak J, et al.

TLR9 activation induces aberrant IgA glycosylation via APRIL- and IL-

6-mediated pathways in IgA nephropathy. Kidney Int. (2020) 97:340–

9. doi: 10.1016/j.kint.2019.08.022

103. Sato D, Suzuki Y, Kano T, Suzuki H, Matsuoka J, Yokoi H, et al. Tonsillar

TLR9 expression and efficacy of tonsillectomy with steroid pulse therapy

in IgA nephropathy patients. Nephrol Dial Transplant. (2012) 27:1090–

7. doi: 10.1093/ndt/gfr403

104. Ciferska H, Honsova E, Lodererova A, Hruskova Z, Neprasova M, Vachek J,

et al. Does the renal expression of Toll-like receptors play a role in patients

with IgA nephropathy? J Nephrol. (2019). doi: 10.1007/s40620-019-00640-z.

[Epub ahead of print].

105. Saito A, Komatsuda A, Kaga H, Sato R, Togashi M, Okuyama S, et

al. Different expression patterns of toll-like receptor mRNAs in blood

mononuclear cells of IgA nephropathy and IgA vasculitis with nephritis.

Tohoku J Exp Med. (2016) 240:199–208. doi: 10.1620/tjem.240.199

106. Lee HJ, Choi SY, Jeong KH, Sung JY, Moon SK, Moon JY, et al. Association

of C1q deposition with renal outcomes in IgA nephropathy. Clin Nephrol.

(2013) 80:98–104. doi: 10.5414/CN107854

107. Nasri H. Letter to the article: association of C1q deposition with renal

outcomes in IgA nephropathy. Clin Nephrol. 2013; 80:98–104. Clin Nephrol.

(2014) 81:228–9. doi: 10.5414/CN108075

108. Katafuchi R, Nagae H, Masutani K, Tsuruya K, Mitsuiki K. Comprehensive

evaluation of the significance of immunofluorescent findings on

clinicopathological features in IgA nephropathy. Clin Exp Nephrol.

(2019) 23:169–81. doi: 10.1007/s10157-018-1619-6

109. Oortwijn BD, Roos A, Royle L, van Gijlswijk-Janssen DJ, Faber-Krol MC,

Eijgenraam JW, et al. Differential glycosylation of polymeric and monomeric

IgA: a possible role in glomerular inflammation in IgA nephropathy. J Am

Soc Nephrol. (2006) 17:3529–39. doi: 10.1681/ASN.2006040388

110. Shinohara H, Nagi-Miura N, Ishibashi K, Adachi Y, Ishida-Okawara A,

Oharaseki T, et al. Beta-mannosyl linkages negatively regulate anaphylaxis

and vasculitis in mice, induced by CAWS, fungal PAMPS composed of

mannoprotein-beta-glucan complex secreted by Candida albicans. Biol

Pharm Bull. (2006) 29:1854–61. doi: 10.1248/bpb.29.1854

111. Russell MW, Mansa B. Complement-fixing properties of human IgA

antibodies. Alternative pathway complement activation by plastic-bound,

but not specific antigen-bound, IgA. Scand J Immunol. (1989) 30:175–

83. doi: 10.1111/j.1365-3083.1989.tb01199.x

Frontiers in Medicine | www.frontiersin.org 13 March 2020 | Volume 7 | Article 92

