
Edited by

New Insights into 
the Pathogenesis 
and Therapies of 
IgA Nephropathy

Hitoshi Suzuki and Jan Novak

Printed Edition of the Special Issue Published in JCM

www.mdpi.com/journal/jcm/



New Insights into the Pathogenesis
and Therapies of IgA Nephropathy





New Insights into the Pathogenesis
and Therapies of IgA Nephropathy

Editors

Hitoshi Suzuki

Jan Novak

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Hitoshi Suzuki

Department of

Nephrology,Juntendo

University Faculty of

Medicine, Tokyo, Japan

Jan Novak

Department of Microbiology,

University of Alabama at Birmingham,

Birmingham, AL 35294, USA

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Journal of Clinical Medicine (ISSN 2077-0383) (available at: https://www.mdpi.com/journal/jcm/

special issues/Nephropathy Therapies).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-5041-1 (Hbk)

ISBN 978-3-0365-5042-8 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Hitoshi Suzuki and Jan Novak

Special Issue: New Insights into the Pathogenesis and Therapies of IgA Nephropathy
Reprinted from: J. Clin. Med. 2022, 11, 4378, doi:10.3390/jcm11154378 . . . . . . . . . . . . . . . . 1

Yukako Ohyama, Matthew B. Renfrow, Jan Novak and Kazuo Takahashi

Aberrantly Glycosylated IgA1 in IgA Nephropathy: What We Know and What We Don’t Know
Reprinted from: J. Clin. Med. 2021, 10, 3467, doi:10.3390/jcm10163467 . . . . . . . . . . . . . . . . 5

Yusuke Fukao, Hitoshi Suzuki, Jin Sug Kim, Kyung Hwan Jeong, Yuko Makita, Toshiki

Kano, Yoshihito Nihei, Maiko Nakayama, Mingfeng Lee, Rina Kato, Jer-Ming Chang, Sang

Ho Lee and Yusuke Suzuki

Galactose-Deficient IgA1 as a Candidate Urinary Marker of IgA Nephropathy
Reprinted from: J. Clin. Med. 2022, 11, 3173, doi:10.3390/jcm11113173 . . . . . . . . . . . . . . . . 25

Barbora Knoppova, Colin Reily, R. Glenn King, Bruce A. Julian, Jan Novak and Todd J.

Green

Pathogenesis of IgA Nephropathy: Current Understanding and Implications for Development
of Disease-Specific Treatment
Reprinted from: J. Clin. Med. 2021, 10, 4501, doi:10.3390/jcm10194501 . . . . . . . . . . . . . . . . 35

Felix Poppelaars, Bernardo Faria, Wilhelm Schwaeble and Mohamed R. Daha

The Contribution of Complement to the Pathogenesis of IgA Nephropathy: Are
Complement-Targeted Therapies Moving from Rare Disorders to More Common Diseases?
Reprinted from: J. Clin. Med. 2021, 10, 4715, doi:10.3390/jcm10204715 . . . . . . . . . . . . . . . . 57

Małgorzata Mizerska-Wasiak, Agnieszka Such-Gruchot, Karolina Cichoń-Kawa,
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IgA nephropathy (IgAN) is the most common form of primary glomerulonephritis
worldwide [1]. Up to 40% of IgAN patients progress to kidney failure within 20 years
following diagnosis [2]. Moreover, life expectancy is reduced by a decade in patients with
IgAN [3]. IgA vasculitis with nephritis (IgAVN), formerly known as Henoch–Schönlein
purpura nephritis, is a systemic form of vasculitis with renal manifestations similar to
IgAN and with variable clinical outcome [4]. Thus, IgAN and IgAVN are significant public
health problems.

The pathologic assessment of a renal biopsy specimen is the current “gold standard”
for diagnosis of IgAN (for review, see [5–9]). Routine immunofluorescence reveals pres-
ence of glomerular immunodeposits consisting of IgA, with variable IgG and/or IgM.
Complement C3 is present in most cases, but C1q is absent. Light microscopy provides
an assessment of disease severity and prognosis based on the Oxford classification sys-
tem. Its expanded version, termed MEST-C score, provides an evaluation of five different
features: Mesangial cellularity, Endothelial hypercellularity, Segmental sclerosis, Tubular
atrophy/interstitial fibrosis, and Crescents. IgAVN presents, in addition to kidney vasculi-
tis features, with a greater frequency of severe lesions, such as glomerular necrosis and
crescents. However, the pathologic findings for patients with IgAN as well as IgAVN may
be impacted by the time between disease onset, diagnostic renal biopsy, and prior medica-
tions. Thus, a renal biopsy provides a snap shot in time since the inherent risks associated
with renal biopsy hinder the use of a repeat biopsy. Minimally invasive approaches, such
as those based on liquid biopsy biomarkers (e.g., blood, urine), are needed for monitoring
disease progression, responses to treatments, and the identification of patients at risk of
disease progression who may benefit from participation in new clinical trials.

In the last two decades, extensive studies, using genetic, cellular, biochemical, and
immunologic approaches, have enabled the formulation of a multi-hit pathogenesis model
for IgAN [10], which has been expanded to IgAVN [11]. This hypothesis postulates that
glomerular immunodeposits originate from circulating immune complexes consisting of
aberrantly glycosylated IgA1 bound by IgG autoantibodies. This IgA1 has some of the 3 to
6 clustered hinge-region O-glycans deficient in galactose (galactose-deficient IgA1). These
IgA1-IgG circulating immune complexes have been found in patients with IgAN as well
as IgAVN. Moreover, glomerular immunodeposits of patients with IgAN are enriched in
galactose-deficient IgA1 glycoforms and the corresponding IgG autoantibodies [12–14].
Furthermore, the elevated serum levels of galactose-deficient IgA1 and corresponding IgG
autoantibodies predict disease progression. The pathogenic role of immune complexes
consisting of galactose-deficient IgA1 and IgG autoantibodies was recently confirmed in
an experimental animal model [15,16]. Moreover, there are genetic elements involved in
disease susceptibility and progression that can be associated with this multi-step mecha-
nism [17–23].

Despite the progress since the disease was initially described in 1968 [24], disease-
specific therapy to slow or prevent the progression of kidney injury is still not available. To
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develop a curative treatment, new strategies for early diagnosis, disease-specific targets,
and methods for the assessment of clinical responses in clinical trials need to be identified
and developed.

This Special Issue presents a collection of reviews and clinical and experimental stud-
ies focused on specific aspects of the current research of the diagnosis, prognosis, disease
pathogenesis, determination of disease activity, and emerging strategies for the treatment
of IgAN and IgAVN. Of the twelve papers in this Special Issue, two are focused on IgAVN,
nine on IgAN, and one makes a comparison between IgAN and IgAVN. Two papers are
related to pathology, specifically, the prognostic significance of crescents in IgAN (Tri-
march et al. [25]) and the light microscopic features observed at different times since disease
onset in adult patients with IgAVN (Lai et al. [26]). Another paper compares features
of IgAN and IgAVN (Pillebout et al. [27]). Two reviews focus on the two key factors in
IgAN, the autoantigen (galactose-deficient IgA1) and the corresponding autoantibodies
(Ohyama et al. and Knoppova et al. [28,29]), whereas an experimental study postulates
that urinary galactose-deficient IgA1 may be a disease-specific biomarker useful for the
assessment of disease activity in IgAN (Fukao et al. [30]). Two additional studies consider
the role of complement in disease pathogenesis as it relates to therapeutic approaches
or the diagnosis and prognosis of disease progression (Poppelaars et al. and Mizerska-
Wasiak et al. [31,32]). Another study postulates that obesity may play a role in mesangial
lesions in IgAN (Hong et al. [33]). In the last three papers, the authors review the charac-
teristics of various murine models of IgAN (Wehbi et al. [34]) and provide updates on the
current clinical trials in IgAN (Cheung et al. [35] and Maixnerova et al. [36]).

Although the papers in this Special Issue do not cover all current activities in the field,
we found these publications to be inspirational and informative. We hope that the readers
of this Special Issue will reach the same conclusion.
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Abstract: IgA nephropathy (IgAN), the most common primary glomerular disease worldwide, is
characterized by glomerular deposition of IgA1-containing immune complexes. The IgA1 hinge
region (HR) has up to six clustered O-glycans consisting of Ser/Thr-linked N-acetylgalactosamine
usually with β1,3-linked galactose and variable sialylation. Circulating levels of IgA1 with abnor-
mally O-glycosylated HR, termed galactose-deficient IgA1 (Gd-IgA1), are increased in patients with
IgAN. Current evidence suggests that IgAN is induced by multiple sequential pathogenic steps, and
production of aberrantly glycosylated IgA1 is considered the initial step. Thus, the mechanisms of
biosynthesis of aberrantly glycosylated IgA1 and the involvement of aberrant glycoforms of IgA1 in
disease development have been studied. Furthermore, Gd-IgA1 represents an attractive biomarker
for IgAN, and its clinical significance is still being evaluated. To elucidate the pathogenesis of IgAN,
it is important to deconvolute the biosynthetic origins of Gd-IgA1 and characterize the pathogenic
IgA1 HR O-glycoform(s), including the glycan structures and their sites of attachment. These efforts
will likely lead to development of new biomarkers. Here, we review the IgA1 HR O-glycosylation in
general and the role of aberrantly glycosylated IgA1 in the pathogenesis of IgAN in particular.

Keywords: IgA nephropathy; aberrantly glycosylated IgA1; galactose-deficient IgA1; glycosylation
of IgA1; biomarker

1. Introduction

IgA nephropathy (IgAN) is a mesangioproliferative glomerulonephritis associated
with depositions of IgA-containing immune complexes [1]. These deposits are exclusively
of IgA1 subclass [2]. Recurrence of IgAN is common in patients after transplantation [3–6].
Conversely, when kidneys with subclinical IgA deposits are transplanted into patients
with end-stage renal disease other than IgAN, the deposited IgA in the donor kidney is
cleared [7–9]. Furthermore, IgA deposits disappear when bone-marrow transplantations
are performed for patients with IgAN [10]. Conversely, IgAN can develop after bone-
marrow transplantation due to a non-graft-versus-host-disease-related multi-hit process
associated with glomerular deposition of aberrantly glycosylated IgA1 (see for details
below) [11]. Based on these observations, it is thought that the glomerular IgA deposits
are derived from circulating IgA1-containing complexes. Elevated IgA serum levels alone
are not sufficient to induce IgAN, as patients with IgA myeloma, who have abnormally
increased serum IgA levels, rarely suffer from concomitant IgAN [12–14]. According to
these observations, the pathogenetic mechanisms underlying IgAN appear to involve
qualitative features of IgA1 rather than a mere elevation in blood levels of total IgA1.

Patients with IgAN present with a variety of clinical, laboratory, and histopathological
findings. In addition to primary IgAN, many patients with liver disease, collagen disease,
inflammatory bowel syndrome, malignant tumor, and infection exhibit IgA glomerular
deposition, i.e., secondary IgAN [15,16]. Due to these many clinical features and types of
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secondary IgAN, it has been assumed that IgAN may represent a group of diseases rather
than a single disease [17,18].

Most human circulatory IgA is derived from B cells in the bone marrow. Ninety-
percent of IgA1 is mainly present as a monomeric form [19], whereas glomerular IgA
deposits contain mainly polymeric IgA1, i.e., two or more monomers connected by joining
chain (J chain) [20,21]. IgA deposition may not necessarily be associated with glomerular
damage, unless it is accompanied by deposition of complement [22,23]. The development
of IgAN likely involves several complex mechanisms, including (over)production and
glomerular deposition of IgA1-containing immune complexes, activation of mesangial
cells and subsequent glomerular injury [14,15,18,24–27]. As many patients with IgAN
exhibit exacerbation concurrently with upper-respiratory-tract infections, the involvement
of mucosal immunity in the disease pathogenesis is suspected [25,28].

IgA1 is a highly glycosylated molecule, carrying both N-linked and O-linked glycans.
The importance of aberrant IgA1 O-glycosylation in the pathogenesis of IgAN has been
first observed based on differences in lectin reactivities with serum IgA1 from patients with
IgAN vs. healthy subjects [29]. This conclusion was further supported by the observed
enrichment of aberrant IgA1 O-glycoforms in the glomerular immunodeposits of IgAN
patients [30,31].

The circulating levels of polymeric IgA with aberrantly glycosylated IgA1, with some
O-glycans in the hinge region (HR) galactose (Gal)-deficient, are elevated in most patients
with IgAN [32,33]. Mesangial deposition of macromolecular IgA1 is thought to occur in
patients with IgAN due to the formation of immune complexes. Particularly, autoantibodies
specific for Gd-IgA1 bind Gd-IgA1 and form circulating immune complexes (CICs) [25].
Furthermore, IgA and aberrantly glycosylated IgA1 may bind to the soluble form of the Fcα
receptor (sCD89) [34], and aberrantly glycosylated IgA1 may form protein aggregates [35].
IgA1-contaning immune complexes activate the complement system, as evidenced by
complement C3 in glomerular immunodeposits, leading to glomerular and renal tubular
injury [36], as well as by the presence of C3 in the circulating IgA1-containing immune
complexes (for review and details see [37–42]). Here, we review pathological and clinical
significance of aberrant glycosylation of IgA1 in IgAN.

2. Structure of IgA

IgA production in humans is approximately 66 mg/kg/day, which is approximately
twice that of IgG and 10 times that of IgM [43]. Two-thirds of IgA is secreted into the
mucosal surfaces as the dominant isotype of secretory antibodies. Human IgA exists in
two subclasses, IgA1 and IgA2; these two glycoproteins differ in number of N-glycans and
the presence of O-glycans in IgA1. Compared with IgA2, IgA1 has clustered O-glycans
in its HR, whereas IgA2 HR is short and without glycosylation sites. Figure 1a shows
the glycan binding sites. The J chain, which is essential for the formation of polymeric
IgA, has an N-glycan (Figure 1b). Most IgA in the mucosal tissues is produced by B cells
as dimeric IgA with a disulfide-bond connected 16-kDa J chain. Polymeric IgA can bind
to the polymeric immunoglobulin receptor (pIgR). Once polymeric IgA is bound to the
pIgR at the basolateral side of the epithelium, it is transported to the luminal side through
transcytosis, and a portion of pIgR is cleaved and remains attached to IgA to form secretory
IgA (sIgA). This pIgR fragment, termed the secretory component (SC), has seven N-glycans
(Figure 1c). Glycans on IgA and SC can bind or repel glycans on bacterial surfaces to
prevent invasion into the blood/tissues [44].
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Figure 1. Molecular structure of IgA and its glycosylation sites. (a) Human IgA has two subclasses: IgA1 and IgA2.
IgA1 harbors clustered O-glycans in its hinge region. IgA1 and IgA2 have several N-glycans in their constant region of
heavy chains. IgA1 has two N-glycosylation sites at asparagine (Asn)263 and Asn459. Three allotypes of IgA2 are known,
designated A2m (1), A2m (2), and IgA2 (n). All allotypes have N-glycans at Asn166, Asn263, Asn337, and Asn459. A2m (2)
and IgA2 (n) allotypes have a fifth N-glycan at Asn211 [45]. (b,c) Schematic representation of dimeric IgA1 and secretory
IgA1. Both the joining chain (J chain) and the secretory component have N-glycan(s). Fab, antigen-binding fragment.

2.1. Glycosylation of IgA1

Figure 2 shows the structure of IgA1 [46]. Clustered O-glycans on IgA1 HR are present
only in hominid primates [47–49]. Human IgA1 has two N-glycosylation sites in the
CH2 region and in the tailpiece (asparagine (Asn)263 and Asn459) (Figure 1a), and nine
potential O-glycosylation sites (serine (Ser) and threonine (Thr)) in the proline (Pro)-rich
HR (Figure 2a). Glycosylation in IgA1 HR occurs at specific sites [50–53]; usually three to
six O-glycans are attached per HR [46,54], and the O-glycans of IgA1 are the core 1 glycans.
Six different types of O-glycans can be found in IgA1 HR (Figure 2b). These features,
number of attached O-glycans, glycan structures, and their attachment sites, contribute to
the IgA1 HR O-glycoform diversity.
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Figure 2. Schematic representation of human IgA1. The IgA1 heavy chain has three to six O-glycans in its hinge region
(HR) and two N-glycosylation sites [46,54]. There are nine potential O-glycosylation sites, marked in red font, of which
up to six sites can be O-glycosylated (underlined serine (Ser) and threonine (Thr)). Ser/Thr in italic (230, 233, 236) show
the frequent sites with galactose (Gal)-deficient O-glycan (a) [50,52,53,55]. There are O-glycan variants of circulatory
IgA1. N-acetylgalactosamine (GalNAc) is attached to Ser/Thr residues and can be extended by the attachment of Gal to
GalNAc residues. GalNAc or Gal or both can be sialylated. Due of diversity of the glycan attachment sites, the number
of O-glycans in HR, and variability of O-glycan structures, IgA1-HR O-glycoforms exhibit wide heterogeneity. Gd-IgA1-
specific antibodies are considered to recognize Gal-deficient IgA1 glycoforms with terminal GalNAc (left structure). NeuAc,
N-acetylneuraminic acid (b).

O-glycans of IgA1 are synthesized in a step-wise manner by glycosyltransferases in
the Golgi apparatus of IgA1-secreting cells [56] (Figure 3). IgA1 HR O-glycosylation is
initiated by the attachment of N-acetylgalactosamine (GalNAc) to Ser or Thr, catalyzed by
UDP-N-acetylgalactosaminyltransferase 2 (GalNAc-T2) [51]. Other GalNAc-Ts can also
participate in IgA1 HR glycosylation [57–60]. The addition of galactose (Gal) is mediated by
the core 1 β1,3-galactosyltransferase (C1GalT1). The stability of C1GalT1 protein depends
on its interaction with a specific molecular chaperone, Cosmc. In the absence of Cosmc,
the C1GalT1 protein is rapidly degraded and, thus, Gal cannot be attached to GalNAc [61].
Furthermore, N-acetylneuraminic acid (NeuAc) is transferred to Gal and/or GalNAc by
α2,3-sialyltransferase (ST3Gal1) and α2,6-sialyltransferase (ST6GalNAc2), respectively. If
NeuAc is attached to GalNAc prior to the attachment of Gal, this premature sialylation
precludes subsequent attachment of a Gal residue [62–64].
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Figure 3. O-Glycosylation pathways of the human IgA1 hinge region (HR). The biosynthesis process starts with the
attachment of N-acetylgalactosamine (GalNAc) to Ser/Thr residues in the HR by UDP-GalNAc-transferase 2 (GalNAc-T2).
GalNAc residues are extended by galactose or N-acetylneuraminic acid (NeuAc) by core 1 β1,3-galactosyltransferase
(C1GalT1) and its molecular chaperone Cosmc or α2,6 sialyltransferase (ST6GalNAc2), respectively. Finally, the O-glycan
structure is completed by attachment of NeuAc to the galactose residue and/or GalNAc residues, each of which is mediated
by α2,3-sialyltransferase (ST3Gal1) and ST6GalNAc2. The sialylation of GalNAc before the attachment of galactose prevents
galactosylation of GalNAc (marked by *) [62].

2.2. Biological Roles of O-Glycosylation in IgA1 HR

Protein glycosylation impacts many biological functions [65], and O-glycosylation of
IgA1 HR also influences the structural and functional characteristics of the IgA1 molecule.
O-glycosylation in IgA1 HR probably imparts the T-shaped antigen-binding fragment (Fab)
arms. The difference in the arrangement of Fab and Fc (fragment crystallizable) segments
between IgA1 and IgA2 was previously demonstrated using X-ray and neutron scattering
procedures [66]. The structural differences between IgA1 and IgA2 may be driven by
the backbone amino-acid sequence and O-glycosylation of IgA HR; O-glycosylation of
Ser/Thr residues affects cis/trans isomerization of Pro residues in HR [67]. Appropriate
glycosylation of HR may decrease unfavorable relative orientations between Fab and Fc in
IgA1 by stabilizing the conformation of HR. In addition, HR O-glycans add hydrophilic
characteristics to IgA1 [55].

In addition to the structural influence on IgA1 molecules, IgA1 HR O-glycans mediate
antigen-nonspecific binding to bacteria [58,68]. This function enables IgA to participate in
innate immunity, in addition to adaptive immunity. It is possible that the O-glycans in IgA1
HR are related to enhanced innate immune functions of hominoid-primates IgA1 subclass.

2.3. Aberrantly Glycosylated IgA1

IgA1 with some HR O-glycan(s) Gal-deficient can be detected by lectins, such as
Helix aspersa agglutinin (HAA), a lectin specific for terminal GalNAc [32,69–72]. HAA in
enzyme-linked immunosorbent assay (ELISA) revealed elevated levels of Gal-deficient
IgA1 (Gd-IgA1) in the circulation in patients with IgAN. The term “Gd-IgA1” is often
used as a synonym for “aberrantly glycosylated IgA1”, but it should be noted that not all
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O-glycans in Gd-IgA1 HR have to be Gal-deficient. Other types of aberrant glycosylation of
IgA1 may include underglycosylation, i.e., a lower number of O-glycans per HR compared
to IgA1 from healthy subjects, or over-sialylation, elevated amount of NeuAc in IgA1
HR in patients with IgAN [73–76]. It is to be noted that IgA1 O-glycans are presented
as a heterogeneous mixture of glycoforms in patients with IgAN as well as in healthy
subjects. Thus, “aberrantly glycosylated IgA1” is also present in the circulation of healthy
individuals [53,77] and often a cut-off point is used to define “normal” vs. “abnormal”
glycoforms of IgA1. To identify IgA1 O-glycoforms that are elevated in the circulation of
patients with IgAN, quantitative analyses are required, including site-specific attachment
of Gal-deficient O-glycan. The detailed structures of aberrantly glycosylated IgA1 specific
for IgAN have not been reported. The levels of Gd-IgA1 produced by cultured IgA1-
producing cells from peripheral blood correlate with the donors’ serum levels of Gd-IgA1
measured by lectin ELISA. This observation suggests that aberrantly glycosylated IgA1
originates due to the abnormal biosynthetic processes in IgA1-producing cells rather than
a removal of Gal from circulatory IgA1 in the blood [76]. Reduced C1GalT1 activity and
elevated ST6GalNAc2 activity in IgA1-producing cell lines are associated with production
of Gd-IgA1 in IgAN [76].

3. Pathogenic Significance of Aberrantly Glycosylated IgA1

In IgAN, circulatory IgA1 with some glycans deficient in Gal is considered a disease-
specific abnormality as this type of aberrant glycosylation is not observed for other gly-
coproteins with O-glycans, such as IgD or C1 inhibitor [78]. However, a high level of
circulatory aberrantly glycosylated IgA1 alone does not induce glomerular injury [79].
Additional factors are thought to be involved in the development of IgAN, namely unique
autoantibodies specific for Gd-IgA1 that enable formation of IgA1-containing immune
complexes in the circulation, some of which deposit in the kidneys and induce glomeru-
lar injury [80,81]. Here, we discuss the factors related to the production of aberrantly
glycosylated IgA1 (genetic factors, mucosal immunity) and Gd-IgA1 involvement in this
postulated multi-hit mechanism.

3.1. Genetic Factors Associated to Gd-IgA1 Production

Increased serum levels of Gd-IgA1 are observed in 47% of first-degree relatives of
patients with familial IgAN and 25% of first-degree relatives of patients with sporadic
IgAN [79]. Furthermore, increased serum levels of aberrantly glycosylated IgA1 are ob-
served in first-degree relatives of both pediatric and adult patients with IgAN [79,82–85],
indicating a relationship between genetic background and aberrantly glycosylated IgA1. Re-
garding the production of aberrantly glycosylated IgA1, several single-nucleotide polymor-
phisms of C1GALT1 [86–88] and ST6GALNAC2 [88,89] genes represent IgAN-susceptibility
alleles. However, no mutations were found in the exon of the gene encoding Cosmc, the
molecular chaperone specific for C1GalT1 [90].

Genome-wide association studies of IgAN have identified many IgAN susceptibility
loci, mainly in the MHC region at 6p21 [91,92], the DEFA locus at 8p23 [91–93], the TNFSF13
locus at 17p13 [91], the HORMAD2 locus at 22q12 [94], the CFH/CFHR locus at 1q32, the
ITGAM-ITGAX locus at 16p11 [92], the VAV3 locus at 1p13 [92] and the CARD9 locus at
9q34 [92]. Except C1GALT1, genomic regions encoding other enzymes involved in IgA1
O-glycosylation have not been confirmed as IgAN susceptibility loci. Two genome-wide
association studies confirmed that Gd-IgA1 serum levels are heritable and influenced
by genetic variation at the C1GALT1 gene [95,96]. Furthermore, two significant loci, in
C1GALT1 (rs13226913) and C1GALT1C1 (rs5910940), which encode C1GalT1 and Cosmc,
respectively, were identified in quantitative trait genome-wide association studies for
serum levels of Gd-IgA1. In particular, the Gd-IgA1-increasing allele rs13226913 is rare or
absent in some Asian populations and is the predominant allele in Europeans [96].

In addition, some microRNAs (miRNAs) are involved in regulating expression of some
glycosyltransferases [97]. Relevant to IgAN, it was noted that expression of two miRNAs
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was associated with IgA1 O-glycosylation; expression of miR-148b targeting C1GALT1 and
miR-let-7b targeting GALNT2 is elevated in peripheral blood mononuclear cells (PBMCs) of
IgAN patients vs. healthy subjects [98,99]. These two miRNAs can be also detected in serum
samples. A 2016 study found differences in the expression patterns between Caucasians
and Asians, with significant upregulation in Caucasians [100]. From these reports, Gd-
IgA1 levels are affected by the different alleles of the gene encoding C1GALT1 and the
different expression levels of miRNAs that control the expression of C1GALT1 and GALNT2.
Furthermore, the frequency of Gd-IgA1-increasing alleles and miR-148b that regulate
C1GALT1 expression are both higher in Caucasians than in Asians and may contribute to
higher Gd-IgA1 levels in Caucasians than in Asians [95]. More recent studies identified
additional mechanisms involving competing endogenous RNA molecules involved in
regulation of IgA1 O-glycosylation, indicating that there is more to be discovered on the
regulation of IgA1 O-glycosylation in general and in IgAN specifically [101–103]

3.2. Alteration of Mucosal Immunity Associated with Gd-IgA1 Production

Mucosal immunity is closely associated with IgAN. Patients with IgAN often present
with an episode of macroscopic hematuria after upper-respiratory-tract or gastrointesti-
nal tract infections. Furthermore, IgAN is associated with diseases involving mucosal
abnormalities, such as ulcerative colitis, Crohn’s disease, and coeliac disease [104–107].

Mesangial IgA1 deposits in IgAN resemble mucosal IgA, wherein they are both poly-
meric and relatively poorly O-galactosylated [30,31,108,109]. As the number of polymeric
IgA-secreting plasma cells is increased in the bone marrow of IgAN patients [110], it has
been speculated that mis-homing of mucosally imprinted B cells to the bone marrow may
mediate production of “mucosal IgA1” into the circulation. IgD O-glycosylation is appar-
ently normal in patients with IgAN [78] and, thus, factors specific for IgA1-producing cells
are thought to affect O-glycosylation of IgA1 in IgAN, such as the microenvironment with
antigen-mediated activation and class-switching signals [111].

The tonsils represent a mucosa-associated lymphoid tissue involved in IgA produc-
tion, and tonsillectomy, often combined with steroid pulse, has been reported to be an
effective treatment of IgAN in east Asia [112–114]. With regards to the expression of O-
glycosyltransferases in tonsillar CD19+ lymphocytes, C1GALT1, C1GALT1C1, and GALNT2
have significantly reduced expression in IgAN patients compared to the subjects with
chronic tonsillitis [115]. T-helper 2 (Th2)-cell polarity was observed in the tonsillar tissue
of IgAN [116], and interleukin-4 (IL-4), a Th2 cytokine, reduced expression of C1GalT1
and Cosmc in a human B cell lines [117]. Studies using immortalized IgA1-secreting cell
lines derived from peripheral blood of patients with IgAN and healthy controls provided
additional insight into the regulation of glycogene expression by cytokines and Gd-IgA1
production [64,118]. IL-4 and, even more so, IL-6 enhance production of Gd-IgA1 due to
further dysregulation of expression and activities of specific targets, including C1GALT1,
C1GALT1C1, and ST6GALNAC2 [64]. Leukemia inhibitory factor (LIF), an IL-6-related
cytokine, also enhances Gd-IgA1 production [119]. Notably, both IL-6 and LIF enhance
production of Gd-IgA1 in IgA1-secreting cell lines derived from IgAN patients due to
abnormal signaling in JAK-STAT pathways that leads to further dysregulation of key glyco-
syltransferases [38,119–122]. Furthermore, a proliferation-inducing ligand (APRIL), known
to play an important role in T cell-independent IgA class switching, is overproduced by
CD19+ B cells in tonsil germinal centers in IgAN [118]. In addition, in IgAN-prone ddY
mice and in the human B cell line, APRIL and IL-6 expression is upregulated via activation
by Toll-like receptor 9 (TLR9) by CpG-oligonucleotides (CpG-ODN) [123], resulting in
increased Gd-IgA1 production. In summary, altered cytokine production and/or signal-
ing responses in IgA1-producing cells in mucosal tissues may be one of the reasons for
over-production of aberrantly glycosylated IgA1.
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3.3. Antigenicity of Gd-IgA1 Related to Autoantibody Production

IgG or IgA1 autoantibodies targeting aberrantly glycosylated IgA1 have been identi-
fied in patients with IgAN [69,124,125]. IgG autoantibodies are predominant [126] and are
found in the glomerular deposits of all patients [80]. Furthermore, a correlation between
serum levels of Gd-IgA1 and the corresponding IgG autoantibodies was observed in sera of
patients with IgAN, but not in sera of disease or healthy controls [126]. As described above,
the alterations of O-glycosylation in IgA1 HR likely generate conformational changes
in IgA1, contributing to the exposure of epitopes for anti-Gd-IgA1 autoantibodies, and
driving the formation of IgA1-containing immune complexes (Figure 4c). IgG produced
from IgG-producing cell lines derived from IgAN patients is highly reactive with desia-
lylated and degalactosylated IgA1 and specific alterations of the amino acid sequence
in the complementarity-determining region 3 (CDR3) in the variable region of the IgG
heavy chains impacts the reactivity with Gd-IgA1 [125]. Notably, serum levels of IgG
autoantibodies specific for Gd-IgA1 correlate with proteinuria [125]. Although the mech-
anism that leads to the formation of these autoantibodies has not been elucidated, these
antibodies may be produced against some viruses and Gram-positive bacteria that express
GalNAc-containing structures on their surfaces and they may acquire cross-reactivity with
Gal-deficient IgA1 [25,56].

Figure 4. Macromolecular forms of IgA1. Although mesangially deposited IgA1 has not been
fully characterized, Gd-IgA1-IgG (or IgA) immune complexes, IgA-IgA receptor complexes, self-
aggregated IgA1 proteins, other serum protein complexes with IgA1, and secretory IgA1 are possible
forms in the kidney deposits [23]. Dimeric IgA1 is composed of two monomeric IgA1 connected by
joining chain (J chain) (a). Larger molecular forms of IgA1 may include complexes/aggregates of
dimeric IgA1 and monomeric IgA1. Aberrantly glycosylated IgA1 may be prone to aggregation [127].
(b). Incomplete galactosylation of O-glycans in the IgA1 hinge region results in the exposure of
terminal GalNAc and is recognized by autoantibodies (IgG of IgA), leading to the formation of
IgA1-containing immune complexes (c). IgA1 complexes with soluble CD89 (sCD89) may be formed
from CD89 cleaved from the surface of monocytes/macrophages (d). Secretory IgA1 consists of
dimeric IgA1 with J chain and the secretory component (e). These macromolecular IgA1 forms (a–e)
can form complexes with other serum proteins.
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3.4. Impact of IgA1 O-Glycosylation of Interactions with IgA Receptors

There are five well-known IgA receptors: FcαR1 (CD89), asialoglycoprotein receptor
(ASGPR), polymeric Ig receptor (pIgR), transferrin receptor (TfR; CD71), and Fc α/μ
receptor. Some of these receptors are involved in IgA removal from the circulation, either
for catabolism or transcytosis to mucosal surfaces.

ASGPR, which is expressed on the sinusoidal/lateral aspect of hepatocytes, is a
receptor mediating endocytosis and catabolism of glycoproteins, including IgA [128]. In
patients with secondary IgAN due to liver cirrhosis, reduced clearance of IgA-containing
immune complexes (IgA-IC) has been reported, consistent with aberrant expression of
hepatic ASGPR [16]. In primary IgAN, large size of IgA-IC is thought to limit access
through the fenestration of endothelial cells to the space of Disse and, thus, to the ASGPR
on hepatocytes, resulting in extended circulation time of IgA-IC [111].

CD89, a membrane glycoprotein expressed by cells of myeloid lineage, such as neu-
trophils, monocytes, macrophages, and eosinophils, binds to the constant region of the
heavy chain of both the monomeric and dimeric forms of IgA1 and IgA2. It is thought
that CD89 has a role in the removal of IgA-antigen complexes from the circulation [129].
In patients with IgAN, membrane expression of CD89 on circulating myeloid cells is
decreased [129] and binding of monoclonal IgA to CD89 is impaired [130], which may
contribute to a delayed IgA clearance. Notably, CD89 N-glycans significantly modulate
binding affinity to IgA [131]. In addition, increased levels of soluble CD89 (sCD89) com-
plexed with IgA are found in some patients with IgAN (Figure 4d) [132]. IgA-IC with
sCD89 is possibly produced by shedding its extracellular portion after binding with IC
containing polymeric Gd-IgA1. In mice generated by backcrossing between α1-knock-in
mice and human CD89 transgenic mice, which spontaneously express human IgA1 and
CD89, a complete human IgAN phenotype develops [133]. In addition, IgA-sCD89 complex
levels are significantly higher in pre-transplantation patients with IgAN than in control
groups and are also found in the mesangial deposition of IgAN [134].

Regarding IgA receptors expressed in human mesangial cells, Fcα/μR and CD71
receptors were detected [135,136], whereas CD89, ASGP-R, and pIgR were absent [137].
CD71 binds polymeric IgA1, but not monomeric IgA1 or IgA2, co-localizes with mesangial
IgA1 deposits, and is overexpressed in patients with IgAN [136,138]. In addition, aberrantly
glycosylated IgA1 and polymeric IgA1 show higher affinity for CD71, indicating that the
formation of Gd-IgA1 immune complexes contributes to mesangial TfR-IgA1 interaction
and glomerular deposition in IgAN [139].

Additional receptors able to bind IgA1 were identified in human mesangial cells:
integrin α1/β1 and α2/β1 and β1,4-galactosyltransferase 1 [140,141]. Expression of the
latter receptor in glomeruli is increased in IgAN, indicating that β1,4-galactosyltransferase
1 may play a role in IgA clearance and in the initial response to IgA deposition [140,142].
This observation on the role of β1,4-galactosyltransferase was reported earlier for binding
of IgA1 to various cells [143].

3.5. Complement Activation

In IgAN, glomerular co-deposition of IgA and complement components of C3 are
commonly observed, being present in at least 90% of renal biopsies [144]. As the membrane
attack complex, the terminal product of the complement activation, is observed at high
frequency, activation of the complement pathway has been considered to play a major role
in glomerular injury in IgAN [145]. Although markers of the classical pathway, such as C1q
and C4, are rarely observed, co-deposition of C3b, factor P, properdin, and factor H (FH) are
observed in almost 100%, 75–100%, and 30–90% of cases, respectively [39,145]. In addition,
cases with deposition of C4d, mannose-binding lectin (MBL), ficolin, and MBL-associated
serine protease were observed, and associations of MBL and L-ficolin deposition with
severity of renal histological damage have also been reported [146]. These aspects suggest
that the alternative and lectin pathways are involved in IgAN pathophysiology [37].
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Although the impact of aberrant IgA1 glycosylation on complement activation is
not clearly understood, some reports suggest a relationship between complement activity
and IgA1 glycosylation abnormalities. Polymeric IgA is more efficient in binding C3 and
inducing glomerular injury compared to monomeric IgA in rats [147,148]. In humans,
polymeric IgA1 is highly reactive with GalNAc-specific lectin HAA and shows a higher
binding capacity for MBL via C-type lectin and higher C4 activation ability [149]. As recent
studies showed that MBL binds to N-glycans of IgG and IgM [150,151], N-glycosylation of
polymeric IgA may thus be associated with MBL binding and lectin pathway activation. In
the comparison of N-glycosylation of IgA heavy chains between monomeric and polymeric
IgA, oligomannose structure is elevated in polymeric IgA [149]. However, the N-glycans
of the heavily glycosylated secretory component may also contribute to complement acti-
vation, as related to elevated concentration of secretory IgA in polymeric IgA is observed
in IgAN [149]. Further investigations are required to determine which components and
structures of N-glycans are involved in lectin-pathway activation and whether N- or O-
glycosylation of IgA1 are involved in the alternative pathways of complement activation.

4. Clinical Significance of Aberrantly Glycosylated IgA1

In recent years, the validity of Gd-IgA1 and its associated molecules as diagnostic and
prognostic markers has been assessed. Serum Gd-IgA1 levels can now be quantified using
ELISA. Furthermore, detection and quantification of IgA1 HR O-glycosylation varieties
and analysis of O-glycan attachment sites have been performed using high-resolution
mass spectrometry.

4.1. Approaches for Detection of Aberrantly Glycosylated IgA1

For the detection of galactose-deficient O-glycan in IgA1 HR, some lectins that specifi-
cally bind to GalNAc residue have been used, such as Helix aspersa (HAA) or H. pomatia
agglutinin (HPA) [70] and Vicia villosa lectin (VVL) [29]. A lectin-based assay for the de-
tection of Gd-IgA1 was developed [70], and we confirmed that serum IgA1 in Japanese
IgAN patients is also highly reactive with this lectin (Figure 5a) [32,33]. However, there are
some limitations to the lectin-based assay. Lectin activity and stability may vary from lot to
lot [152]. Additionally, lectin binding to GalNAc is affected by sialylation of GalNAc and
Gal in the clustered IgA1 O-glycans [153].

For a lectin-independent detection of Gd-IgA1, monoclonal antibodies against human
Gd-IgA1 HR peptides were developed, such as KM55 and 35A12, and ELISA methods
using these monoclonal antibodies were established (Figure 5b) [152,154].