https://doi.org/10.1146/annurev-med-041811-142014
https://doi.org/10.1097/MOG.0000000000000139
https://doi.org/10.1080/10409238.2016.1243654
https://doi.org/10.1093/ndt/gfu343
https://doi.org/10.1007/BF00915367
https://doi.org/10.1172/JCI20096
https://doi.org/10.1093/ndt/gfp133
https://doi.org/10.1093/ndt/gfm781
https://doi.org/10.1084/jem.157.2.572
https://doi.org/10.5414/CNP74364
https://doi.org/10.1016/S0272-6386(12)80644-5
https://doi.org/10.1038/ki.2015.94
https://doi.org/10.1007/s12016-015-8473-z
https://doi.org/10.1038/nri2079
https://doi.org/10.1371/journal.pone.0073425
https://doi.org/10.1146/annurev.biochem.76.060305.151318
https://doi.org/10.1146/annurev.immunol.21.120601.141126
https://doi.org/10.1097/MNH.0b013e32803fb767
https://doi.org/10.1681/ASN.2005060658
https://doi.org/10.3109/08923973.2015.1080265
https://doi.org/10.1111/j.1365-2249.2009.04045.x
https://doi.org/10.3349/ymj.2011.52.4.610
https://doi.org/10.4103/0253-7613.150319
https://doi.org/10.1016/j.cellimm.2006.08.002
https://doi.org/10.1681/ASN.2007040395
https://doi.org/10.1016/j.jss.2009.09.053
https://doi.org/10.1371/journal.pone.0019204
https://doi.org/10.1681/ASN.2007121311
https://doi.org/10.1016/j.kint.2019.08.022
https://doi.org/10.1093/ndt/gfr403
https://doi.org/10.1007/s40620-019-00640-z
https://doi.org/10.1620/tjem.240.199
https://doi.org/10.5414/CN107854
https://doi.org/10.5414/CN108075
https://doi.org/10.1007/s10157-018-1619-6
https://doi.org/10.1681/ASN.2006040388
https://doi.org/10.1248/bpb.29.1854
https://doi.org/10.1111/j.1365-3083.1989.tb01199.x
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Chang and Li Immunomodulation in Pathogenesis of IgAN

112. Hiemstra PS, Gorter A, Stuurman ME, Van Es LA, Daha MR. Activation of

the alternative pathway of complement by human serum IgA. Eur J Immunol.

(1987) 17:321–6. doi: 10.1002/eji.1830170304

113. Schmitt R, Stahl AL, Olin AI, Kristoffersson AC, Rebetz J, Novak J,

et al. The combined role of galactose-deficient IgA1 and streptococcal

IgA-binding M Protein in inducing IL-6 and C3 secretion from human

mesangial cells: implications for IgA nephropathy. J Immunol. (2014)

193:317–26. doi: 10.4049/jimmunol.1302249

114. Zwirner J, Burg M, Schulze M, Brunkhorst R, Gotze O, Koch KM, et al.

Activated complement C3: a potentially novel predictor of progressive IgA

nephropathy. Kidney Int. (1997) 51:1257–64. doi: 10.1038/ki.1997.171

115. Kim SJ, Koo HM, Lim BJ, Oh HJ, Yoo DE, Shin DH, et al.

Decreased circulating C3 levels and mesangial C3 deposition predict

renal outcome in patients with IgA nephropathy. PLoS ONE. (2012)

7:e40495. doi: 10.1371/journal.pone.0040495

116. Liu L, Zhang Y, Duan X, Peng Q, Liu Q, Zhou Y, et al. C3a, C5a renal

expression and their receptors are correlated to severity of IgA nephropathy.

J Clin Immunol. (2014) 34:224–32. doi: 10.1007/s10875-013-9970-6

117. Mizerska-Wasiak M, Maldyk J, Rybi-Szuminska A, Wasilewska A,

Miklaszewska M, Pietrzyk J, et al. Relationship between serum IgA/C3

ratio and severity of histological lesions using the Oxford classification

in children with IgA nephropathy. Pediatr Nephrol. (2015) 30:1113–

20. doi: 10.1007/s00467-014-3024-z

118. Moresco RN, Speeckaert MM, Delanghe JR. Diagnosis and monitoring of

IgA nephropathy: the role of biomarkers as an alternative to renal biopsy.