Although assays using lectin and monoclonal antibodies can detect Gd-IgA1, these
methods cannot determine the number and the attachment site of O-glycans. The specific
changes in IgA1 HR O-glycoforms in IgAN patients cannot be assessed by these analytical
methods. For a detailed analysis of the O-glycoforms of IgA1 HR, which harbors clustered
O-glycans, the HR glycopeptides need to be analyzed using high-resolution mass spectrom-
etry combined with nanoflow liquid chromatography after digestion with endopeptidases,
such as trypsin (Figure 5c). To identify the sites of O-glycan attachment, electron trans-
fer dissociation (ETD) tandem MS has been used [52,53]. We previously developed an
automated quantitative analytical workflow for profiling HR O-glycopeptide and for the
detection and quantification of galactose-deficient glycan attachment sites [55]. Using this
analytical method, the most frequently utilized Gal-deficient site in serum IgA1 in healthy
subjects was T236, followed by S230, T233, T228, and S232 [55].
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Figure 5. Detection of galactose-deficient IgA1 (Gd-IgA1). Serum Gd-IgA1 levels measured by Helix aspersa agglutinin
(HAA)-based ELISA, due to HAA specificity for terminal GalNAc, is significantly higher in patients with IgAN than in
healthy subjects (a) [32,33]. The left figure of (a) was published in Kidney International 2007, 71, 1148-54, Moldoveanu, Z.
et al., Copyright 2007 Elsevier Inc and is republished with permission. The right figure of (a) is republished with permission
of Oxford University Press, from Nephrology Dialysis Transplantation 2008, 23, 1931-9, Shimozato, S. et al., Copyright 2008
Oxford University Press. Detection of Gd-IgA1 using monoclonal antibody against human Gd-IgA1 hinge region (HR)
peptide (b) [154]. The figure (b) was published in Journal of Nephrology 2015, 28, 181-6, Hiki, Y. et al., Copyright 2014, The
Author(s). This article is under the terms of the Creative Commons CC BY license. A variety of IgA1 HR O-glycoforms can
be detected by high-resolution mass spectrometry according to the difference in mass arising from the number of attached
monosaccharides to the amino acid backbone of the IgA1 HR (His208-Arg245). The number of N-acetylgalactosamine
(GalNAc; �) and galactose (Gal; •) are shown above the individual peaks (c).

4.2. Reliability of Gd-IgA1 as a Diagnostic and Prognostic Biomarker

Serum levels of Gd-IgA1 detected by lectin ELISA are significantly higher in patients
with IgAN than in healthy controls or patients with other renal diseases [33,155]. However,
it is still controversial whether higher levels of Gd-IgA1 recognized by HAA lectin are
associated with clinical severity and outcome [32,33,155,156]. A couple of studies showed
the predictive value of Gd-IgA1 serum levels [157,158]. Longitudinal changes in Gd-IgA1
serum levels before and after combination therapy, palatine tonsillectomy and steroid pulse
therapy do not provide a clear picture [33,156]. Furthermore, rituximab therapy does not
alter the Gd-IgA1 levels obtained by HAA ELISA [159].

Recently, several reports have been published on the validation of Gd-IgA1 measured
using KM55. The serum level of Gd-IgA1 measured with KM55 is higher in patients with
IgAN and HSPN than in patients with lupus nephritis (LN), ANCA-associated vasculi-
tis (AAV), and minimal change disease in a Japanese cohort [160]. In addition, KM55
recognizes glomerular IgA1 in patients with IgAN and IgA vasculitis with nephritis (IgA-
VN) [161]. Furthermore, elevation of serum KM55 Gd-IgA1 levels is associated with
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histopathologically advanced IgAN and predicts post-transplant recurrent IgAN [160,162].
KM55 recognizes GalNAc residues on Thr225 and Thr233 in synthetic glycopeptides in
the PST(GalNAc)PP motif in IgA1 HR [163], but it is not known whether IgA1 with Gal-
deficient O-glycan in these specific sites is associated with the pathogenesis of IgAN
and IgA-VN.

However, the KM55-based method showed that serum Gd-IgA1 levels are elevated
in patients with secondary IgAN to the same degree as in those with primary IgAN [164].
Immunostaining of Gd-IgA1 by KM55 was also observed in secondary IgAN and other
IgA-depositing diseases, such as IgAN with hepatitis B virus, LN, cirrhosis, Crohn’s disease,
Staphylococcus-associated glomerulonephritis, and psoriasis [165,166]. Thus, the reliability
of Gd-IgA1 measured by KM55 should be evaluated in a larger multicenter cohort.

5. Conclusions

The elevation in serum Gd-IgA1 levels and immunodeposits enriched for Gd-IgA1
glycoforms are characteristic features of IgAN. To clarify the characteristics of disease-
specific IgA1, many studies have attempted to use lectin assays, monoclonal antibodies,
mass spectrometry, and genetic and other types of analyses. However, the detailed char-
acterization of O-glycoforms of IgA1 associated with IgAN is still to be performed. In
addition, the effect of different O-glycoforms in IgA1 HR on the formation of immune
complexes, mesangial deposition, and glomerular injury has not been fully elucidated.
Table 1 summarizes what we know and what we do not know about glycosylation of IgA1
in IgAN.

Table 1. What we know and what we do not know about O-glycosylation of IgA1 in IgAN.

Characteristics of serum IgA1 in IgAN

High reactivity with lectin from Helix aspersa (HAA) Moldoveanu,2007 [32], Shimozato, 2008 [33]

High reactivity with monoclonal antibodies Yasutake, 2015 [152], Hiki, 2015 [154]

IgA1 carbohydrates in IgAN assessed by mass spectrometry

Decrease of galactose (Gal) Hiki, 1998 [167], Inoue, 2012 [168],
Nakazawa, 2019 [169]

Decrease of N-acetylgalactosamine (GalNAc) Hiki,1998 [167], Odani, 2000 [170], Inoue,
2012 [168], Nakazawa, 2019 [169]

Decrease of sialic acid Odani, 2000 [170]

Sites of glycan attachment

Occur in specific sites Renfrow, 2005 [50], Iwasaki, 2003 [51],
Takahashi, 2010 [52], Takahashi, 2012 [53]

Disease in specific sites Needs to be investigated

Expression of O-glycosyltransferases in B cells

No decrease in the ratio of C1GALT1: GALNT2 or
C1GALT1: C1GALT1C1 Buck, 2008 [171]

Expression of C1GALT1 and ST6GALNAC2 altered in
IgA1-producing cell lines from IgAN patients Suzuki, 2008 [76]

Decreased C1GALT1 expression in IgAN CD19+ B cells Xing, 2020 [172]

O-Glycosylation characteristics of polymeric IgA1

Polymeric IgA1 shows higher reactivity with HAA than
in monomeric IgA1

Oortwijin, 2006 [149], Suzuki, 2008 [76],
Novak, 2011 [173]

Polymeric IgA1 interacted with CD71 and its interaction
is enhanced by sialidase and β-galactosidase Moura, 2004 [139]
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Table 1. Cont.

Epitopes recognized by IgG/A autoantibodies

Needs to be investigated

Clinical factors related to glycosylation of IgA1

Genetic influences Gd-IgA1 levels are highly inherited and affected by
variants of glycosyltransferase

Tam,2009 [82], Kiryluk, 2011 [83], Gharavi,
2008 [79], Lin, 2009 [84], Hastings, 2010 [85],

Gale, 2017 [95], Kiryluk, 2017 [96]

Susceptibility to IgAN is affected by variants of
glycosyltransferase

Li 2007 [86,89], Pirulli, 2009 [87], Zhu, 2009,
[88]

Race differences Gd-IgA1 levels elevated in Caucasian patients Gale,2017 [95]

Gd-IgA1-increasing allele is common in Europeans Kiryluk, 2017 [96]

MicroRNA regulating C1GALT1 and GALNT2
overexpressed in Caucasian patients Serino, 2016 [100]

Age differences Needs to be investigated

Disease activity No association of Gd-IgA1 levels measured by
HAA-based ELISA with disease activity Moldoveanu, 2007 [32], Shimozato, 2008 [33]

Positive association of Gd-IgA1 level measured by
HAA-based ELISA with disease activity

Suzuki, 2014 [156], Sun, 2016 [155], Zhao,
2012 [157], Maixnerova, 2019 [158]

Gd-IgA1 levels measured by KM55 associated with
disease progression or recurrence Wada, 2018 [160], Temurhan, 2017 [162]

Longitudinal changes Longitudinal changes of Gd-IgA1 serum levels by HAA
ELISA before and after therapy need additional studies

Shimozato, 2008 [33], Suzuki, 2014 [156],
Lafayette, 2017 [159]

O-Glycoform analyzed by MS changes between, before
and after therapy Iwatani, 2012 [174]

Recent genetic studies have shown that O-glycosylation of IgA1 is influenced by
genetic variants of O-glycosyltransferase, and racial differences in variants have also
been noted. Therefore, racial factors should be considered when investigating disease-
specific O-glycoforms. By clarifying the disease-specific O-glycoform(s), the mechanism
underlying aberrant glycosylation, and the effects of glycosylation changes, it is hoped that
the elucidation of the etiology and development of diagnostic markers and new therapies
for this disease will be advanced.
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Abstract: In patients with IgA nephropathy (IgAN), circulatory IgA1 and IgA1 in the mesangial
deposits contain galactose-deficient IgA1 (Gd-IgA1). Some of the Gd-IgA1 from the glomerular
deposits is excreted in the urine and thus urinary Gd-IgA1 may represent a disease-specific marker.
We recruited 338 Japanese biopsy-proven IgAN patients and 120 patients with other renal diseases
(disease controls). Urine samples collected at the time of renal biopsy were used to measure Gd-IgA1
levels using a specific monoclonal antibody (KM55 mAb). Urinary Gd-IgA1 levels were significantly
higher in patients with IgAN than in disease controls. Moreover, urinary Gd-IgA1 was significantly
correlated with the severity of the histopathological parameters in IgAN patients. Next, we validated
the use of urinary Gd-IgA1 levels in the other Asian cohorts. In the Korean cohort, urinary Gd-IgA1
levels were also higher in patients with IgAN than in disease controls. Even in Japanese patients
with IgAN and trace proteinuria (less than 0.3 g/gCr), urinary Gd-IgA1 was detected. Thus, urinary
Gd-IgA1 may be an early disease-specific biomarker useful for determining the disease activity
of IgAN.

Keywords: urinary galactose-deficient IgA1; KM55; IgA nephropathy

1. Introduction

Immunoglobulin A nephropathy (IgAN) is the most common primary glomeru-
lonephritis [1]. According to a systematic review of 40 worldwide studies, the incidence of
IgAN is reportedly 2.5/100,000/year [2]. If left untreated, IgAN has a poor prognosis, de-
veloping into end-stage renal failure in approximately 20% to 40% of cases within 20 years
after onset [3].

There are two IgA isotypes in humans, IgA1 and IgA2 [4]. Galactose-deficient IgA1
(Gd-IgA1), which lacks galactose (Gal) in the O-glycan side chains in the hinge region and
exposes N-acetylgalactosamine (GalNAc), has been identified as one of the key molecules
in the pathogenesis of IgAN and is increased in the sera of patients with IgAN [5]. Accord-
ing to the multi-hit hypothesis [6], Gd-IgA1 is recognized by anti-glycan autoantibodies,
resulting in the formation of pathogenic immune complexes. These immune complexes are
deposited in the kidneys, activate mesangial cells, and induce glomerular injury.

Serum Gd-IgA1 levels can predict IgAN progression [7,8]. In contrast, most relatives
of IgAN patients with abnormal IgA1 glycoforms do not develop IgAN [9], and serum
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Gd-IgA1 levels do not correlate with proteinuria [5], suggesting that serum Gd-IgA1 may
not be a useful biomarker.

We previously developed a monoclonal antibody (KM55 mAb) that specifically recog-
nizes Gd-IgA1, and demonstrated that glomerular Gd-IgA1 was specifically detected in
IgAN and IgA vasculitis by immunohistochemical analysis using KM55 mAb [10,11].

In a mouse model, injection of purified nephritogenic IgA from IgAN-prone mice led to
deposition in the glomeruli in nude mice. Parts of the injected IgA passed through into the
bladder, suggesting that some parts of such glomerular IgA were cleared into the urine. In
addition, the nephritogenic IgA had strong affinity not only to the glomerular mesangium,
but also to the subepithelium [12]. On the other hand, several studies have supported that
epithelial cells have the potential to clear matrix material and epithelial deposits into the
cavity of Bowman’s capsule [13]. Therefore, we hypothesized that urinary Gd-IgA1 could
be a disease-specific marker. Indeed, an enzyme-linked immunosorbent assay (ELISA)
using Helix aspersa agglutinin (HAA), a GalNAc-specific lectin, could detect urinary Gd-
IgA1 and differentiate patients with IgAN from patients with other renal diseases [14].
However, lectin-dependent assays are not suitable for large-scale, multi-specimen testing
because of the instability of glycan recognition. Thus, a novel and stable assay is required
for the early detection of IgAN.

Many studies have shown that the degree of proteinuria is an outcome predictor in
IgAN [15,16]. However, it is difficult to determine whether urinary protein excretion is due
to active lesions triggered by glomerular immune deposition or chronic lesions represented
by glomerulosclerosis and nephron reduction [17]. Therefore, proteinuria may not always
reflect the disease activity, and its assessment is insufficient to determine the indications
for treatment.

Several reports have indicated a high remission rate of tonsillectomy combined with
steroid pulse therapy in the early stages of IgAN [18,19]. In addition, the renal biopsy
findings of 56 patients with hematuria without overt proteinuria revealed that IgAN was
common in their pathological diagnoses, and 31% of the patients with IgAN had crescentic
lesions [20]. Thus, early diagnosis and treatment of IgAN are important for remission, and
a useful biomarker for the indication of renal biopsy is desired.

There are no established disease-specific biomarkers for IgAN. Furthermore, repeated
renal biopsies are difficult because of the invasiveness. We established a stable and simple
ELISA for Gd-IgA1 using the KM55 mAb in 2015 [11]. In this study, we investigated the
usefulness of urinary Gd-IgA1 as a disease-specific marker for IgAN from Japanese cohorts
and further verified this using non-Japanese Asian cohorts.

2. Materials and Methods

2.1. Patients and Samples

We recruited 338 Japanese adults (≥18 years old) with biopsy-proven IgAN and
120 patients with other renal diseases (disease controls) diagnosed at Juntendo University
Hospital, Tokyo, Japan from 2015 to 2018. In addition, to validate the use of the urinary
Gd-IgA1 level, we recruited 69 Korean and 35 Taiwanese biopsy-proven IgAN patients, as
well as 39 Korean disease control patients.

Clinical and laboratory data were collected at the time of the renal biopsy. The
laboratory parameters included serum creatinine (Cr) levels, serum Gd-IgA1 levels, urinary
protein-to-creatinine ratios (UPCR), and urinary Gd-IgA1 levels.

2.2. Pathological Parameters

The histological samples were classified according to the clinical guidelines for IgAN
from the Japanese Society of Nephrology (JSN) [21] or the Oxford classification [22,23].
Briefly, the histological grade (H-grade) of the JSN criteria was defined as 1 (0–24.9%),
2 (25–49.9%), 3 (50–74.9%), and 4 (75–100%) based on the percentage of glomeruli with
pathological features, such as crescents, global sclerosis, and segmental sclerosis, which
predict the progression to end-stage renal disease.
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2.3. Measurement of Gd-IgA1

Serum and urinary Gd-IgA1 levels were determined using the KM55 mAb according
to the manufacturer’s instructions (Immuno-Biological Laboratories, Fujioka, Japan), and
logarithmically transformed (log10 basis).

2.4. Statistical Analyses

Data are expressed as mean ± standard error. Comparisons between groups were
performed using the Mann–Whitney U test. Spearman’s correlation analysis was used
to analyze the correlation between two variables. Statistical significance was defined
as p < 0.05. Statistical analyses were performed using GraphPad Prism software ver.8.0
(GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Demographic, Clinical, and Laboratory Findings

The clinical characteristics of the cohorts from each country at the time of renal biopsy
are presented in Table 1. In the Japanese and Korean cohorts, there were no significant
differences in age or sex between patients with IgAN and the disease controls. Compared
to Japanese patients with IgAN, Korean patients showed higher levels of proteinuria and
lower kidney function at the time of renal biopsy.

Table 1. Clinical characteristics of patients with IgAN and disease controls at the time of renal biopsy.

Patients
(n)

Age
(year)

Sex
sCr

(mg/dL)
eGFR

(mL/min/1.73 m2)
UPCR
(g/gCr)

Japanese data
IgAN 338 38.1 M177/F161 0.8 83.1 0.9

DC 120 49.2 M53/F67 1.0 79.9 2.4
Korean
IgAN 69 40.5 M28/F41 1.3 76.5 1.5

DC 39 44.4 M16/F20 1.9 69.4 4.6
IgAN, IgA nephropathy; DC, disease control; M, male; F, female; sCr, serum creatinine; eGFR, estimated glomerular
filtration rate; UPCR, urinary protein-to-creatinine ratio.

Other renal diseases included lupus nephritis, anti-neutrophil cytoplasmic antibody
(ANCA)-associated glomerulonephritis, membranous nephropathy, focal segmental glomeru-
losclerosis, minimal change disease, membranoproliferative glomerulonephritis, non-IgA
mesangial proliferative glomerulonephritis, tubulointerstitial nephritis, diabetic kidney
disease, renal amyloidosis, nephrosclerosis, and thin basement membrane disease (Table 2).

Table 2. Clinical characteristics of disease control patients from the Japanese and Korean cohorts.

Disease Controls Patients (n) sCr (mg/dL)
eGFR

(mL/min/1.73 m2)
UPCR
(g/gCr)

Japanese cohort
ANCA-associated
glomerulonephritis 15 1.7 37.1 2.0

Lupus nephritis 26 0.7 95.7 1.7
Minimal change disease 12 0.8 87.1 5.6
Membranous nephropathy 16 0.7 90.0 3.8
Membranoproliferative
glomerulonephritis 4 0.9 103.9 1.6

Non-IgA mesangial proliferative
glomerulonephritis 10 0.7 101.7 0.3

Focal segmental
glomerulosclerosis 5 0.9 62.3 3.2

Tubulointerstitial nephritis 10 2.0 37.2 1.7
Renal amyloidosis 6 1.0 72.1 5.1
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Table 2. Cont.

Disease Controls Patients (n) sCr (mg/dL)
eGFR

(mL/min/1.73 m2)
UPCR
(g/gCr)

Diabetic kidney disease 5 1.3 56.1 1.8
Nephrosclerosis 4 0.7 77.4 0.3
Thin basement
membrane disease 7 0.6 119.0 0.9

Korean cohort
ANCA-associated
glomerulonephritis 12 3.9 24.9 2.3

Lupus nephritis 7 0.9 85.8 4.2
Minimal change disease 16 1.2 85.7 7.6
Thin basement
membrane disease 4 0.6 108.8 0.5

sCr, serum creatinine; eGFR, estimated glomerular filtration rate; UPCR, urinary protein-to-creatinine ratio;
ANCA, anti-neutrophil cytoplasmic antibody.

3.2. Urinary Levels of Gd-IgA1 in the Japanese Cohort

In the Japanese cohort, urinary Gd-IgA1 levels were significantly elevated in patients
with IgAN compared to those in disease controls (p < 0.0001) (Figure 1a). The levels of
urinary Gd-IgA1 in each disease control group are shown in Figure 1b. Overall, urinary
Gd-IgA1 levels were lower in the disease controls than in IgAN patients.

 

Figure 1. Urinary levels of Gd-IgA1 in Japanese cohort. (a) Urinary Gd-IgA1 levels were significantly
elevated in patients with IgAN compared to those in disease controls. (b) Urinary Gd-IgA1 levels
were lower in the disease controls than in IgAN patients. *** p < 0.0001.

3.3. Correlation between Urinary Gd-IgA1 and Laboratory and Pathological Findings in IgAN
Patients from the Japanese Cohort

We assessed the association between urinary Gd-IgA1 levels and the clinical data and
pathological parameters in patients with IgAN from the Japanese cohort. The levels of
urinary Gd-IgA1 were associated with the levels of serum Gd-IgA1 (p < 0.0001) (Figure 2a),
but not with proteinuria, in patients with IgAN (Figure 2b). As shown in Figure 2c,
urinary Gd-IgA1 levels were positively correlated with the histological grade (R = 0.4108,
p < 0.0001). Meanwhile, there were no significant correlations between the urinary Gd-IgA1
levels and the MEST-C scores of the Oxford classification. Then, we placed a threshold
on the urinary Gd-IgA1 levels, i.e., >50 ng/mL, and analyzed the association between
urinary Gd-IgA1 levels and MEST-C Oxford classification. As shown in Figure 2d, there
were significant correlations between the urinary Gd-IgA1 levels and the T score of the
Oxford classification in cases with urinary Gd-IgA1 greater than 50 ng/mL (p < 0.01).
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Figure 2. Correlation between urinary Gd-IgA1 and laboratory and pathological findings in IgAN
patients from the Japanese cohort. (a) The levels of urinary Gd-IgA1 associated with the levels of
serum Gd-IgA1. (b) The levels of urinary Gd-IgA1 did not correlate with the levels of proteinuria.
(c) Urinary Gd-IgA1 levels were positively correlated with the histological grade. (d) Urinary Gd-
IgA1 levels were positively correlated with the T score of the Oxford classification in cases with
urinary Gd-IgA1 greater than 50 ng/mL. * p < 0.01, n.s.: not significant, Abbreviations: M (mesangial
hypercellularity); E (endocapillary hypercellularity); S (segmental glomerulosclerosis); T (tubular
atrophy/interstitial fibrosis); and C (cellular/fibrocellular crescents).

3.4. Validation in Korean Cohort

Next, we validated the use of urinary Gd-IgA1 levels for the diagnosis of IgAN
using the Korean cohort. In the Korean cohort, the levels of urinary Gd-IgA1 in patients
with IgAN were significantly higher compared with those in disease controls (p < 0.0001)
(Figure 3a). Moreover, the levels of urinary Gd-IgA1 in patients with IgAN were higher
than those in any of the disease controls (Figure 3b).

3.5. Difference in Clinical Features at the Time of Renal Biopsy in Patients with IgAN

Compared with the Japanese cohort, Korean and Taiwanese patients showed greater
levels of proteinuria and lower kidney function at the time of renal biopsy (Table 3). In
addition, levels of urinary Gd-IgA1 in the Korean and Taiwanese patients with IgAN were
higher than those in the Japanese patients (Supplementary Figure S1).
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Figure 3. Urinary levels of Gd-IgA1 in Korean and Taiwanese cohorts. (a) The levels of urinary
Gd-IgA1 in Korean patients with IgAN were significantly higher compared with those in disease
controls. (b) The levels of urinary Gd-IgA1 in Korean patients with IgAN were higher than those in
the any other disease controls. *** p < 0.0001.

Table 3. Clinical features of patients with IgAN at the time of renal biopsy.

Patients
(n)

Age
(year)

Sex
sCr

(mg/dL)
eGFR

(mL/min/1.73 m2)
UPCR
(g/gCr)

Japanese data
IgAN 338 38.1 M177/F161 0.8 83.1 0.9

Korean
IgAN 69 40.5 M28/F41 1.3 76.5 1.5

Taiwanese
IgAN 35 36.6 M21/F14 1.9 51.9 1.4

IgAN, IgA nephropathy; M, male; F, female; sCr, serum creatinine; eGFR, estimated glomerular filtration rate;
UPCR, urinary protein-to-creatinine ratio.

3.6. Urinary Gd-IgA1 Excretion with Trace Proteinuria

We assessed the urinary Gd-IgA1 excretion in cases with trace proteinuria (less than
0.3 g/gCr) using the Japanese cohort. Even in cases with trace proteinuria, urinary Gd-IgA1
was detected, and the levels of urinary Gd-IgA1 were higher in patients with IgAN than in
disease controls (Figure 4).

Figure 4. Urinary Gd-IgA1 excretion in cases with trace amounts of proteinuria (less than 0.3 g/gCr).
*** p < 0.0001.
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4. Discussion

A definitive diagnosis of IgAN requires a pathological diagnosis via renal biopsy. In
Japan, an annual screening for urinary abnormalities is performed in school-aged children,
and asymptomatic patients with microscopic hematuria or mild proteinuria are more likely
to undergo renal biopsy than are patients in other countries [24,25]. Indications for renal
biopsy vary in each country due to medical insurance. Clinical remission can be achieved
with an early diagnosis and treatment [26]. Therefore, a useful biomarker for early detection
is required.

Gd-IgA1 is a critical effector molecule in the pathogenesis of IgAN. Glomerular
Gd-IgA1 has been specifically detected in patients with IgAN but not in those with other
renal diseases [10]. A previous experiment using real-time imaging revealed that injected
IgA from the serum of IgAN-prone mice bound to the glomeruli in normal mice, and these
IgA deposits cleared over time [12]. Thus, we hypothesized that a fraction of the Gd-IgA1
in glomerular deposits may be excreted into the urine. Previous reports using HAA lectins
supported this hypothesis [14]. In this study, we used a stable lectin-independent method
with the KM55 mAb to measure the urinary levels of Gd-IgA1. Indeed, the urinary ex-
cretion of Gd-IgA1 was elevated in patients with IgAN compared with that in disease
controls. This may be due to a mechanism in IgAN in which the greater the amount of
Gd-IgA1 deposited, the more glomerular injury occurs, resulting in the increased excretion
of urinary Gd-IgA1. As reported in a systematic review [27], the usefulness of serum
Gd-IgA1 levels as a tool for assessing disease severity is controversial. In the present study,
we found a correlation between urinary Gd-IgA1 levels and the histological severity in
IgAN patients. Moreover, the T score of the Oxford classification was associated with
urinary Gd-IgA1 levels. Previous reports indicated that the T score is associated with a
poor renal outcome [28,29]. Of note, the T score was significantly associated with the renal
outcome, independently of clinical data [30]. This suggests that urinary Gd-IgA1 may be
useful in determining the disease activity of IgAN.

IgAN is a multifactorial disease with a complex pathogenesis involving genetic and
environmental factors. Therefore, we validated the urinary Gd-IgA1 assay in different
cohorts of IgAN patients. The levels of urinary Gd-IgA1 were also significantly higher in
patients with IgAN than in disease controls in the Korean cohort. Of note, in the Taiwanese
and Korean cohorts, urinary Gd-IgA1 levels were much higher than those in the Japanese
cohort, which may be due to differences in indications for renal biopsy in these countries,
resulting in a higher proportion of advanced-stage cases with a higher urinary protein level
and lower eGFR at the time of the renal biopsy.

Clinically, a renal biopsy is rarely performed if proteinuria is negative, even in patients
with hematuria. A single-center study in Japan reported that as many as 31% of IgAN
patients with hematuria without overt proteinuria (less than 0.3 g/gCr) showed crescents
in the renal biopsy findings [20]. Moreover, even in the early stages of IgAN, with normal
kidney function and trace proteinuria, long-term renal survival is not always favorable [31].
As early identification and treatment can lead to clinical remission of IgAN [18], biomarkers
that can be used for early diagnosis and enable determination of the timing of therapeutic
interventions are needed. In the present study, even in patients with IgAN and trace
proteinuria (less than 0.3 g/gCr), urinary Gd-IgA1 was detected. Importantly, this suggests
that urinary Gd-IgA1 is an early biomarker compared to proteinuria in patients with IgAN.

There are several limitations in the present study. First, we only included Asian
patients with IgAN. Large-scale, worldwide studies are needed to elucidate the underlying
mechanisms of urinary Gd-IgA1 excretion. Moreover, longitudinal analysis during course
of treatment is desired to elucidate disease activity.

In summary, we found higher urinary levels of Gd-IgA1 in patients with IgAN than in
patients with other renal diseases. Urinary Gd-IgA1 may be a highly disease-specific marker
in several Asian countries. Furthermore, urinary Gd-IgA1 can be detected in patients with
trace proteinuria. The present study suggests that urinary Gd-IgA1 is useful not only for
the early screening and diagnosis of IgAN but also for determining the disease severity.
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Abstract: IgA nephropathy, initially described in 1968 as a kidney disease with glomerular “in-
tercapillary deposits of IgA-IgG”, has no disease-specific treatment and is a common cause of
kidney failure. Clinical observations and laboratory analyses suggest that IgA nephropathy is an
autoimmune disease wherein the kidneys are damaged as innocent bystanders due to deposition
of IgA1-IgG immune complexes from the circulation. A multi-hit hypothesis for the pathogenesis
of IgA nephropathy describes four sequential steps in disease development. Specifically, patients
with IgA nephropathy have elevated circulating levels of IgA1 with some O-glycans deficient in
galactose (galactose-deficient IgA1) and these IgA1 glycoforms are recognized as autoantigens by
unique IgG autoantibodies, resulting in formation of circulating immune complexes, some of which
deposit in glomeruli and activate mesangial cells to induce kidney injury. This proposed mechanism
is supported by observations that (i) glomerular immunodeposits in patients with IgA nephropathy
are enriched for galactose-deficient IgA1 glycoforms and the corresponding IgG autoantibodies;
(ii) circulatory levels of galactose-deficient IgA1 and IgG autoantibodies predict disease progression;
and
(iii) pathogenic potential of galactose-deficient IgA1 and IgG autoantibodies was demonstrated
in vivo. Thus, a better understanding of the structure–function of these immunoglobulins as autoan-
tibodies and autoantigens will enable development of disease-specific treatments.

Keywords: IgA nephropathy; O-glycosylation; IgA1; autoantibody; immune complex

1. Introduction

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

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

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

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

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

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

2. Galactose-Deficient IgA1 (Hit #1)

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

IgA1 has a unique HR between the first and second constant domains (CH1 and CH2)
of the heavy chain, connecting the antigen-binding fragment (Fab, heavy-chain domains
VH and CH1, and the entire light chain) with the Fc region. Each IgA1 HR contains 3–6 O-
glycans, attached to some of the nine serine and threonine residues [65–69].The O-glycans
of the HR of circulatory IgA1 are core 1 O-glycans. The biosynthesis is initiated by addition
of an N-acetylgalactosamine (GalNAc) residue by a GalNAc-transferase (GalNAc-T), such
as GalNAc-T2. This initial step may be followed by addition of galactose to GalNAc
in a β1–3 glycosidic bond by the enzyme core 1 β1,3-galactosyltransferase (C1GalT1).
Proper folding of the C1GalT1 protein is facilitated by its chaperone, C1GalT1C1 (COSMC),
without which C1GalT1 protein integrity and, thus, function is compromised [70,71].
Additional modifications of GalNAc-galactose disaccharide can then occur on circulatory
IgA1: GalNAc can then be sialylated via an α2–6 linkage and/or galactose sialylated via
an α2–3 linkage (Figure 2) [72–75]. O-glycans of the HR consisting of GalNAc alone or
sialylated GalNAc are galactose-deficient. The serum IgA1 in patients with IgAN has more
galactose-deficient HR glycans (Gd-IgA1) than in healthy persons [76–78]. Furthermore,
the glomerular IgA deposits are enriched for Gd-IgA1 glycoforms, most likely due to
deposition of some of the circulating Gd-IgA1 [46]. The serum Gd-IgA1 level predicts
progression to end-stage kidney disease (ESKD) [33]. For patients with ESKD who undergo
transplantation, recurrent disease in the allograft is predicted by elevated Gd-IgA1 levels,
supporting the hypothesis on the extra-renal origin of IgAN [24,37].
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Figure 2. Structure and glycosylation of human IgA1. (a) Each heavy chain of IgA1 contains two N-glycans, one in the CH2
domain (Asn263) and the other in the tailpiece (Asn459). (b) The hinge-region (HR) of IgA1, unlike that of IgA2, contains
nine Ser and Thr residues that are potential O-glycosylation sites. Only 3–6 of these residues are O-glycosylated and the
most common IgA1 glycoforms have 4 or 5 O-glycans in the HR. (c) The O-glycan composition of normal circulatory IgA1
is variable but usually consists of a core 1 disaccharide structure with N-acetylgalactosamine (GalNAc) in β1,3-linkage
with galactose (Gal); each of these monosaccharides can be sialylated. (d) The CH2 site of N-glycosylation contains
digalactosylated biantennary glycans with or without a bisecting N-acetylglucosamine (GlcNAc), but it is not usually
fucosylated. (e) The tailpiece N-glycosylation site contains fucosylated glycans. Figure reproduced with permission [43].

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

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

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

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

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

3. Autoantibodies (Hit #2)

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

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

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

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

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

4. Other Types of Autoantibodies Targeting Aberrantly Glycosylated Proteins

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

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

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

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

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

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

The levels of CICs in IgAN patients correlate with clinical and histological activ-
ity such as microscopic hematuria, episodes of macroscopic hematuria, and severity of
glomerular injury [154]. At the time of macroscopic hematuria, the blood level of immune
complexes of IgA1-IgG may significantly increase, although IgA1-IgM complexes may also
be present [155].

 

Figure 3. Complement activation pathways and selected regulatory proteins. The three pathways
of complement activation, classical, lectin, and alternative, are initiated by interactions of com-
plement proteins with distinct structures. The common activators for each pathway are described
in the respective boxes. Complexes of antigen and antibody can activate the classical pathway.
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Mannan-binding lectin recognizes carbohydrate structures and, upon association with serine pro-
teases (MASP, mannose-associated serine proteases), can activate the lectin pathway. Complement
C3 that is covalently bound to microorganism surfaces as C3b initiates the cascade of the alternative
pathway. Each pathway can ultimately generate an active C3 convertase, resulting in cleavage of
C3 component into C3a and C3b fragments. C3b can interact with C4b2b or C3bBb to produce C5
convertase that cleaves C5 into C5a and C5b fragments. C5b binds to the cell membrane and serves
as a platform for assembly of the membrane attack complex (MAC) [156,157]. The formation of
MAC can be inhibited by membrane-bound CD59 that binds to C8 and/or C9. Selected regulatory
proteins are shown in light blue. CR1, complement receptor 1; CFHR 1–5, complement factor H-
related proteins 1–5; DAF, decay-accelerating factor; FB, factor B; FD, factor D; FI, factor I; Gd-IgA1,
galactose-deficient IgA1; Gd-IgA1-IC, galactose-deficient IgA1-containing immune complexes; MCP,
membrane cofactor protein; P, properdin. Figure modified with permission [151].

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

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

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

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

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

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

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

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

7. IgA Nephropathy—Disease-Specific Treatment Approaches

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

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

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

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

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

8. Conclusions

IgAN is characterized by glomerular immunodeposits enriched for Gd-IgA1 glyco-
forms and for IgG autoantibodies with specificity for the IgA1 with galactose-deficient
O-glycans. These immunodeposits are thought to originate from Gd-IgA1-IgG complexes
formed in the circulation. It was recently shown experimentally that human IgG autoan-
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tibodies bind to human Gd-IgA1 to form immune complexes that in a murine model
induce pathogenic changes consistent with IgAN. It is hoped that a better understanding
of the key players in IgAN, autoantibodies, and autoantigens, will enable development of
disease-specific treatments.
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Abstract: Primary IgA nephropathy (IgAN) is a leading cause of chronic kidney disease and kidney
failure for which there is no disease-specific treatment. However, this could change, since novel
therapeutic approaches are currently being assessed in clinical trials, including complement-targeting
therapies. An improved understanding of the role of the lectin and the alternative pathway of
complement in the pathophysiology of IgAN has led to the development of these treatment strategies.
Recently, in a phase 2 trial, treatment with a blocking antibody against mannose-binding protein-
associated serine protease 2 (MASP-2, a crucial enzyme of the lectin pathway) was suggested to have
a potential benefit for IgAN. Now in a phase 3 study, this MASP-2 inhibitor for the treatment of
IgAN could mark the start of a new era of complement therapeutics where common diseases can
be treated with these drugs. The clinical development of complement inhibitors requires a better
understanding by physicians of the biology of complement, the pathogenic role of complement in
IgAN, and complement-targeted therapies. The purpose of this review is to provide an overview of
the role of complement in IgAN, including the recent discovery of new mechanisms of complement
activation and opportunities for complement inhibitors as the treatment of IgAN.

Keywords: complement; kidney; nephrology

1. Introduction to the Complement System

The complement system forms a major arm of innate immunity and is comprised of
a large number of circulating and membrane-bound proteins [1]. The majority of these
proteins circulate in an inactive form, but in response to pathogen-associated molecular
patterns (PAMPs) and/or danger-associated molecular patterns (DAMPs), become acti-
vated through sequential enzymatic reactions [2,3]. Detection of these molecular patterns
by the complement system is achieved via various pattern recognition molecules, and
subsequent complement activation is realized by their associated serine proteases [4].
Complement activation can arise through three major pathways, including the classical
pathway, the lectin pathway, and the alternative pathway, which all lead to the cleavage
of C3, thereby forming C3a and C3b [5]. In the nomenclature of the complement system,
when proteins are activated and cleaved into smaller fragments, the minor fragment is
assigned the letter “a”, while the major fragment is assigned the letter “b”. The classical
pathway recognizes immune complexes of IgM or hexameric IgG via C1q (the pattern
recognition molecule of this pathway) together with the associated serine proteases C1r and
C1s [6,7]. The lectin pathway contains six pattern recognition molecules: mannose-binding
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lectin (MBL), ficolin-1 (previously M-ficolin), ficolin-2 (previously L-ficolin), ficolin-3 (pre-
viously H-ficolin), collectin-10 (previously collectin liver 1), and collectin-11 (previously
collectin kidney 1). These form a complex with MBL-associated serine proteases (MASPs)
and recognize carbohydrate and acetylated structures on pathogens [8,9]. The alternative
pathway continuously maintains low-level activity by the spontaneous hydrolysis of C3,
called the ‘tick-over’, and thereby generates C3b, which can then covalently bind to various
proteins, lipids, and carbohydrate structures on microbial surfaces [10]. Properdin has
also been postulated to act as a pattern recognition molecule, thereby initiating alternative
pathway activation [11,12], although these findings have not been consistent among studies
and experimental conditions [13]. Besides PAMPs, complement activation is also brought
about by DAMPs, e.g., activation of the classical pathway by C-reactive protein (CRP) or
pentraxin-3 [14,15]. Other examples are the activation of the lectin pathway by L-fucose on
stressed cells and cleavage of C3 by the neutrophil enzymes elastase or myeloperoxidase
(MPO), resulting in alternative pathway activation [12,16,17].

Regardless of the pathway, progressive C3 activation results in the formation of the C5-
convertases. Correspondingly, the C5-convertases cleave C5 into C5a, an extremely potent
inflammatory mediator, and C5b. C5b is the initiator of the terminal step, and, together with
the components C6 through C9, assembles the membrane attack complex (MAC), also called
C5b-9 [18]. Traditionally, the MAC was found to be formed on Gram-negative bacteria
such as Neisseria meningitidis, leading to cell lysis. However, the MAC can also assemble
on the surface of other pathogens, erythrocytes, or damaged host cells. Moreover, on host
cells, the amount of C9 in the MAC determines the pore size and thereby the function,
which ranges from pro-inflammatory effects to cell death [19]. Complement activation
also leads to the generation of other effector molecules, such as opsonins (C4b, C4d, C3b,
iC3b, and C3dg) and anaphylatoxins (C3a, C5a), which can interact with their respective
complement receptors (complement receptors (CR), C3a receptors (C3aR) as well as C5a
receptors (C5aR)). To better understand the complement system, it is important to realize
that activation can take place in the blood, called the fluid phase, as well as on surfaces,
called the solid phase. However, under normal conditions, this system is tightly controlled
by regulators present in the blood (fluid-phase regulators) and on cell surfaces (solid-phase
regulators) [20]. Examples of solid-phase regulators include membrane cofactor protein
(CD46), decay acceleration factor (CD55), the C3b receptor CR1 (CD35), and membrane
attack complex-inhibitory protein (CD59), which are widely expressed on human cells. On
the other hand, C1-inhibitor, C4b-binding protein (C4bp), Factor H, and Factor I are major
fluid-phase regulators present in the blood.