Autoimmun Rev. (2015) 14:847–53. doi: 10.1016/j.autrev.2015.05.009

119. Zhang JJ, Jiang L, Liu G, Wang SX, Zou WZ, Zhang H, et al. Levels

of urinary complement factor H in patients with IgA nephropathy are

closely associated with disease activity. Scand J Immunol. (2009) 69:457–

64. doi: 10.1111/j.1365-3083.2009.02234.x

120. Ricklin D, Reis ES, Lambris JD. Complement in disease: a

defence system turning offensive. Nat Rev Nephrol. (2016)

12:383–401. doi: 10.1038/nrneph.2016.70

121. Gharavi AG, Kiryluk K, Choi M, Li Y, Hou P, Xie J, et al. Genome-wide

association study identifies susceptibility loci for IgA nephropathy. Nat

Genet. (2011) 43:321–7. doi: 10.1038/ng.787

122. Zhu L, Zhai YL, Wang FM, Hou P, Lv JC, Xu DM, et al. Variants in

complement factor h and complement factor H-related protein genes,

CFHR3 and CFHR1, affect complement activation in IgA nephropathy. J Am

Soc Nephrol. (2015) 26:1195–204. doi: 10.1681/ASN.2014010096

123. Tortajada A, Gutierrez E, Goicoechea de Jorge E, Anter J, Segarra A, Espinosa

M, et al. Elevated factor H-related protein 1 and factor H pathogenic variants

decrease complement regulation in IgA nephropathy. Kidney Int. (2017)

92:953–63. doi: 10.1016/j.kint.2017.03.041

124. Medjeral-Thomas NR, Lomax-Browne HJ, Beckwith H, Willicombe M,

McLean AG, Brookes P, et al. Circulating complement factor H-related

proteins 1 and 5 correlate with disease activity in IgA nephropathy. Kidney

Int. (2017) 92:942–52. doi: 10.1016/j.kint.2017.03.043

125. Murphy B, Georgiou T, Machet D, Hill P, McRae J. Factor H-related protein-

5: a novel component of human glomerular immune deposits. Am J Kidney

Dis. (2002) 39:24–7. doi: 10.1053/ajkd.2002.29873

126. Zhai YL, Meng SJ, Zhu L, Shi SF, Wang SX, Liu LJ, et al. Rare variants

in the complement factor H-related protein 5 gene contribute to genetic

susceptibility to IgA nephropathy. J Am Soc Nephrol. (2016) 27:2894–

905. doi: 10.1681/ASN.2015010012

127. Zhu L, Guo WY, Shi SF, Liu LJ, Lv JC, Medjeral-Thomas NR, et al.

Circulating complement factor H-related protein 5 levels contribute to

development and progression of IgA nephropathy. Kidney Int. (2018)

94:150–8. doi: 10.1016/j.kint.2018.02.023

128. Tortajada A, Gutierrez E, PickeringMC, Praga TerenteM,Medjeral-Thomas

N. The role of complement in IgA nephropathy. Mol Immunol. (2019)

114:123–32. doi: 10.1016/j.molimm.2019.07.017

129. Roos A, Rastaldi MP, Calvaresi N, Oortwijn BD, Schlagwein N, van Gijlswijk-

Janssen DJ, et al. Glomerular activation of the lectin pathway of complement

in IgA nephropathy is associated with more severe renal disease. J Am Soc

Nephrol. (2006) 17:1724–34. doi: 10.1681/ASN.2005090923

130. Coppo R, Amore A, Peruzzi L, Vergano L, Camilla R. Innate immunity and

IgA nephropathy. J Nephrol. (2010) 23:626–32.

131. Medjeral-Thomas NR, Troldborg A, Constantinou N, Lomax-Browne

HJ, Hansen AG, Willicombe M, et al. Progressive IgA nephropathy

is associated with low circulating mannan-binding lectin-associated

serine protease-3 (MASP-3) and increased glomerular factor h-

related protein-5 (FHR5) deposition. Kidney Inter Rep. (2018)

3:426–38. doi: 10.1016/j.ekir.2017.11.015

132. Thiel S. Complement activating soluble pattern recognition

molecules with collagen-like regions, mannan-binding lectin,

ficolins and associated proteins. Mol Immunol. (2007) 44:3875–

88. doi: 10.1016/j.molimm.2007.06.005

133. Roos A, Bouwman LH, van Gijlswijk-Janssen DJ, Faber-Krol MC,

Stahl GL, Daha MR. Human IgA activates the complement system

via the mannan-binding lectin pathway. J Immunol. (2001) 167:2861–

8. doi: 10.4049/jimmunol.167.5.2861

134. Liu LL, Jiang Y, Wang LN, Liu N. Urinary mannose-binding

lectin is a biomarker for predicting the progression of

immunoglobulin (Ig)A nephropathy. Clin Exp Immunol. (2012)

169:148–55. doi: 10.1111/j.1365-2249.2012.04604.x

135. Shi B, Wang L, Mou S, Zhang M, Wang Q, Qi C, et al. Identification of

mannose-binding lectin as a mechanism in progressive immunoglobulin a

nephropathy. Inter J Clin Exp Pathol. (2015) 8:1889–99.

136. GuoWY, Zhu L, Meng SJ, Shi SF, Liu LJ, Lv JC, et al. Mannose-binding lectin

levels could predict prognosis in iga nephropathy. J Am Soc Nephrol. (2017)

28:3175–81. doi: 10.1681/ASN.2017010076

137. Fabiano RC, Pinheiro SV, de Almeida Araujo S, Simoes ESAC.

Immunoglobulin a nephropathy: pathological markers of renal survival in

paediatric patients. Nephrology. (2016) 21:995–1002. doi: 10.1111/nep.12850

138. Sato Y, Sasaki S, Okamoto T, Takahashi T, Hayashi A, Ogawa Y, et al.

Mesangial C4d deposition at diagnosis in childhood immunoglobulin a

nephropathy. Pediatr Int. (2019) 61:1133–9. doi: 10.1111/ped.13921

139. Maeng YI, Kim MK, Park JB, Cho CH, Oh HK, Sung WJ, et al.

Glomerular and tubular C4d depositions in IgA nephropathy: relations with

histopathology and with albuminuria. Int J Clin Exp Pathol. (2013) 6:904–10.

140. Nasri H, Ahmadi A, Rafieian-Kopaei M, Bashardoust B, Nasri P, MubarakM.

Association of glomerular C4d deposition with various demographic data

in IgA nephropathy patients; a preliminary study. J Nephropathol. (2015)

4:19–23. doi: 10.12860/jnp.2015.04

141. Sahin OZ, Yavas H, Tasli F, Gibyeli DG, Ersoy R, Uzum A, et al. Prognostic

value of glomerular C4d staining in patients with IgA nephritis. Inter J Clin

Exp Pathol. (2014) 7:3299–304.

142. Rath A, Tewari R,Mendonca S, Badwal S, NijhawanVS. Oxford classification

of IgA nephropathy and C4d deposition; correlation and its implication. J

Nephropharmacol. (2016) 5:75–9.

143. Rauterberg EW, Lieberknecht HM, Wingen AM, Ritz E. Complement

membrane attack (MAC) in idiopathic IgA-glomerulonephritis. Kidney Int.

(1987) 31:820–9. doi: 10.1038/ki.1987.72

144. Onda K, Ohsawa I, Ohi H, Tamano M, Mano S, Wakabayashi M, et

al. Excretion of complement proteins and its activation marker C5b-9

in IgA nephropathy in relation to renal function. BMC Nephrol. (2011)

12:64. doi: 10.1186/1471-2369-12-64

145. Paunas TIF, Finne K, Leh S, Marti HP, Mollnes TE, Berven F, et

al. Glomerular abundance of complement proteins characterized by

proteomic analysis of laser-captured microdissected glomeruli associates

with progressive disease in IgA nephropathy. Clin Proteomics. (2017)

14:30. doi: 10.1186/s12014-017-9165-x

146. Yu HH, Chu KH, Yang YH, Lee JH, Wang LC, Lin YT, et al. Genetics and

immunopathogenesis of IgA nephropathy. Clin Rev Allergy Immunol. (2011)