2. Novel Insights into an Old Defense System

Today, our appreciation of the complement system has advanced immensely. As a
result, it is easy to assume that its role has been completely unraveled. However, recent
reports have identified novel players and unexpected functions of the complement system
and have demonstrated that there is more to it than we now know. Important recent discov-
eries include: (i) the cross-talk between the lectin and alternative pathways, in particular by
MASP-3; and (ii) the capacity of Factor H-related proteins (FHRs) to antagonize the ability
of Factor H to regulate complement activation (Figure 1). These discoveries are important
for a better understanding of the involvement of the complement system in IgAN.
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Figure 1. Overview of the complement system. Complement activation can be initiated via three different pathways: the
classical pathway, the lectin pathway, and the alternative pathway. The classical pathway begins with the activation of C1,
a complex composed of one C1q molecule (the pattern recognition molecule—dark green) as well as two C1r molecules
and two C1s molecules (the serine proteases—light green). The lectin pathway begins via any of its pattern recognition
molecules (dark green); that is, mannose-binding lectin (MBL), ficolins, or certain collectins, which work together with
MBL-associated serine protease 1 (MASP-1) and 2 (MASP-2). Activation of either the classical or the lectin pathway leads
to the cleavage of C4 and C2 and the formation of the C4bC2a complex, also known as the C3-convertase (gold). In the
alternative pathway, activation occurs via the spontaneously thioester-hydrolyzed form of C3 (C3(H2O)) or via surface
interactions of properdin (the pattern recognition molecules—dark green), which acts with Factor B and Factor D (the
serine proteases—light green) to form the C3-convertase C3bBb (gold). Overall, all three pathways lead to the formation of
their respective C3-convertases (gold), which in turn cleave C3 into C3a (an anaphylatoxin—blue) and the opsonin C3b
(yellow). MASP-2 has also been shown to directly cleave native C3, thereby bypassing C2 and C4 in the activation of
the lectin pathway; this is also known as the C4/C2 bypass mechanism (grey). Recently, MASP-3 was revealed to cleave
pro-Factor D into Factor D, establishing a novel link between the lectin and alternative pathway. Although MASP-3 is
responsible for the main activation of pro-Factor D, there is also an unknown alternative pro-Factor D activator. Increasing
densities of C3b through activation of C3 by the C3-convertases favors the formation of the C5-convertases (gold). In the
classical and lectin pathways, C5-convertase is formed by a complex of C3b with C4b and C2a known as C4b2b3b. In the
alternative pathway, an additional C3b binds to the C3 convertase (C3bBb) to form the C5-convertase C3bBb3b. Properdin
is a key positive regulator of complement activity which acts by stabilizing alternative pathway C3- and C5-convertases.
The C5-convertases (C4b2b3b and/or C3bBb3b, respectively) cleave C5 to generate the potent chemoattractant C5a (an
anaphylatoxin—blue) and C5b (yellow), the initial component of the membrane attack complex. Next, C6, C7, C8, and
C9 bind serially to surface-bound C5b to form the final complex, C5b-9 (yellow). Further interactions with additional C9
molecules, up to 17 molecules, widens the inner pore of the membrane attack complex. In addition, the anaphylatoxins
C3a and C5a bind to their respective receptor (blue), C3a-receptor (C3aR), C5a receptor 1 (C5aR1), and C5a receptor 2
(C5aR2) on target cells to mediate a variety of inflammatory responses. In parallel to these activation pathways, complement
regulation is established through membrane-bound and soluble complement inhibitors. In the classical and lectin pathway,
C1-inhibitor (C1-INH) regulates the activity of the pattern recognition molecules and associated serine proteases, whereas
C4b-binding protein (C4BP) inhibits activation at the C4 level. Factor I and Factor H act on C3- and C5-convertases. In
addition, the membrane-bound inhibitors complement receptor 1 (CR1/CD35) and membrane cofactor protein (MCP/CD46)
act as co-factors for Factor I, whereas decay-accelerating factor (DAF/CD55) accelerates the decay of C3-convertases. The
membrane-bound regulator CD59, as well as soluble regulators clusterin and vitronectin, impair the formation of C5b-9.
The Factor H protein family consists of Factor H, Factor H-like protein 1 (FHL-1), and five Factor H-related proteins (FHR).
Factor H consists of 20 domains. The first four domains (white) provide the inhibitory function of the protein, while the
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internal region (black) and the last two units (black) are needed for binding to cells and tissue sites. FHL-1 is composed of the
first 7 domains of Factor H, whereas the FHRs have structural homology to binding domains (black) of Factor H. The current
belief is therefore that FHRs compete with Factor H (and FHL-1) for binding to certain surfaces. The binding of Factor H
(and FHL-1) will lead to complement inhibition, whereas binding of the FHRs will further enhance complement activation.

Although the complement system is presented as three separate and clearly outlined
pathways, multiple reports have demonstrated that the pathways are closely connected
and intertwined. Earlier studies demonstrated that initial complement activation by the
classical pathway, as well as the lectin pathway, is amplified by the alternative pathway, and
this amplification loop is estimated to contribute up to ~80% of the achieved complement
activation [21,22]. Recently, the contrary has also been demonstrated, as the lectin pathway
was shown to be indispensable for efficient alternative pathway activation [23]. In the lectin
pathway, binding of MBL, ficolins, or collectins to their ligands leads to autoactivation
of MASP-1, which thereafter activates MASP-2 [8]. Subsequently, MASP-2 cleaves C4,
whereas C2 is cleaved by both MASPs, resulting in the formation of C3-convertases (i.e.,
C4bC2a) [24]. These convertases can then cleave C3 into C3a and C3b. Recently, another
serine protease was discovered, namely MASP-3. This third serine protease is an alternative
splicing product of the MASP-1 gene, and its functional significance remained an enigma
until recently. In an elegant series of experiments, Dobo et al. revealed that activated
MASP-3 cleaves pro-Factor D into Factor D, thereby establishing a crucial link between the
lectin and the alternative pathway [25]. Using a specific MASP-3 inhibitor, they were able
to block the conversion of pro-Factor D into Factor D. Additionally, Factor D isoforms were
analyzed in MASP-1/3-deficient Malpuech–Michels–Mingarelli–Carnevale patients and
MASP-1/3−/− mice [26]. These experiments demonstrated that MASP-3 is responsible for
the main activation of pro-Factor D, while also stressing that an alternative pro-Factor D
activator exists [23]. In a follow-up study by the same authors, MASP-3 was shown to be
mostly present as an active enzyme in blood under normal circumstances [27]. Proprotein
convertase subtilisin/kexin 6 (PCSK6) was later identified as the main activator of MASP-3,
thus completing the elucidation of this novel axis which is involved in the activation of the
alternative pathway [28].

Dysregulation of the complement system is a causal factor in the development of
various inflammatory and autoimmune diseases [29]. The complement regulatory protein
Factor H is a key player in maintaining balance [30]. The discovery that Factor H consists
of 20 units, known as “short consensus repeats” (SCR), has helped to attribute the different
functions of Factor H to specific domains within the protein [31]. The first 4 units (SCRs 1–4)
provide the inhibitory function of the protein, while the internal region (SCRs 6–8) and the
last 2 units (SCRs 19, 20) are needed for binding to cells and tissue sites [32–34]. Genetic
and acquired factors can cause distinct molecular defects in Factor H and can thereby
give rise to different diseases [35]. For example, mutations that cause a complete Factor H
deficiency lead to uncontrolled complement activation in the fluid phase and are linked
to C3 glomerulopathy (C3G), a heterogeneous histopathological entity characterized by
glomerular C3 deposition [36]. Heterozygous mutations in Factor H only lead to partial
deficiencies, and these are associated with C3G but also with other diseases such as age-
related macular degeneration (AMD), atypical hemolytic uremic syndrome (aHUS), and
IgAN [37]. Alternatively, mutations or autoantibodies that affect the binding sites of Factor
H give rise to aHUS because they impair the ability of Factor H to control complement
activation on surfaces without modifying complement regulation in the fluid phase [38–41].
In addition to Factor H, humans also have five FHRs: FHR-1, FHR-2, FHR-3, FHR-4 and
FHR-5 [42]. The genes for the FHRs are believed to have arisen during evolution through
duplication events of the Factor H gene [43]. Subsequently, the FHRs have structural
homology to Factor H, but they all lack the first four units of Factor H (i.e., the inhibitory
region). Thus, based on their structure, FHRs were originally predicted to be irrelevant
for maintaining immune homeostasis. However, recent work has opposed this notion.
Genetic studies have revealed that variants of FHRs are strongly associated with human
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pathology, mostly those involving the kidney and retina [44]. These findings indicate that
the FHRs could be involved in their pathophysiology. Nevertheless, the distinct molecular
mechanisms by which FHRs contribute to disease are poorly understood. All FHRs are
predicted to bind similar ligands as Factor H but lack its regulatory activity. The current
belief, therefore, is that the FHRs antagonize the ability of Factor H to regulate complement
activation [30,42]. Thus, FHRs act as de-regulators of the complement system by competing
with Factor H for binding to surfaces that require protection. Notably, clear differences
exist among the different FHRs [37]. For instance, FHR-1, FHR-2, and FHR-5 can dimerize
to form homodimers. Conversely, FHR-3 and FHR-4 lack this dimerization motif in their
N-terminal domains. Initial work proposed that, in addition to homodimers, heterodimers
could also be formed between FHR-1 and FHR-2 as well as FHR-1 and FHR-5, whereas
FHR-2/FHR-5 heterodimers would only occur if FHR-1 was absent [45]. However, recently,
another study proposed that only four dimers are present in the blood: FHR-1, FHR-2, and
FHR-5 homodimers, as well as heterodimers of FHR-1/FHR-2 [46]. Additional studies are
thus needed to verify the compositions of these dimers in the circulation, together with
the exact function of these dimers. Currently, these dimers are believed to have increased
avidity for tissue-bound complement fragments, enabling them to more efficiently compete
with Factor H [45].

3. The Unique Susceptibility of the Kidney to Complement-Mediated Injury

The complement system is more than a defense system against pathogens, as it also
acts as a surveillance system to preserve tissue homeostasis and stimulate repair [4]. As a
consequence, complement can be the initiator or aggravating factor in renal diseases. The
complement system contributes to kidney disease via different mechanisms: excessive or
inappropriate activation, insufficient regulation, or ineffective clearance [29]. Overwhelm-
ing activation can be triggered when the complement system is exposed to vast amounts of
PAMPs or DAMPs, as seen in sepsis and brain death [47,48]. Separately, immune recog-
nition of apparently innocent materials or biological surfaces can create inappropriate
complement activation, as seen in hemodialysis and transplantation [49–53]. Indepen-
dently, loss of complement regulation due to genetic alterations can lead to an imbalance
that can cause tissue damage, as seen in C3G and aHUS [31,54]. Finally, ineffective removal
of immune complexes and cellular debris due to deficiencies in complement components
can induce autoimmune diseases such as lupus nephritis [31,55]. A combination of these
mechanisms is also possible (e.g., initial insufficient regulation that leads to excessive
activation), reflecting the complexity of complement-mediated renal diseases.

The kidney is particularly susceptible to complement-mediated injury, possibly due to
the high blood flow, ultrafiltration, relatively low expression of complement receptors, and
local variations in electrolyte concentrations and pH [56]. In addition, the local synthesis
of complement proteins in the kidney seems to be of major significance [57,58]. The main
source for complement factors is the liver, with the exception of C1q, properdin, and C7,
predominantly produced by leukocytes, and Factor D synthesized by adipocytes [59–64].
However, accumulating evidence indicates that a wide range of cell types in the kidney are
also able to produce complement components [58]. Renal tubular epithelial cells can pro-
duce virtually all complement proteins and are the main renal source of complement [65,66].
Under basal conditions, the kidney produces up to 5% of the circulating C3, but this can
increase up to 16% during inflammation [67]. In renal diseases, complement activation can
therefore occur in different compartments, namely systemically (i.e., in blood) or locally
(i.e., in the kidney). Local production of complement proteins seems to be predominantly
important at serum-restricted sites, such as the renal interstitium [68]. Local complement
activation will lead to increased local vascular permeability, subsequently resulting in the
leakage of systemic complement proteins and the initiation of the immune response [8].
Recently, a possible new compartment has been suggested, namely intracellular comple-
ment activation [69,70]. However, the occurrence of intracellular complement activation in
renal disease and its relevance remains to be investigated.
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4. The Complement System in IgA Nephropathy

IgAN is the most common form of glomerulonephritis and an important cause of
kidney failure [71]. The diagnosis is confirmed by a kidney biopsy, revealing predomi-
nant deposition of IgA1 in the renal mesangium. IgAN is believed to have a multi-hit
pathogenesis, namely: genetically determined high circulating levels of galactose-deficient
IgA1, subsequent synthesis of antibodies directed against these galactose-deficient IgA,
binding of these autoantibodies to IgA1 to form immune complexes, and finally, depo-
sition of the immune complexes in the renal mesangium, leading to immune activation
and renal damage [72]. The presence of complement activation in patients with IgAN
was reported almost five decades ago [73]. However, the relevance of the complement
system to the pathophysiology was not immediately recognized. Recent advances have
increased our knowledge of the role of the complement system in the pathophysiology of
IgAN (Figure 2). Additionally, these developments have enabled the development of novel
therapeutic strategies for IgAN that are currently being tested in clinical trials.

4.1. Local Complement Activation

Very early on, in the initial reports about the disease, complement deposition was
already described in renal biopsies of IgAN patients [73]. These first descriptions of the
disease reported mesangial deposition of IgA and C3 in renal biopsies in more than 90%
of cases. However, the importance of local complement deposition in IgAN was not
recognized until later reports revealed that the extent of C3 deposits in the mesangium
correlated with the severity and progression of IgAN [49,74–77]. In these recent studies,
glomerular C3 deposition was observed in 71 to 100% of IgAN patients [78–81]. Next
to glomerular IgA and C3 deposits, properdin and C5b-9 are almost always present,
while C1q is typically absent [49,73,82–84]. Local complement activation in IgAN was
therefore thought to result from the alternative pathway. In accordance, early studies
demonstrated the ability of IgA to activate the alternative pathway in vitro [85,86]. The
mechanism behind IgA-induced alternative pathway activation is poorly understood, but
the polymerization of IgA is critical. Other proteins of the alternative pathway have also
been identified in kidney biopsies of patients with IgAN, including Factor B, Factor H, and
the FHRs [87–93]. Multiple studies have also investigated the utility of urinary Factor H
levels for the assessment of disease activity and prognosis in patients with IgAN [89,93–95].
Surprisingly, urinary levels of Factor H were positively associated with markers of IgAN
severity and disease progression. It is noteworthy to mention that because of the structural
homology between Factor H and FHRs, it is very well possible that these Factor H assays
also detected the FHRs and thereby confound the results [37]. Proteomic analysis of micro-
dissected glomeruli in IgAN biopsies have verified the presence of Factor H, FHR-1, FHR-2,
FHR-3, and FHR-5 [96]. Moreover, FHR-2 and FHR-5 were significantly more abundant
in the glomeruli of patients with progressive IgAN compared to non-progressive IgAN.
The presence of FHRs in IgAN was first mentioned 20 years ago by Murphy et al., who
described glomerular FHR-5 deposits in a range of renal biopsy specimens including
IgAN [97]. Mesangial deposition of FHR-5 was detected in all 20 IgAN cases, and the
pattern of FHR-5 deposition was comparable, but not always identical, to that of IgA, C3,
and sC5b-9. Recently, increased glomerular staining for FHR-5 was shown to be associated
with progressive disease, while a trend was seen for greater FHR1 staining [88]. In contrast,
glomerular Factor H staining was significantly reduced in patients with progressive IgAN
in comparison to stable disease. Glomerular FHR5 deposition positively correlated with
glomerular staining of C3 activation fragments, C5b-9, and absent Factor H staining.

62



J. Clin. Med. 2021, 10, 4715

Figure 2. The role of complement activation in IgA nephropathy. (A) In a healthy glomerulus, filtration of blood occurs,
and intact podocytes prevent the loss of proteins. In IgA nephropathy (IgAN), deposition occurs of immune complexes
containing polymeric galactose-deficient IgA1 in the glomerular mesangium. (B) This leads to immune activation and
induces proliferation of mesangial cells, increases the synthesis of extracellular matrix, and causes glomerular basement
membrane (GBM) thickening, podocyte injury and protein loss. (C) Polymeric IgA1 and IgA1-containing immune complexes
can activate both the alternative and lectin pathway, leading to the cleavage of intact C3, thereby forming C3a and C3b. (D)
Factor H is a key regulator of the complement system, and together with Factor I, Factor H cleaves C3b to iC3b. Lastly, the
Factor H-related proteins can compete with the regulatory functions of Factor H, thereby promoting complement activation.
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These results are in line with the hypothesis that FHRs compete with Factor H, thereby
amplifying complement activation. No association was seen between glomerular staining
for FHR-1 and IgAN severity. Similarly, a Chinese cohort found mesangial staining of FHR-
5 in 57.1% of IgAN cases, and FHR-5 deposition was associated with histologic injury [98].
FHR-5 co-localized and correlated with IgA as well as C3 deposits. IgAN patients with
endocapillary hypercellularity and segmental glomerulosclerosis had greater glomerular
FHR-5 staining. Interestingly, the authors reported sex differences in glomerular FHR-5
depositions, with greater staining in male IgAN patients. These data indicate that FHR-5
might be a key contributor to complement dysregulation in IgAN (Table 1). It is important
to mention that FHR-5 detection by immunohistochemistry in the study by Medjeral-
Thomas et al. and by Guo et al. was achieved by using rabbit polyclonal antibodies against
FHR-5 [88,98], creating the possibility of cross-reactivity with other FHRs [37].

Table 1. The role of the Factor H protein family in IgA nephropathy.

Evidence for the Involvement of the Factor H Protein Family in the Pathogenesis of IgA Nephropathy

Genetic Histologic Serologic

Factor H

Genetic variants of Factor H
associated with lower

plasma levels may
contribute to genetic

susceptibility to IgAN [99].

Glomerular deposition of Factor H
staining is reduced in patients with

progressive IgAN compared to stable
disease. Absence of glomerular Factor

H deposition is associated with
progressive disease [88].

Plasma Factor H levels are not
altered in IgAN patients, and these

levels are not associated with
disease severity, but the plasma

FHR-1/Factor H ratio is associated
with disease progression [99,100].

Factor H-related
protein 1
(FHR-1)

The deletion of complement
factor H-related proteins 3
and 1 genes (CFHR3,1Δ) is
associated with protection
against IgAN [101–104].

Proteomics showed that FHR-1 is
more abundant in the glomeruli of

IgAN patients compared to controls.
Glomerular FHR-1 deposits have also

been identified in IgAN, but no
association is seen with IgAN severity

[88,96].

Plasma FHR-1 levels are elevated in
IgAN patients compared to healthy

controls, and the plasma
FHR-1/Factor H ratio is associated

with disease progression of the
disease [99,100].