41:198–213. doi: 10.1007/s12016-010-8232-0

147. He L, Peng Y, Liu H, Yin W, Chen X, Peng X, et al. Th1/Th2 polarization in

tonsillar lymphocyte form patients with IgA nephropathy. Ren Fail. (2014)

36:407–12. doi: 10.3109/0886022X.2013.862809

148. Chintalacharuvu SR, Yamashita M, Bagheri N, Blanchard TG, Nedrud JG,

LammME, et al. T cell cytokine polarity as a determinant of immunoglobulin

a (IgA) glycosylation and the severity of experimental IgA nephropathy.

Clin Exp Immunol. (2008) 153:456–62. doi: 10.1111/j.1365-2249.2008.

03703.x

149. Sun Q, Zhang J, Zhou N, Liu X, Shen Y. DNA methylation

in cosmc promoter region and aberrantly glycosylated IgA1

Frontiers in Medicine | www.frontiersin.org 14 March 2020 | Volume 7 | Article 92

https://doi.org/10.1002/eji.1830170304
https://doi.org/10.4049/jimmunol.1302249
https://doi.org/10.1038/ki.1997.171
https://doi.org/10.1371/journal.pone.0040495
https://doi.org/10.1007/s10875-013-9970-6
https://doi.org/10.1007/s00467-014-3024-z
https://doi.org/10.1016/j.autrev.2015.05.009
https://doi.org/10.1111/j.1365-3083.2009.02234.x
https://doi.org/10.1038/nrneph.2016.70
https://doi.org/10.1038/ng.787
https://doi.org/10.1681/ASN.2014010096
https://doi.org/10.1016/j.kint.2017.03.041
https://doi.org/10.1016/j.kint.2017.03.043
https://doi.org/10.1053/ajkd.2002.29873
https://doi.org/10.1681/ASN.2015010012
https://doi.org/10.1016/j.kint.2018.02.023
https://doi.org/10.1016/j.molimm.2019.07.017
https://doi.org/10.1681/ASN.2005090923
https://doi.org/10.1016/j.ekir.2017.11.015
https://doi.org/10.1016/j.molimm.2007.06.005
https://doi.org/10.4049/jimmunol.167.5.2861
https://doi.org/10.1111/j.1365-2249.2012.04604.x
https://doi.org/10.1681/ASN.2017010076
https://doi.org/10.1111/nep.12850
https://doi.org/10.1111/ped.13921
https://doi.org/10.12860/jnp.2015.04
https://doi.org/10.1038/ki.1987.72
https://doi.org/10.1186/1471-2369-12-64
https://doi.org/10.1186/s12014-017-9165-x
https://doi.org/10.1007/s12016-010-8232-0
https://doi.org/10.3109/0886022X.2013.862809
https://doi.org/10.1111/j.1365-2249.2008.03703.x
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Chang and Li Immunomodulation in Pathogenesis of IgAN

associated with pediatric IgA nephropathy. PLoS ONE. (2015)

10:e0112305. doi: 10.1371/journal.pone.0112305

150. Schena FP, Cerullo G, Torres DD, Scolari F, Foramitti M, Amoroso A, et

al. Role of interferon-gamma gene polymorphisms in susceptibility to IgA

nephropathy: a family-based association study. Eur J Hum Genet EJHG.

(2006) 14:488–96. doi: 10.1038/sj.ejhg.5201591

151. Yang L, Zhang X, Peng W, Wei M, Qin W. MicroRNA-155-induced T

lymphocyte subgroup drifting in IgA nephropathy. Int Urol Nephrol. (2017)

49:353–61. doi: 10.1007/s11255-016-1444-3

152. Zhang Z, Wang H, Zhang L, Crew R, Zhang N, Liu X, et al.

Serum levels of soluble ST2 and IL-10 are associated with disease

severity in patients with IgA nephropathy. J Immunol Res. (2016)