Factor H-related
protein 2
(FHR-2)

N.D.

Proteomic analysis revealed that
FHR-2 is more abundant in the

glomeruli of patients with
progressive IgAN compared to

non-progressive IgAN [96].

N.D.

Factor H-related
protein 3
(FHR-3)

The deletion of complement
factor H-related proteins 3
and 1 genes (CFHR3,1Δ) is
associated with protection
against IgAN [101–104].

Proteomic analysis demonstrated that
FHR-3 is more abundant in the

glomeruli of IgAN patients compared
to controls [96].

N.D.

Factor H-related
protein 4
(FHR-4)

N.D. N.D. N.D.

Factor H-related
protein 5
(FHR-5)

Rare genetic variants in
FHR-5 may contribute to the

genetic susceptibility to
IgAN [105].

Glomerular FHR-5 deposits have
been identified in IgAN and correlate

with C3 and C5b-9 deposits.
Increased glomerular staining for

FHR-5 is associated with more severe
histology and progressive disease

[88,96–98].

Serum FHR-5 levels are higher in
IgAN patients compared to healthy

controls and are associated with
more severe histology,
unresponsiveness to

immunosuppression, and disease
progression [100,106].

An overview of all the available evidence of the involvement of the Factor H protein family in IgA nephropathy. Abbreviations: N.D,
not determined; IgAN, IgA Nephropathy; FHR-1, Factor H-related protein 1; FHR-2, Factor H-related protein 2; FHR-3, Factor H-related
protein 3; FHR-4, Factor H-related protein 4; FHR-5, Factor H-related protein 5.

Although previous studies had shown that the role of the classical pathway is limited
in IgAN, little attention had initially been paid to the lectin pathway until the group of
Fujita et al. demonstrated glomerular deposition of MBL and MASP-1 in IgAN which co-
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localized with C3b and C5b-9 deposits [107]. A follow-up study showed mesangial deposits
of MBL, MASP-1, and C4 in over half of the IgAN cases, and also showed that IgA2 co-
localized with MBL and MASP-1 in the mesangium of these patients [108]. Later, additional
components of the lectin pathway, such as ficolin-2 deposition, were also demonstrated
in IgAN [78,109]. In agreement with these results, IgA was shown to induce activation of
the lectin pathway in vitro [16]. Interestingly, lectin pathway presence in renal biopsies is
only seen in a subset of IgAN patients [78,107,108]. In the landmark paper by Roos et al.,
glomerular deposition of Ficolin-2 and MBL was shown to be associated with a higher
level of histological damage, demonstrated by increased mesangial and extracapillary
proliferation, interstitial infiltration, and glomerular sclerosis, as well as with heavier
proteinuria [78]. Urine levels of MBL and C4d have also been shown to be associated with
markers of disease activity and severity in IgAN, and urinary levels of these complement
proteins correlate with their respective mesangial deposits [110,111]. These findings were
further supported by the association of mesangial C4d deposition with disease progression
and lower renal survival in IgAN patients [80,81,109,112]. Espinosa et al. was the first to
demonstrate that mesangial C4d staining and absent C1q (indicative of lectin pathway
activation) in IgAN patients was associated with progression to kidney failure [112]. In a
follow-up study, they assessed the prognostic value of glomerular C4d staining in IgAN in
a larger cohort [80]. Mesangial C4d deposits were identified in 39% of the 283 patients and
C4d-positive staining was an independent risk factor for the development of kidney failure
in IgAN. These results had important practical implications, because C4d staining is already
routinely used in clinical practice for the diagnosis of antibody-mediated humoral rejection
in biopsies from kidney transplant patients [113]. Various studies have subsequently
investigated the use of C4d staining in IgAN as an indicator of disease severity and as a
risk factor for kidney outcomes in different geographical populations, stages of chronic
kidney disease, and degree of proteinuria [77,81,109,114]. Recently, a meta-analysis was
performed on IgAN studies evaluating the relationship between glomerular C4d deposits
and kidney outcomes, and the authors found that glomerular C4d deposition in IgAN
was associated with higher histological disease activity, faster decline in eGFR, and kidney
failure [115]. However, C4d deposition in IgAN is not limited to the glomeruli and has also
been documented in the vasculature of the kidney. Arteriolar C4d deposits in IgAN are
also associated with faster disease progression, and the association with progressive kidney
disease was found to be stronger than glomerular C4d deposits [79]. In accordance, in
IgAN, C3 deposition is also routinely found in extraglomerular areas such as in Bowman’s
capsule and in the arterioles, and these C3 deposits also seem to be associated with worse
outcome [116].

Glomerular C5b-9 deposition in IgAN was first reported over 3 decades ago by Rauter-
berg and colleagues [84]. Terminal pathway activation, as shown by C5b-9, was present in
all IgAN cases, but not in controls. Furthermore, mesangial deposits of C5b-9 co-localized
with both IgA and C3d deposition. Correspondingly, Medjeral-Thomas et al. reported that
mesangial C5b-9 staining significantly correlated with both mesangial C3b/iC3b/C3c and
C3d staining [117]. C5b-9 deposition in the glomeruli has been suggested to contribute to
podocyte injury and subsequent proteinuria in IgAN [118]. Furthermore, decreased expres-
sion of CR1 (also known as CD35) on podocytes correlated with glomerular C5b-9 deposi-
tion in IgAN. These findings insinuate that reduced CR1 expression perhaps increases the
sensitivity of podocytes to complement attack in IgAN [118]. However, decreased CR1 ex-
pression on podocytes is a shared histopathological feature among glomerular diseases and
is not specific to IgAN [119]. In addition to the mesangium, C5b-9 can also be found along
the capillary wall in the glomerulus, Bowman’s capsule, the tubular basement membrane,
and the vascular wall [120]. In recent studies, the presence of C5b-9 in IgAN biopsies has
been confirmed by proteomics analysis of microdissected glomeruli [96]. Terminal pathway
components were significantly more abundant in IgAN biopsies than in healthy controls,
as well as in IgAN cases with progressive disease compared to IgAN with non-progressive
disease. Furthermore, terminal pathway components were associated with a higher his-
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tological score and lower kidney function. In accordance, multiple studies have found a
relationship between C5b-9 staining in IgAN and histological lesions as well as clinical
outcomes [120]. Overall, glomerular C5b-9 deposition in IgAN correlates with the extent
of glomerulosclerosis, mesangial expansion, hypercellularity, interstitial inflammation,
and fibrosis as well as tubular atrophy, whereas tubular C5b-9 staining is associated with
the extent of tubular atrophy, interstitial inflammation, and interstitial fibrosis [121–129].
Regarding clinical outcome, glomerular and tubular staining of C5b-9 has been associated
with kidney function, proteinuria, and progressive IgAN [84,117,124,125,127,130,131]. Cor-
respondingly, increased C5aR1 expression has also been reported in renal biopsies of IgAN
cases, and C5aR1 staining also correlates with histological injury, proteinuria, and kidney
function [132]. C5aR1 staining in IgAN was mainly found on glomerular mesangial cells,
tubular epithelial cells, and interstitial infiltrating cells. Similarly, urine levels of C5a and
soluble C5b-9 (sC5b-9) have been found to be associated with markers of disease activity
in IgAN, thereby further supporting the significance of the terminal pathway [93,132].

4.2. Systemic Complement Activation

In addition to local complement activation in IgAN, systemic complement activation
has also been evaluated. Although plasma C3 levels are usually normal, activation frag-
ments of C3 are elevated in some patients and correlate with the levels of IgA-containing
immune complexes, histology, and disease progression [133–136]. However, most of these
studies were performed in the 1980s and 1990s. Proteomics analysis of circulating deg-
lycosylated IgA-immune complexes confirmed the presence of C3 activation fragments,
such as iC3b, C3c, and C3dg [137]. More recently, systemic C3 levels were investigated in
343 IgAN patients [76]. Only 19% had serum C3 levels below the normal range. However,
IgAN patients with decreased C3 levels had higher extents of mesangial C3 deposits in
their renal biopsy than those with normal C3 levels. Furthermore, serum C3 levels were
significantly associated with progression to kidney failure, but the predictive value of
serum C3 was lower than clinical markers such as proteinuria and eGFR. In contrast, a
separate study of 496 patients with IgAN, of whom 22% had low levels of C3, reported that
serum C3 levels did not associate with disease progression [138]. Others have suggested
that for IgAN, serum IgA1/C3 ratio may be a better marker for disease activity and pro-
gression than serum C3 levels alone [139,140]. Subsequently, Chen et al. investigated the
relationship between the serum galactose-deficient IgA1/C3 ratio and disease progression
in 1210 IgAN patients [141]. The galactose-deficient IgA1/C3 ratio had a much stronger
association with disease progression than either marker alone, and the risk of kidney failure
increased continuously with the ratio. These findings do not only show the potential of
galactose-deficient IgA1/C3 ratios for risk assessment in IgAN, but also suggest that the
complement-activating ability of the galactose-deficient IgA1 immune complexes deter-
mines disease severity. Terminal pathway activation leading to the generation of C5a
and sC5b-9 has also been evaluated in IgAN, although much less extensively. A single
study performed by Zwirner et al. found no differences in plasma sC5b-9 levels between
patients with IgAN, Henoch–Schonlein purpura, and non-immune kidney disease [135]. In
addition, none of the sC5b-9 values in IgAN patients exceeded the normal range, as defined
by levels in the non-immune renal disease group. In a larger Taiwanese cohort, plasma
levels of C5a were found to be higher in IgAN patients [87]. However, these patients
were compared to healthy controls and patients with primary focal segmental sclerosis.
Interestingly, IgAN patients who received immunosuppression had lower levels of C5a as
early as 1 month after treatment.

Serologic evidence of alternative pathway activation (and/or the amplification loop)
has also been documented in IgAN. Overall, IgAN patients seem to have higher systemic
levels of alternative pathway components, as well as complement regulators [117,142].
Plasma levels of Ba, the smaller activation fragment of Factor B, were shown to be increased
in IgAN patients compared to healthy controls and patients with primary focal segmental
sclerosis [87]. Additionally, plasma Ba levels positively correlated with plasma levels of
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C5a levels, as well as weakly (yet statistically significantly) with the degree of proteinuria
and impaired renal function. Recent work has investigated circulating levels of the FHRs
in IgAN. Plasma levels of FHR-1 were shown to be elevated in Spanish IgAN patients com-
pared to controls, whereas Factor H levels were normal [99]. In accordance, FHR-1/Factor
H ratios were also elevated in IgAN, and the highest FHR-1 levels and FHR-1/Factor H
ratios were found in patients with IgAN with disease progression. A separate study con-
firmed these results and demonstrated that plasma FHR-1 and the plasma FHR-1/Factor
H ratio were increased in IgAN and associated with progression of the disease [100]. In
addition, two independent studies showed that serum levels of FHR-5 were significantly
higher in IgAN patients than in control patients [100,106]. In a British cohort, serum levels
of FHR-5 were associated with more severe histology and unresponsiveness to immuno-
suppression, but not with progressive disease [100]. In a Chinese cohort, serum levels of
FHR-5 were also associated with increased histological injury [106]. However, in contrast
to the British cohort, Zhu et al. did report an association between serum FHR-5 levels and
the risk of progressive disease. Whether these differences are due to dissimilar definitions
of progressive disease or the consequence of ethnic/geographical differences remains to
be determined. Nevertheless, these data, therefore, support the hypothesis that FHR-1
and FHR-5 compete with the regulatory function of Factor H. Factor H tips the balance
towards alternative pathway inhibition and reduces the severity of the inflammatory injury,
whereas these FHRs amplify alternative pathway activation and thereby stimulate IgAN
development and progression of the disease (Table 1) [143].

Circulating levels of lectin pathway components have also been linked to IgAN
severity. However, this association was complex and U-shaped, indicating that both low
and high MBL levels associate with a higher risk, whereas IgAN patients with midrange
levels are protected [144]. MBL deficiency in IgAN patients was associated with 50%
loss of kidney function or kidney failure, whereas high levels of MBL (>3540 ng/mL)
was associated with various markers of disease severity, including cellular crescents in
the kidney biopsy and the degree of proteinuria, although the significance was lost after
adjustment for other clinical variables. Furthermore, circulating levels of MBL do not seem
to correlate with glomerular MBL deposits in the kidney biopsy [78]. Plasma levels of other
lectin pathway components have also been investigated in IgAN. Circulating levels of
ficolin-1, ficolin-2, MASP-1, and MBL-associated protein 2 (MAP-2) were increased in IgAN
patients compared to healthy controls, but did not differ between IgAN patients with stable
and progressive disease [117]. MAP-2 (previously MAp19) is an alternative splice product
of the MASP-2 gene, and since this truncated form of 19 kDa lacks the serine protease
domain, little is known about its function [145]. Earlier studies also reported systemic C4
activation in IgAN patients. Plasma C4d/C4 ratios, as a marker of C4 activation, were
increased on at least one occasion in 28% of the adult IgAN patients [136]. Unfortunately,
these studies have not been repeated since then. It would be especially interesting to see if
plasma C4d levels in IgAN patients correlate with the extent of glomerular C4d deposits,
since this has been demonstrated for other types of glomerulonephritis [146]. Initially,
serum levels of C4bp were reported to be higher in IgAN patients than controls [90]. Others
were not able to confirm these results, but did find that C4bp levels were higher in IgAN
patients with worse prognoses [142]. Recently, Medjeral-Thomas et al. demonstrated
that IgAN patients have reduced levels of MASP-3 compared to healthy controls [117].
Moreover, reduced MASP-3 levels were associated with the progression of IgAN [90]. These
findings warrant further investigation, since MASP-3 is a vital player in the interaction
between LP and AP and could clarify the connection between these two pathways in
IgAN [25].

4.3. Genetic Variants in Complement Genes

Numerous studies support a strong genetic contribution to IgAN, and it was through
these genetic studies that the concept of an autoimmune etiology originated [147]. Genome-
wide association studies (GWAS) have revealed that disease susceptibility is greatly im-
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pacted by genetic variants in the antigen processing and presentation pathway, as well as
the mucosal defense system [101,102,148]. Furthermore, GWAS highlighted the involve-
ment of the complement system in IgAN [101–103]. These studies identified a common
deletion within the Factor H gene locus as protective against IgAN (Table 1). This protective
deletion results in the loss of the genes for FHR-3 and FHR-1 (CFHR3,1Δ) while leaving the
gene for Factor H intact, and each copy of the deletion reduces the risk of IgAN by nearly
40% [101,103]. Interestingly, CFHR3,1Δ has been found with a relatively high prevalence,
and the population frequency ranges from 0% in East Asians to 20% in Europeans, and
up to 50% in certain African populations [149]. Moreover, CFHR3,1Δ has been associated
with a lower risk for the development of AMD and IgAN, whereas it increases the risk
for systemic lupus erythematosus (SLE) and aHUS (because of anti-Factor H autoantibod-
ies) [101,150–152]. Fine mapping of the Factor H gene cluster in Chinese cohorts confirmed
that CFHR3,1Δ is strongly protective against IgAN [104]. Furthermore, in IgAN patients,
the deletion was associated with a lower prevalence of glomerular segmental sclerosis,
tubular atrophy and interstitial fibrosis [104]. Further mechanistic studies revealed that
CFHR3,1Δ in IgAN is associated with reduced mesangial C3 deposition and higher cir-
culating levels of Factor H and C3, together with lower circulating C3a levels [153,154].
Recently, CFHR3,1Δ was also shown to be associated with better graft survival in patients
who received a kidney transplant for IgAN [155]. In conclusion, the mechanism behind the
protective effect of CFHR3,1Δ in IgAN is thought to arise from the reduced competition of
FHRs with Factor H, thereby promoting inhibition rather than activation and accordingly
reducing inflammation. In conformity, genetic variants of Factor H associated with lower
plasma levels have also been identified in IgAN patients, suggesting that impaired regula-
tion due to Factor H deficiencies could equally increase disease susceptibility [99]. Rare
genetic variants of FHR-5 have also been described in IgAN, and allele frequencies differed
significantly from that in controls [105]. The exact mechanism behind the association of
these variants with IgAN remains unclear, but the FHR-5 variants are suggested to have
increased binding capacity for C3b [105].

Genetics have also been utilized to advance the understanding of the lectin pathway
in IgAN susceptibility and severity, especially for MBL. In the general population, there
is a wide variation in circulating levels of MBL due to common genetic variants in the
MBL gene (MBL2) [156]. The incidence of a MBL deficiency differs among populations,
with the highest reported prevalence of more than 60% found in certain South American
Indian groups [157]. The influence of MBL polymorphisms in IgAN was first investigated
in a cohort of 77 IgAN patients and 140 controls [158]. Although no major conclusions
could be drawn from this initial study, it is interesting to note that certain allele frequencies
were lower in IgAN patients compared to controls. Conversely, Shi et al. found that IgAN
patients with an MBL polymorphism in codon 54, which is associated with lower plasma
levels, had a worse prognosis [159]. A separate study of Chinese patients investigated
the impact of MBL2 gene polymorphisms on IgAN in a cohort of 749 IgAN patients and
489 controls [144]. The study found no differences in MBL2 haplotypes between IgAN
patients and healthy controls, although a tendency was seen for a lower frequency of the O
allele, which leads to a reduction in MBL functionality. These findings would suggest a
protective role for low-producing MBL variants. Recently, the impact of MBL2 and ficolin-2
gene (FCN2) polymorphisms on disease progression were explored in over 1000 IgAN
patients [160]. After screening for candidate variants through complete genetic sequencing
of MBL2 and FCN2 in a small subset of patients, 7 expression-associated variations were
further assessed in the discovery cohort. After adjustment for clinical and pathologic
risk factors in multivariate analysis, only one variant in MBL2 (rs1800450) was associated
with progression to kidney failure in IgAN patients. Moreover, the association remained
significant in their validation cohort. The minor allele of rs1800450 G > A polymorphism
was found to be associated with lower plasma levels of MBL, and homozygous IgAN
patients had no detectable MBL levels, no glomerular deposition of MBL, increased histo-
logical injury as well as an increased risk of disease progression to kidney failure. Overall,
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the impact of MBL2 variants on IgAN can therefore not be unequivocally defined, since
low-producing variants have both been suggested to be detrimental and beneficial.

5. Therapeutic Complement Inhibition in IgA Nephropathy

The growing body of evidence linking complement activation to the pathogenesis
of IgAN has encouraged the study of complement-targeted therapies in this disease. To
date, multiple clinical trials are ongoing to evaluate the safety and efficacy of different
complement inhibitors in IgAN (Table 2). The targets of these therapies include MASP-2,
C3, Factor B, C5, and C5aR1. Unfortunately, limited information has thus far been made
available regarding these trials. The impressive panel of compounds currently pursued
in IgAN is slightly surprising, since little data exist on preclinical complement inhibition
in IgAN due to the lack of appropriate animal models. Zhang et al. demonstrated in a
mouse model of IgAN that C3aR and C5aR1 deficiency leads to improved histology and
reduced proteinuria [161]. These data, together with the fact that renal expression of C3aR
and C5aR1 in IgAN patients correlates with disease activity and severity of renal injury,
suggests that targeting C3aR or C5aR1 pharmaceutically could form a successful treatment
option [132]. In accordance, preliminary data from the open-label phase II trial with avaco-
pan, a C5aR1 antagonist, demonstrated reduced proteinuria and clinical improvement in
3 of the 7 IgAN patients (NCT02384317) [162]. In a Phase III trial involving patients with
ANCA-associated vasculitis, avacopan was shown to be superior compared to prednisone
in regards to remission rates, and the U.S. Food and Drug Administration (FDA) has ap-
proved avacopan as an adjunctive treatment for ANCA-associated vasculitis [163]. Effects
of Eeulizumab treatment, a monoclonal antibody against C5, in IgAN were evaluated in
two case reports as well as in a patient with IgAN recurrence after kidney donation with
inconsistent results [164–166]. Nevertheless, ravulizumab, a long-acting anti-C5 blocking
antibody engineered from eculizumab, is currently being evaluated in a Phase II trial for
the treatment of IgAN (NCT04564339). Furthermore, small interfering RNA-targeting C5
(ALN-CC5) is also being evaluated in a Phase II trial in IgAN (NCT03841448). In addition
to targeting the terminal pathway, inhibition of C3 with APL-2 is also being tested as a treat-
ment option for IgAN (NCT03453619). APL-2 (pegcetacoplan) is a compstatin derivative
that prevents C3 activation and has recently been approved by the FDA for the treatment of
paroxysmal nocturnal hemoglobinuria (PNH) [167]. Efforts to specifically block activation
of the alternative pathway (as well as the amplification loop) have led to the development
of inhibitors that target Factor B. To this end, both Novartis and Ionis Pharmaceuticals
are testing their Factor B inhibitors in phase II/III clinical trials in IgAN (NCT03373461,
NCT04014335). The antisense Factor B inhibitor IONIS-FB-LRx (Ionis Pharmaceuticals)
targets the production of Factor B, thereby effectively reducing circulating levels [168].
Meanwhile, Novartis has a small molecule inhibitor of Factor B that blocks the active site
of Factor B and the Bb fragment [169]. From a different standpoint, targeting the lectin
pathway through MASP-2 inhibition is also being pursued as a treatment option for IgAN.
Blockage of MASP-2 would hamper glomerular lectin pathway activation, while still en-
abling C3 activation through the classical and alternative pathway. Narsoplimab (OMS721)
is a humanized monoclonal antibody that blocks MASP-2; this antibody has been clinically
developed by Omeros. Data of the phase II clinical trial with narsoplimab (OMS721) in
IgAN were recently published [170]. First, 4 patients with corticosteroid-dependent IgAN
were treated with 12 weekly infusions in a single-arm open-label substudy. After four
weeks of initial Narsoplimab treatment, patients underwent steroid taper for the next four
weeks, while the tapered steroid dose was maintained for the last four weeks. Next, these
patients were followed up for six weeks after the last Narsoplimab infusion. Overall, the
daily corticosteroid dose was reduced from 45 mg to 5 mg, and a median reduction of
72% was seen in 24-h urine protein excretion, while kidney function remained stable in all
patients. Secondly, twelve patients with IgAN who were not receiving corticosteroids were
randomized 1:1 to receive weekly narsoplimab infusions or vehicle for 12 weeks in a double-
blind design. Once again, patients were followed for 6 weeks after the last treatment. After
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this follow-up period, all patients could enter dosing extension and receive narsoplimab.
Overall reduction in proteinuria between the narsoplimab and vehicle groups was similar.
However, for the eight patients that continued in the narsoplimab dosing extension (3 of
which had initially received the vehicle), there was an overall decrease in proteinuria of
61.4%, suggesting a potential benefit. Interim analysis of both sub-studies indicated that
the drug was safe and well-tolerated. Following up on these results, combined with a
breakthrough therapy designation for IgAN by the FDA, the MASP-2 inhibitor is currently
being tested in a Phase III, double-blind, randomized, and placebo-controlled study of
IgAN patients with more than 1 g/day proteinuria (NCT03608033). A key unresolved
question regarding the design of this trial remains whether MASP-2 inhibition will be
equally effective in all IgAN patients, since histological lectin pathway activation is only
seen in a subset of patients.

Table 2. Clinical trials with complement inhibitors in IgA nephropathy.

Trail ID Target Compound Company Design Status

NCT03608033 MASP-
2

Monoclonal antibody,
intravenous injection Omeros Randomized, double-blind,

placebo-controlled, Phase 3 study Ongoing

NCT03453619 C3 Pegylated peptide,
subcutaneous injection

Apellis
Pharmaceuticals

Single arm open-label Phase 2
study Ongoing

NCT04578834 Factor B Small molecule,
orally administered Novartis

Multi-center, randomized,
double-blind, placebo-controlled,

Phase 3 study
Ongoing

NCT04014335 Factor B Antisense oligonucleotide,
subcutaneous injection

Ionis
Pharmaceuticals

Single arm open-label Phase 2
study Ongoing

NCT04564339 C5 Monoclonal antibody,
intravenous injection

Alexion
Pharmaceuticals

Randomized, double-blind,
placebo-controlled Phase 2 study Ongoing

NCT03841448 C5 Small interfering RNA,
subcutaneous injection

Alnylam
Pharmaceuticals

Randomized, double-blind,
placebo-controlled Phase 2 study Ongoing

NCT02384317 C5aR1 Small molecule,
orally administered Chemocentryx Single arm open-label Phase 2

study Completed

An overview of complement inhibitors that are currently being evaluated in clinical trials of IgA nephropathy. Last updated on 1 September
2021. Abbreviations: C5aR1, C5a receptor 1; MASP-2, mannose-binding protein-associated serine protease 2.

6. Conclusions and Future Perspective

During the last few decades, a vast body of data has demonstrated the importance
of the complement system, specifically the lectin and alternative pathway, as key drivers
of pathology in IgAN. Complement activation has been shown to occur on circulating
galactose-deficient IgA-immune complexes and in the glomerular mesangium after their
deposition, thereby initiating and/or amplifying glomerular inflammation and kidney
injury. Furthermore, acquired and inherited complement abnormalities that lead to comple-
ment dysregulation or a more active complement system alter disease susceptibility and the
risk of progression. Despite these major advances, IgAN remains a challenging disease for
physicians because of its heterogeneity and the risk to cause kidney failure. Complement
measurements and histology for complement proteins could help to determine disease
activity and severity. Additionally, this could enable personalized approaches by selecting
patients for complement targeted therapies or other novel treatments. Multiple clinical
trials with an impressive panel of complement inhibitors are currently ongoing, giving
an exciting glimpse at the potential of using complement inhibitors for the treatment of
IgAN. The approval of complement inhibitors for IgAN would be a major milestone for
multiple reasons. It is also worth mentioning that IgAN could be the first common disease
to be treated with complement inhibitors, since previous complement drugs have all been
granted to rare and orphan diseases (e.g., aHUS and PNH). Moreover, any discussion of the
use of complement inhibitors in patients with IgAN also needs to consider the costs. The

70



J. Clin. Med. 2021, 10, 4715

excessive costs of current complement inhibitors, such as eculizumab, cannot be overlooked
(approximately $500,000 per year per patient). Such pricing may be acceptable for rare
indications, but not for a common disease such as IgAN. However, lower drug pricing
could be achieved by extending the applications of complement-targeted therapies to a
larger patient population, such as those with IgAN or other forms of glomerulonephritis.
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Abstract: The aim of the study was to evaluate the influence of the intensity of mesangial C3 deposits
in kidney biopsy and the serum C3 level on the clinical course and outcomes of IgAN in children.
The study included 148 children from the Polish Pediatric IgAN Registry, diagnosed based on
kidney biopsy. Proteinuria, creatinine, IgA, C3 were evaluated twice in the study group, at baseline
and the end of follow-up. Kidney biopsy was categorized using the Oxford classification, with a
calculation of the MEST-C score. The intensity of IgA and C3 deposits were rated from 0 to +4 in
immunofluorescence microscopy. The intensity of mesangial C3 > +1 deposits in kidney biopsy has
an effect on renal survival with normal GFR in children with IgAN. A reduced serum C3 level has
not been a prognostic factor in children but perhaps this finding should be confirmed in a larger
group of children.

Keywords: IgA nephropathy; complement C3; children

J. Clin. Med. 2021, 10, 4405. https://doi.org/10.3390/jcm10194405 https://www.mdpi.com/journal/jcm79



J. Clin. Med. 2021, 10, 4405

1. Introduction

IgA nephropathy (IgAN) or Berger’s disease is the most common chronic glomeru-
lonephritis worldwide [1].

In Europe, it is diagnosed in 20% of kidney biopsies performed in childhood [2]. The
condition is one of the major causes of end-stage renal disease (ESRD) which develops in
20–40% of patients at 20 years after the diagnosis [3].

The clinical presentation of IgAN may vary, reflecting a wide range of histological find-
ings, from no changes on light microscopy to severe necrotizing lesions with crescents [4].
Clinically, IgAN manifests with persistent or periodic erythrocyturia, either isolated or with
concomitant proteinuria of varying severity, sometimes accompanied by hypertension.

The gold standard for the diagnosis of IgAN is the evaluation of a kidney biopsy
specimen. The disease is diagnosed based on the predominant IgA deposits on histopatho-
logical evaluation. The deposits may also include immunoglobulins M or G. In 90% of
cases, the complement component C3 is also identified in the kidney biopsy specimen [3,5].
The Oxford classification (MEST-C) used to evaluate kidney biopsies allows the assessment
of risk factors for future renal failure [6].

Proteinuria, reduction of the glomerular filtration rate (GFR), hypertension, old age,
male sex and the absence of macroscopic hematuria are independent predictors of a poor
outcome of the disease [7–11].

The pathophysiology of the disease is not entirely understood. According to the
“four-hits” theory, the initial underlying insult is overproduction of abnormal, galactose-
deficient immunoglobulin A1 (GdIgA1) which forms polymers (first hit). Then, specific IgA
and/or IgG antibodies against the abnormal IgA1 are produced (second hit), combining
and forming circulating immune complexes (third hit). These complexes accumulate in
the renal mesangium, inducing a chronic inflammatory response by increased cytokine
and growth factor production, which leads to cellular proliferation and mesangial matrix
expansion (fourth hit) [2,12,13]. Chronic inflammation results in renal parenchymal fibrosis
and progressive renal failure.

A key role in the pathogenesis and progression of IgAN is played by the complement
system activation [3,14,15]. IgAN-associated processes involve the alternative and lectin
pathways. The processes associated with complement activation likely occur systemically,
in the circulating IgA-containing immune complexes and the glomeruli [16].

In the immune system, the ultimate effect of the complement system activation is the
formation of C5b-9 sequence (membrane attacking complex, MAC) which perforates the
cell membranes of pathogens. Mesangial MAC deposits are commonly observed in IgAN,
and its presence is identified by the detection of C9 neoantigen corresponding to the C5b-9.
Urinary excretion of the soluble form of MAC was found to be increased in patients with
IgAN, likely due to complement activation in the urinary space [16].

The aim of the study was to evaluate the influence of the severity of mesangial C3
deposits in kidney biopsy specimens and the serum C3 level on the clinical course and
outcomes of IgAN in children.

2. Material and Methods

The study included 148 children (91 boys and 56 girls) from the 166 patients included
in the Polish Pediatric IgAN Registry. The patients included in the study fulfilled the
following inclusion criteria: IgAN diagnosed based on kidney biopsy with evaluation
by light microscopy and immunofluorescence. Patients without complete clinical and
histopathological data, with the glomerular number < 8, with secondary IgAN and IgA
vasculitis nephritis (IgAVN, Henoch-Schönlein nephritis) were excluded from the study.

Proteinuria and serum levels of albumin, creatinine, IgA, C3 and C4 were evaluated
twice in the study group, at baseline and the end of follow-up.

Nephrotic range proteinuria was defined as ≥50 mg/kg/d, and non-nephrotic range
proteinuria as <50 mg/kg/d, and urinary protein was measured by the Exton method.
Serum creatinine level, expressed in mg/dL, was measured by the dry chemistry method
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(Vitro, Ortho Clinical Diagnostic). GFR (mL/min/1.73 m2) was estimated using the
Schwartz formula. Immunoglobulin A and complement component C3 and C4 serum
levels were measured by the nephelometric method in 5 centers and by the turbidimetric
method in 3 centers. The use of two different methods for assaying immunoglobulin A
and C3 and C4 were related to the retrospective nature of the study conducted in various
centers. Referring to studies by Denham et al. which indicate good agreement between
methods in determining protein levels, including IgA and C3, we considered it as a limita-
tion of the study, but the age-related reference ranges did not differ significantly between
the centers [17].

A diagnostic kidney biopsy was performed on all children in the study group.
The specimens from each kidney biopsy were routinely evaluated using light mi-

croscopy, immunofluorescence and electron microscopy by at least two pathologists.
Kidney biopsy specimens were routinely evaluated by light microscopy and im-

munofluorescence, and categorized using the Oxford classification, with a calculation of
the MEST-C score (1—present, 0—absent; M—mesangial hypercellularity; E—endocapillary
hypercellularity; S—segmental sclerosis/adhesion; T—tubular atrophy/interstitial fibrosis
T0 0–25%, T1 26–50%, T2 > 50%; C—crescents, C0 0%, C1 0–25%, C2 > 25%; with the overall
score calculated as the sum of M, E, S, T and C).

When evaluated by immunofluorescence microscopy, the intensity of IgA and C3
deposits were rated from 0 to +4.

The patients received renoprotective therapy (angiotensin-converting enzyme in-
hibitor [ACEI]/angiotensin receptor blocker [ARB]), glucocorticosteroids (Encorton) or
immunosuppressive drugs such as azathioprine, cyclophosphamide, cyclosporin A and
mycophenolate mofetil. Drug treatment was categorized as I—immunosuppression, S—
steroids, R—renoprotection.

The study endpoint was an abnormal glomerular filtration rate (eGFR <90 mL/min).
The study was approved by the Bioethics Committee at the Medical University of

Warsaw (No. KB/147/2017). Informed consent for study participation was obtained from
the legal guardians of the study participants.

Flow diagram of the study is shown in Figure 1.

Figure 1. Flow diagram of the study.

Statistical Analysis

Statistical analysis was performed using the Dell Statistica 13.0 PL software. The
results were expressed as the mean values and standard deviation for normally distributed
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variables and as the median and range for non-normally distributed variables. The nor-
mality of distributions was evaluated using the Lilliefors and Shapiro-Wilk tests. The
significance of differences between the mean values was evaluated using the ANOVA for
normally distributed variables and the Kruskal-Wallis test for non-normally distributed
variables. The significance of differences between groups was determined using the Student
t-test (for normally distributed variables) and the Mann-Whitney test (for non-normally
distributed variables). To evaluate differences between baseline and follow-up values, the
Student t- test and the Wilcoxon test were used (for normally and non-normally distributed
variables, respectively). p < 0.05 was considered statistically significant. The Kaplan-Meier
and Cox regression analyses were performed to calculate renal survival.

3. Results

The characteristics of the study group are shown in Table 1.

Table 1. Characteristics of the study group.

Parameter IgAN (n = 148)

Age at disease onset (years) 11.6 ± 4.29
Gender (M/F) 91/57

Time to biopsy (years) 1.2 ± 1.77
Proteinuria (mg/kg/d) 14.0 (0.0–967.0)
GFR (mL/min/1.73 m2) 95.75 ± 33.56

Creatinine (mg/dL) 0.73 ± 0.33
Albumin (mg/dL) 3.84 ± 0.86

IgA (mg/dL) 275.91 ± 134.45
C3 (mg/dL) 118.12 ± 29.54
C4 (mg/dL) 23.55 ± 8.25

IgA deposits in kidney biopsy/number of patients (n%) 148 (100%)
C3 deposits in kidney biopsy (n%) 98 (66.2%)

Duration of follow-up (years) 3.75 ± 2.90
Age at FU (years) 15.26 ± 3.84

Proteinuria at FU (mg/kg/d) 0.0 (0–370.0)
GFR at FU (mL/min/1.73 m2) 100.65 ± 22.86

Creatinine at FU (mg/dL) 0.71 ± 0.22
Albumin at FU (mg/dL) 4.3 ± 0.48

IgA at FU (mg/dL) 257.26 ± 122.38
C3 at FU (mg/dL) 106.61 ± 24.87
C4 at FU (mg/dL) 22.61 ± 14.67

Treatment:
ACEI/ARB/none 43.24% (n = 64)

Glucocorticosteroids alone 29.73% (n = 44)
Immunosuppression + glucocorticosteroids 16.21% (n = 24)

ACEI—angiotensin-converting enzyme inhibitor; ARB—angiotensin receptor blocker; FU—end of follow-up;
n—number of patients.

The mean age at the diagnosis of IgAN was 11 ± 4.29 years. Boys and girls comprised
61.47% and 38.53% of the study group, respectively. A kidney biopsy was performed on
average 1.2 ± 1.77 years since the initial symptoms, and the mean duration of follow-up
was 45 ± 30.75 months.

At baseline, the mean proteinuria was 44.57 ± 120.04 mg/kg/d, creatinine level was
0.73 ± 0.33 mg/dL, and GFR was 96.75 ± 33.56 mL/min/1.73 m2. At the end of follow-up,
the mean proteinuria was 10.11 ± 35.84 mg/kg/d, creatinine level was 0.71 ± 0.22 mg/dL
and GFR was 100.65 ± 22.86 mL/min/1.73 m2.

At baseline, an elevated IgA level was noted in 73 patients (49.32%), and reduced C3
and C4 levels in 13 (8.78%) and 17 patients (11.49%), respectively. At the end of follow-up,
an elevated IgA level was noted in 47 patients (31.76%), reduced C3 level in 12 (8.10%) and
reduced C4 level in 26 patients (17.57%).
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GFR was <90 mL/min in 58 (39.19%) children at baseline and in 46 (31.08%) children
at the end of follow-up.

Regarding to the evaluation by the Oxford classification, mesangial hypercellularity
(M1) was present in 81.76% of patients in the study group, endocapillary hypercellularity
(E1) in 23.65%, segmental sclerosis (S1) in 28.39%, interstitial fibrosis/tubular atrophy
(T1/2) in 18.24% and cellular/fibrocellular crescents (C1/2) in 27.7%.

The study group was categorized based on the presence of C3 deposits in kidney
biopsy specimens. Low severity of C3 deposits was defined as C3 ≤ +1, and high severity
as C3 > +1. Depending on the presence of C3 deposits in kidney biopsy specimens, the
patients were divided into two groups: group A—C3 ≤ 1, group B—C3 > 1. The duration
of follow-up was 4.19 ± 3.05 years in group A, and 2.91 ± 2.46 years in group B.

The clinical characteristics of the study patients divided into two groups based on the
severity of C3 deposits are shown in Table 2.

Table 2. Clinical characteristics of the patient groups based on the severity of C3 deposits.

Group A (n = 98)
C3 ≤ +1

Group B (n = 50)
C3 > +1

p

Age at diagnosis (years) 11.26 ± 4.39 12.34 ± 4.06 NS
Proteinuria at baseline (mg/kg/d) 14.0 (0–968) 15.0 (0–202) NS

Creatinine at baseline (mg/dL) 0.72 ± 0.36 0.76 ± 0.25 NS
GFR at baseline (mL/min) 96.45 ± 35.26 94.44 ± 30.96 NS

Time to biopsy (years) 1.33 ± 1.96
median 0.52

0.92 ± 13.31
median 0.31 NS (p = 0.06)

Intensity of IgA deposits (n%)
+1 47 46.5 % 1 2.0 %

p < 0.00001+2 23 23.2 6 12.0
+3 20 20.2 23 46.0
+4 9 9.1 20 40.0

Overall MEST-C score 1.61 ± 1.08 1.67 ±1.04 NS
M1 n (%) 79 (80.6%) 42 (84.0%)
E1 n (%) 25 (25.5%) 10 (20.0%)
S1 n (%) 24 (24.5%) 18 (36.0%)

T1-2 n (%) 17 (17.4%) 10 (20.0%)
C1-2 n (%) 28 (28.6%) 13 (26.0%)

Duration of follow-up (years) 4.19 ± 3.05 2.91 ± 2.46 p < 0.05
Proteinuria at FU (mg/kg/d) 0.0 (0–370) 0.0 (0–84) NS

Creatinine at FU (mg/dL) 0.71 ± 0.21 0.7 ± 0.16 NS
GFR at FU (mL/min) 101.0 ± 24.45 100.62 ± 20.13 NS

Treatment:
ACEI/ARB/none 59.2% (n = 58) 42.0% (n = 21) p < 0.05

Glucocorticosteroids alone 13.3% (n = 13) 22.0% (n = 11) NS
Immunosuppression +
glucocorticosteroids 27.6% (n = 27) 34.0% (n = 17) NS

ACEI—angiotensin-converting enzyme inhibitor; ARB—angiotensin receptor blocker; FU—end of follow-up;
n—number of patients.