2016:6540937. doi: 10.1155/2016/6540937

153. Lee TW, Kim MJ. Production of interleukin-2 (IL-2) and expression of IL-

2 receptor in patients with IgA nephropathy. Korean J Intern Med. (1992)

7:31–8. doi: 10.3904/kjim.1992.7.1.31

154. Mitra S, Leonard WJ. Biology of IL-2 and its therapeutic

modulation: mechanisms and strategies. J Leukoc Biol. (2018)

103:643–55. doi: 10.1002/JLB.2RI0717-278R

155. Paust HJ, Turner JE, Riedel JH, Disteldorf E, Peters A, Schmidt T, et al.

Chemokines play a critical role in the cross-regulation of Th1 and Th17

immune responses in murine crescentic glomerulonephritis. Kidney Int.

(2012) 82:72–83. doi: 10.1038/ki.2012.101

156. Sallustio F, Serino G, Cox SN, Dalla Gassa A, Curci C, De Palma G, et al.

Aberrantly methylated DNA regions lead to low activation of CD4+ T-cells

in IgA nephropathy. Clin Sci. (2016) 130:733–46. doi: 10.1042/CS20150711

157. Jogdand GM, Mohanty S, Devadas S. Regulators of Tfh cell differentiation.

Front Immunol. (2016) 7:520. doi: 10.3389/fimmu.2016.00520

158. Zhang L, Wang Y, Shi X, Zou H, Jiang Y. A higher frequency

of CD4+CXCR5+ T follicular helper cells in patients with

newly diagnosed IgA nephropathy. Immunol Lett. (2014)

158:101–8. doi: 10.1016/j.imlet.2013.12.004

159. Sun Y, Liu Z, Liu Y, Li X. Increased frequencies of memory and activated

B cells and follicular helper T cells are positively associated with high levels

of activationinduced cytidine deaminase in patients with immunoglobulin A

nephropathy. Mol Med Rep. (2015) 12:5531–7. doi: 10.3892/mmr.2015.4071

160. Huang ZQ, Raska M, Stewart TJ, Reily C, King RG, Crossman DK,

et al. Somatic mutations modulate autoantibodies against galactose-

deficient IgA1 in IgA nephropathy. J Am Soc Nephrol. (2016) 27:3278–

84. doi: 10.1681/ASN.2014101044

161. Mazzoni A, Maggi L, Liotta F, Cosmi L, Annunziato F. Biological and clinical

significance of T helper 17 cell plasticity. Immunology. (2019) 158:287–

95. doi: 10.1111/imm.13124

162. Eisenstein EM, Williams CB. The T (reg)/Th17 cell balance: a

new paradigm for autoimmunity. Pediatr Res. (2009) 65(5 Pt

2):26R−31R. doi: 10.1203/PDR.0b013e31819e76c7

163. Shan J, Feng L, Sun G, Chen P, Zhou Y, Xia M, et al. Interplay betweenmTOR

and STAT5 signaling modulates the balance between regulatory and effective

T cells. Immunobiology. (2015) 220:510–7. doi: 10.1016/j.imbio.2014.10.020

164. Lin FJ, Jiang GR, Shan JP, Zhu C, Zou J, Wu XR. Imbalance of regulatory

T cells to Th17 cells in IgA nephropathy. Scand J Clin Lab Invest. (2012)

72:221–9. doi: 10.3109/00365513.2011.652158

165. Lin JR, Wen J, Zhang H, Wang L, Gou FF, Yang M, et al. Interleukin-17

promotes the production of underglycosylated IgA1 in DAKIKI cells. Ren

Fail. (2018) 40:60–7. doi: 10.1080/0886022X.2017.1419972

166. Lu G, Zhang X, Shen L, Qiao Q, Li Y, Sun J, et al. CCL20

secreted from IgA1-stimulated human mesangial cells recruits

inflammatory Th17 cells in IgA nephropathy. PLoS ONE. (2017)

12:e0178352. doi: 10.1371/journal.pone.0178352

167. Yang S, Chen B, Shi J, Chen F, Zhang J, Sun Z. Analysis of

regulatory T cell subsets in the peripheral blood of immunoglobulin

A nephropathy (IgAN) patients. Genet Mol Res. (2015) 14:14088–

92. doi: 10.4238/2015.October.29.28

168. Huang H, Peng Y, Liu H, Yang X, Liu F. Decreased CD4+CD25+ cells

and increased dimeric IgA-producing cells in tonsils in IgA nephropathy.

J Nephrol. (2010) 23:202–9.

169. Huang H, Peng Y, Long XD, Liu Z, Wen X, Jia M, et al. Tonsillar

CD4+CD25+ regulatory T cells from IgA nephropathy patients have

decreased immunosuppressive activity in experimental IgA nephropathy

rats. Am J Nephrol. (2013) 37:472–80. doi: 10.1159/000350533

170. He L, Peng X, Wang J, Tang C, Zhou X, Liu H, et al. Synthetic double-

stranded RNA Poly(I:C) aggravates IgA nephropathy by triggering IgA class

switching recombination through the TLR3-BAFF axis. Am J Nephrol. (2015)

42:185–97. doi: 10.1159/000440819

171. Xin G, Shi W, Xu LX, Su Y, Yan LJ, Li KS. Serum BAFF is elevated in patients

with IgA nephropathy and associated with clinical and histopathological

features. J Nephrol. (2013) 26:683–90. doi: 10.5301/jn.5000218

172. Zheng N, Fan J, Wang B, Wang D, Feng P, Yang Q, et al. Expression profile of

BAFF in peripheral blood from patients of IgA nephropathy: correlation with

clinical features and Streptococcus pyogenes infection. Mol Med Rep. (2017)

15:1925–35. doi: 10.3892/mmr.2017.6190

173. Muto M, Manfroi B, Suzuki H, Joh K, Nagai M, Wakai S, et al. Toll-

Like receptor 9 stimulation induces aberrant expression of a proliferation-

inducing ligand by tonsillar Germinal center B cells in IgA nephropathy. J

Am Soc Nephrol. (2017) 28:1227–38. doi: 10.1681/ASN.2016050496

174. Zhai YL, Zhu L, Shi SF, Liu LJ, Lv JC, Zhang H. Increased APRIL expression

induces IgA1 aberrant glycosylation in IgA nephropathy. Medicine. (2016)

95:e3099. doi: 10.1097/MD.0000000000003099

175. Takahara M, Nagato T, Nozaki Y, Kumai T, Katada A, Hayashi T, et al.

A proliferation-inducing ligand (APRIL) induced hyper-production of IgA

from tonsillar mononuclear cells in patients with IgA nephropathy. Cell

Immunol. (2019) 341:103925. doi: 10.1016/j.cellimm.2019.103925

176. Martin-Penagos L, Benito-Hernandez A, San Segundo D, Sango C, Azueta

A, Gomez-Roman J, et al. A proliferation-inducing ligand increase precedes

IgA nephropathy recurrence in kidney transplant recipients. Clin Transplant.

(2019) 33:e13502. doi: 10.1111/ctr.13502

177. Ye M, Peng Y, Liu C, Yan W, Peng X, He L, et al. Vibration induces BAFF

overexpression and aberrant O-Glycosylation of IgA1 in cultured human

tonsillar mononuclear cells in IgA nephropathy. BioMed Res Inter. (2016)

2016:9125960. doi: 10.1155/2016/9125960

178. Shao J, Peng Y, He L, Liu H, Chen X, Peng X. Capsaicin induces

high expression of BAFF and aberrantly glycosylated IgA1 of tonsillar

mononuclear cells in IgA nephropathy patients. Hum Immunol. (2014)

75:1034–9. doi: 10.1016/j.humimm.2014.08.205

179. Li W, Peng X, Liu Y, Liu H, Liu F, He L, et al. TLR9 and BAFF: their

expression in patients with IgA nephropathy. Mol Med Rep. (2014) 10:1469–

74. doi: 10.3892/mmr.2014.2359

180. McCarthy DD, Kujawa J, Wilson C, Papandile A, Poreci U, Porfilio

EA, et al. Mice overexpressing BAFF develop a commensal flora-

dependent, IgA-associated nephropathy. J Clin Invest. (2011) 121:3991–

4002. doi: 10.1172/JCI45563

181. Suzuki Y, Suzuki H, Nakata J, Sato D, Kajiyama T, Watanabe T, et al.

Pathological role of tonsillar B cells in IgA nephropathy. Clin Dev Immunol.

(2011) 2011:639074. doi: 10.1155/2011/639074

182. Wu G, Peng YM, Liu H, Hou QD, Liu FY, Chen NL, et al.

Expression of CD19(+)CD5(+)B cells and IgA1-positive cells in

tonsillar tissues of IgA nephropathy patients. Ren Fail. (2011)

33:159–63. doi: 10.3109/0886022X.2011.552150

183. Yuling H, Ruijing X, Xiang J, Yanping J, Lang C, Li L, et al. CD19+CD5+

B cells in primary IgA nephropathy. J Am Soc Nephrol. (2008) 19:2130–

9. doi: 10.1681/ASN.2007121303

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Chang and Li. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org 15 March 2020 | Volume 7 | Article 92

https://doi.org/10.1371/journal.pone.0112305
https://doi.org/10.1038/sj.ejhg.5201591
https://doi.org/10.1007/s11255-016-1444-3
https://doi.org/10.1155/2016/6540937
https://doi.org/10.3904/kjim.1992.7.1.31
https://doi.org/10.1002/JLB.2RI0717-278R
https://doi.org/10.1038/ki.2012.101
https://doi.org/10.1042/CS20150711
https://doi.org/10.3389/fimmu.2016.00520
https://doi.org/10.1016/j.imlet.2013.12.004
https://doi.org/10.3892/mmr.2015.4071
https://doi.org/10.1681/ASN.2014101044
https://doi.org/10.1111/imm.13124
https://doi.org/10.1203/PDR.0b013e31819e76c7
https://doi.org/10.1016/j.imbio.2014.10.020
https://doi.org/10.3109/00365513.2011.652158
https://doi.org/10.1080/0886022X.2017.1419972
https://doi.org/10.1371/journal.pone.0178352
https://doi.org/10.4238/2015.October.29.28
https://doi.org/10.1159/000350533
https://doi.org/10.1159/000440819
https://doi.org/10.5301/jn.5000218
https://doi.org/10.3892/mmr.2017.6190
https://doi.org/10.1681/ASN.2016050496
https://doi.org/10.1097/MD.0000000000003099
https://doi.org/10.1016/j.cellimm.2019.103925
https://doi.org/10.1111/ctr.13502
https://doi.org/10.1155/2016/9125960
https://doi.org/10.1016/j.humimm.2014.08.205
https://doi.org/10.3892/mmr.2014.2359
https://doi.org/10.1172/JCI45563
https://doi.org/10.1155/2011/639074
https://doi.org/10.3109/0886022X.2011.552150
https://doi.org/10.1681/ASN.2007121303~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	The Role of Immune Modulation in Pathogenesis of IgA Nephropathy
	Introduction
	Role of Poorly O-Galactosylated IgA1 and IgA Receptors in IgAN
	Different Perspectives on the Involvement of Mucosal Immune Response in the Pathogenesis of IgAN
	Role of the Tonsils in IgAN Pathogenesis
	Role of Intestinal Mucosal Immune in IgAN Pathogenesis

	Innate Immunity and IgAN
	Role of Toll-Like Receptors in IgAN Pathogenesis
	Role of Complements in IgAN Pathogenesis

	Adaptive Immunity and IgAN
	Role of T Cells in IgAN Pathogenesis
	Role of B Cells in IgAN Pathogenesis

	Summary
	Author Contributions
	Funding
	References