No differences between group A (n = 98) and group B (n = 50) were found regarding
to proteinuria and GFR at baseline and the end of follow-up. Serum creatinine level and
severity of IgA and C3 deposits in kidney biopsy were significantly higher in group B
(p < 0.01).

There were no significant differences between the two groups regarding to the overall
MEST-C score.

Renoprotective treatment was used in 58 (59.2%) patients in group A and 21 (42.0%)
patients in group B. Glucocorticosteroids were used in 13 (13.3%) patients in group A
and 11 (22.0%) patients in group B. Immunosuppressive therapy was administered in
27 (27.6%) patients in group A and 17 (34.0%) patients in group B. Regarding to the
drug treatment used, there was a significant difference only in renoprotective treatment
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between the two groups, there were no significant differences in glucocorticosteroids and
immunosuppressive therapy.

There was no difference in the mean GFR at the end of follow-up between patients
in groups A and B, as well the percentages of patients with GFR >90 and <90 mL/min
(p = 0.08).

Survival curve analysis using the Cox proportional hazard model showed a shorter
duration of renal survival with normal GFR in children in group B (C3 >1 in kidney biopsy)
compared to group A (C3 ≤ 1) (Figure 2). In the survival curve analysis, factors affecting
longer renal survival with normal GFR included female gender (F > M, Figure 3), older age
at the diagnosis and normal GFR at the onset of the disease (Figure 4).

The study group was also divided regarding to the MEST-C score (group I—MEST-C
score ≤ 1, group II—MEST-C score > 1). The clinical characteristics of patients in these
two groups are shown in Table 3. There were no significant differences between groups I
and II regarding to albumin, C3 and C4 levels at baseline and the end of follow-up, and
the severity of IgA, IgG and IgM deposits in kidney biopsy. Serum creatinine level at
baseline was significantly higher in group II (p < 0.001), as was IgA level (p < 0.01). A
significant difference was also found in GFR at baseline (group I > II; p < 0.01). At the end
of follow-up, a significant difference was noted only for proteinuria which was higher in
group II (p < 0.05).

Table 3. Clinical characteristics of the patient groups based on the MEST-C score.

Group I
MEST-C ≤ 1

Group II
MEST-C > 1

p

Age at diagnosis (years) 11.05 ± 4.14 12.52 ± 4.15 NS
Proteinuria at baseline (mg/kg/d) 12.8 (0–920) 16.4 (0–967) NS

Creatinine at baseline (mg/dL) 0.64 ± 0.18 0.84 ± 0.42 p < 0.001
GFR at baseline (mL/min) 104.96 ± 37.32 86.5 ± 30.63 p < 0.01

Albumin (mg/dL) 3.99 ± 0.69 3.72 ± 0.91 NS
IgA (mg/dL) 251.04 ± 125.97 309.61 ± 139.45 p < 0.01
C3 (mg/dL) 122.83 ± 30.43 116.58 ± 28.3 NS
C4 (mg/dL) 23.21 ± 7.54 24.78 ± 9.1 NS

Intensity of IgA deposits (n%)

NS
+1 18 (24.3%) 25 (35.7%)
+2 15 (20.3%) 14 (20.0%)
+3 22 (29.7%) 21 (30.0%)
+4 19 (25.7%) 10 (14.3%)

Duration of follow-up (years) 4.27 ± 3.21 3.41 ± 2.53 NS
Proteinuria at FU (mg/kg/d) 0.0 (0–68) 0.0 (0–97) p < 0.05

Creatinine at FU (mg/dL) 0.73 ± 0.19 0.71 ± 0.22 NS
GFR at FU (mL/min) 97.98 ± 20.72 99.37 ± 22.42 NS

Albumin (mg/dL) 4.37 ± 0.47 4.32 ± 0.36 NS
IgA (mg/dL) 248 ± 102.34 285.16 ± 138.75 NS
C3 (mg/dL) 106.13 ± 24.71 105.32 ± 25.59 NS
C4 (mg/dL) 19.86 ± 6.35 25.21 ± 18.97 NS

FU—end of follow-up.

The study group was also divided based on serum C3 level (Group 1—serum C3
level below the reference range, Group 2—serum C3 level within the reference range). The
clinical characteristics of patients in these two groups are shown in Table 4. No significant
differences between Groups 1 and 2 were found regarding to the severity of proteinuria,
GFR and creatinine, albumin and IgA levels at baseline and at the end of follow-up, as well
as the intensity of IgA deposits in renal biopsy. Serum C4 level at baseline was significantly
higher in Group 2 (p = 0.01) but no significant difference in C4 level was found between
the groups at the end of follow-up.
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Table 4. Clinical characteristics of the patient groups based on serum C3 level.

Group 1 (n = 13)
C3 below

Reference Range

Group 2 (n = 135)
C3 within

Reference Range
p

Age at diagnosis (years) 10.97 ± 3.95 11.65 ± 4.29 NS
Proteinuria at baseline (mg/kg/d) 15.0 (0–967) 14.46 (0–920) NS

Creatinine at baseline (mg/dL) 0.61 ± 0.22 0.76 ± 0.35 NS, p = 0.06
GFR at baseline (mL/min) 104.73 ± 43.32 95.54 ± 31.71

Albumin (mg/dL) 3.99 ± 0.69 3.72 ± 0.91 NS
IgA (mg/dL) 232.13 ± 64.38 282.2 ± 140.54 NS
C4 (mg/dL) 18.27 ± 4.43 24.07 ± 8.37 p = 0.01

Intensity of IgA deposits (n%)

NS
+1 31 (26.0%) 3 (23.0%)
+2 24 (20.2%) 4 (30.8%)
+3 38 (31.9%) 3 (23.1%)
+4 26 (21.9%) 3 (23.1%)

Duration of follow-up (years) 4.11 ± 2.57 3.63 ± 2.94 NS
Proteinuria at FU (mg/kg/d) 0.0 (0–11.4) 0.0 (0–370) NS

Creatinine at FU (mg/dL) 0.63 ± 0.11 0.72 ± 0.22 NS
GFR at FU (mL/min) 109.57 ± 14.89 100.13 ± 23.0 NS, p = 0.07

Albumin (mg/dL) 4.21 ± 0.36 4.33 ± 0.44 NS
IgA (mg/dL) 206.59 ± 60.0 264.63 ± 129.37 NS
C4 (mg/dL) 23.8 ± 17.58 21.95 ± 14.26 NS

FU—end of follow-up.

Figure 2. Shorter renal survival with normal GFR in Group B (intensity of C3 deposits = +2, +3, +4) vs. Group A (intensity
of C3 deposits = 0, +1).
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Figure 3. Shorter renal survival with normal GFR in males vs. females.

Figure 4. Shorter renal survival with normal GFR in patients with reduced GFR (<90 mL/min) at the time of the diagnosis.
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Survival curve analysis using the Cox proportional hazard model showed no differ-
ence in renal survival with normal GFR between groups with normal and reduced serum
C3 levels at baseline.

4. Discussion

In this retrospective study, we performed a detailed evaluation of the importance of
C3 in kidney biopsy specimens and serum for the outcomes of IgAN in children. We found
that the presence of >+1 C3 deposits in kidney biopsy is a predictor of worsening renal
function (GFR < 90 mL/min) in this group of children, which is the first such study in a
large sample collected throughout a European country. However, we did not show similar
importance of a reduced serum C3 level at the onset of the disease.

In the study population, C3 deposits in kidney biopsy, mostly rated at +1 or +2, were
identified in 66% of patients, which is a rate similar to that reported in an adult population
studied by Wu et al. [18].

In patients with IgAN, immune complexes may activate the alternative and lectin
pathways of the complement system and initiate inflammation [13,15,19]. Recent studies in
adult patients show that the severity of C3 deposits in kidney biopsy and reduced serum
C3 level may affect long-term renal outcomes [3,20–22].

In our study from 2015, we evaluated the usefulness of serum Immunoglobulin
A/complement factor 3 (IgA/C3) ratio for predicting the severity of histological lesions in
kidney biopsy children with IgA nephropathy. We found positive correlations between the
IgA/C3 ratio and proteinuria, serum creatinine and serum IgA level. We also determined
that the higher the MEST score the higher the IgA/C3 ratio. We also determined the
optimal cutoff values of IgA/C3 serum ratio for specific MEST score [23].

In the study by Caliskan et al. in 111 adult patients with IgAN, C3 deposits > +1 were
found to be a prognostic factor for the development of chronic kidney disease (CKD) stage
G5 or reduction in GFR by ≥50% compared to the baseline [20].

We also confirmed the importance of C3 standing > +1 as an adverse prognostic factor
for renal survival in children but in our study, the endpoint was GFR < 90 mL/min, and
thus we demonstrated the prognostic significance of C3 deposits for CKD from stage G2
onwards, which is a novel finding, and these observations were made in children, which
also contrasts to the conclusions from the studies in adult patients with IgAN [20].

In the study by Kim and Koo in 66 adult patients with IgAN, a prognostically adverse
effect of C3 deposits > +1 for the development of ESRD or doubling of serum creatinine
level was also shown, and this study also showed an effect of reduced serum C3 level on
the renal outcomes, although its predictive value was lower than that of the urinary protein
to creatinine ratio [22]. In our study, we were unable to confirm the effect of reduced serum
C3 level on renal survival with normal GFR but this may have been related to a low number
of children (n = 13, or 8.78%) with reduced serum C3 level at baseline. This finding needs
to be replicated in a larger patient sample.

An additional, though already previously known finding of our study is confirmation
of an adverse effect of male gender and reduced GFR at baseline on long-term renal
outcomes [8–11].

Among children with C3 deposits > +1 and those with a reduced serum C3 level at
baseline, we did not find significant differences in the MEST-C score, similarly to the study
by Kim et al. who did not find significant differences in the rates of M, E, S and T between
groups with C3 deposits > +1 and ≤ +1 [22].

In addition, we found a reduced serum C3 level at the end of follow-up in 10 patients,
of whom 3 showed a reduced serum C3 level at baseline. Of these, only one patient
had GFR < 90 mL/min at the end of follow-up, which might also confirm no prognostic
significance of a reduced serum C3 level at baseline in children, but again, these patient
groups were too small to allow any definitive conclusions.
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5. Conclusions

The severity of mesangial C3 deposits in kidney biopsy rated > +1 has an effect on
renal survival with normal GFR in children with IgAN. A reduced serum C3 level has
not been a prognostic factor in this group of children but perhaps this finding should be
confirmed in a larger group of children.
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Abstract: Many authors suggested that IgA Vasculitis (IgAV) and IgA Nephropathy (IgAN) would
be two clinical manifestations of the same disease; in particular, that IgAV would be the systemic
form of the IgAN. A limited number of studies have included sufficient children or adults with IgAN
or IgAV (with or without nephropathy) and followed long enough to conclude on differences or
similarities in terms of clinical, biological or histological presentation, physiopathology, genetics or
prognosis. All therapeutic trials available on IgAN excluded patients with vasculitis. IgAV and IgAN
could represent different extremities of a continuous spectrum of the same disease. Due to skin rash,
patients with IgAV are diagnosed precociously. Conversely, because of the absence of any clinical
signs, a renal biopsy is practiced for patients with an IgAN to confirm nephropathy at any time of the
evolution of the disease, which could explain the frequent chronic lesions at diagnosis. Nevertheless,
the question that remains unsolved is why do patients with IgAN not have skin lesions and some
patients with IgAV not have nephropathy? Larger clinical studies are needed, including both diseases,
with a common histological classification, and stratified on age and genetic background to assess
renal prognosis and therapeutic strategies.

Keywords: IgA Vasculitis; IgA Nephropathy; adults; children; presentation; physiopathology;
genetics; prognosis; treatment

1. Introduction

Since the first descriptions, in the last century, of IgA Nephropathy, at the time
called Berger’s disease, and IgA vasculitis called Henoch-Schönlein Purpura, the authors
suggested that they were two clinical manifestations of the same disease. Recent advances
in understanding pathophysiological mechanisms of these two entities have only reinforced
this idea. Nevertheless, scientific arguments confirming this hypothesis are scarce.

Many, rather old, clinical cases have been published. They describe episodes of
one or the other disease within the same siblings, in particular in homozygous twins [1],
simultaneously or successively [2], in a father and son [3], in the same patient at two
periods of his life [4–7] and, more recently, recurrences in kidney allograft in one form or
another [8–10].

Four rather exhaustive reviews have been published [1,11–13], collecting these cases
and gathering data over time to argue in favor of the hypothesis of a common disease. The
last review dates from ten years ago. Since then, some clinical studies have been issued,
but they are unfortunately too rare.

Indeed, only clinical studies involving patients with IgA vasculitis (IgAV) or IgA
Nephropathy (IgAN) within the same cohort would reveal differences or similarities in
terms of epidemiology, presentation, prognosis, sensitivity to treatment, physiopathology,
biomarkers, and genetics.

2. Epidemiology

Apart from the obvious differences in extra-renal clinical presentation, the main
difference between IgAV and IgAN is epidemiological (Table 1). The overall precise
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prevalence of IgAN or IgAV, in children or adults, is not known, but varies considerably
around the world [14].

Table 1. Differences and similarities between IgAN and IgAV.

IgA Nephropathy IgA Vasculitis

Age at onset 30 to 39 years 1 to 19 years and 60 to 69 years

Clinical presentation Only renal
Extra-renal symptoms (skin,

gastro-intestinal, joint, neurologic,
pulmonary, urologic) ± renal involvement

Renal biopsy

Mesangial IgA1, IgG, IgM, C3 and fibrin on immunofluorescence
Mesangial hyper-cellularity with increased mesangial matrix,

endo-capillary hyper-cellularity, segmental glomerular sclerosis, cellular
crescents on light microscopy

Outcome More severe in adults

Physiopathology Multi-hit model involving IgA1

In children, IgAV incidence is about 3 to 26.7/100,000 children per year [15–17].
The risk of progression to end-stage renal disease requiring dialysis in children varies
from 2.5% to 25%, but it is on average around 8% [18,19]. In Europe, 3% of children on
dialysis are due to IgAV. It is much rarer in adults, where its incidence is around 1.4 to
5.1/100,000 [20–23]. The child/adult ratio would therefore vary from 150 to 205. In adults,
the risk of developing chronic renal failure is frequent, from 8 to 68%, on average around
18% within 15 years [24,25].

In children, IgAN incidence varies from 0.03/100,000/year in Venezuela to 9.9/100,000/
year in Japan and in adults around 2.5/100,000/year [26,27]. The reported incidence rates
are likely to underestimate true rates of IgAN, as this disease can exist sub-clinically and
depends on country policy for microscopic hematuria detection in the population and/or
renal biopsy indications. The risk of progression to end-stage renal disease (ESRD) is
reported from 4% after 4.6 years in Europe [28] to 11% after 15 years of follow-up in
Japan [29] and 14% in China [30]. The risk of progression to ESRD requiring dialysis in
adults varies from 30% to 40% within 10 to 25 years [31]. In adults, IgAN is the cause of
ESRD of 3.6% of newly dialyzed patients [32].

Whatever the studies, there is definitely an age difference between patients with IgAN
and those with IgAV. This is particularly demonstrated by this Japanese study [33]: Among
18,967 patients with biopsy-proven disease between July 2007 and December 2012, the
authors selected 513 patients with IgAV and 5679 with IgAN from the J-RBR (Japan Renal
Biopsy registry) registry. They highlight a bimodal distribution for IgAV with two peaks
between 1 to 19 years and 60 to 69 years, whereas for IgAN, the peak is rather between 30
to 39 years.

3. Clinical Presentation and Outcome

Macroscopic hematuria is the most frequent IgAN initial presentation in children,
followed by the fortuitous finding of microscopic hematuria accompanied or not by pro-
teinuria. In adults, the diagnosis is often made at the stage of chronic kidney disease (CKD),
as if diagnosis in this belated context were made at an advanced stage after missing a
pauci-symptomatic form that previously occurred in childhood. By contrast, the diagnosis
of IgAV is, in most cases, made much earlier, revealed by the presence of extra-renal signs.

Indeed, by definition, the IgAV is characterized by the combination of cutaneous
(palpable purpura), gastrointestinal (colicky pain, bloody stools) and articular (arthral-
gia) involvement. More rarely, we can observe a neurological, pulmonary or urological
involvement [34]. The long-term prognosis of the disease depends on the presence of
renal impairment and its evolution. From a histological point of view, it is not possible to
distinguish a glomerulonephritis as part of an IgAV from an IgAN. Renal biopsy shows, in
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the two cases: on immunofluorescence, predominant IgA1 deposits in the mesangium of
all glomeruli (Figure 1), with glomerular deposits of IgG, IgM, C3 and fibrin in variable
proportions; on light microscopy, mesangial hypercellularity with increased mesangial
matrix, endo-capillary hypercellularity, segmental glomerular sclerosis, cellular crescents
and tubular atrophy and interstitial fibrosis.

Figure 1. Mesangial and capillary wall IgA deposits (immunofluorescence staining for IgA, original
magnification ×400).

IgAV is most common in childhood, but may occur at any age. Macroscopic hematuria
is very uncommon after age 40. The importance of asymptomatic urine abnormality as the
presentation of IgAN will depend on attitudes to routine urine testing and renal biopsy. It
is unclear whether patients referring late, with chronic renal impairment, have a disease
distinct from those referring earlier, with macroscopic hematuria (Figure 2: Data from
patients presentation in Leicester, UK, 1980–1995 [35]).

Figure 2. IgAN and IgAV clinical presentation over time from childhood to older age [35]. Reprinted
with permission from ref. [35]. Copyright 2000 Rights and Permissions of Elsevier.

Renal involvement occurs in IgAV with a prevalence ranging from 20 to 54% in
children and 45 to 85% in adults. Patients with nephritis have hematuria ± proteinuria
of varying flow rate. They seem to have a higher frequency of nephritis and rapidly
progressive nephritic syndrome at onset, notably in adults, but this is not the case in
all published cohorts, as some of them, as we will develop furthermore, even describe
the opposite.

Whether or not disease severity at diagnosis and prognosis differs between IgAN and
IgAV remains controversial.
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With regard to the clinical presentation and prognosis, the results of the few studies
comparing the two diseases most frequently show a less favorable evolution for IgAN.
Significant differences in the conclusions of the studies from one country to another suggest
genetic susceptibility.

A Chinese study [36] compared 31 children with IgA Nephropathy to 120 children
with IgA vasculitis and nephropathy, 32 of whom had a renal biopsy. In this pediatric
cohort, patients with IgAN were significantly older. Histologically, the kidneys of patients
with IgAN were more sclerotic (35.5% versus 3.1%) while there were more endothelial
proliferation in those with IgAV (65.6% versus 29%). After 34 months of follow-up, the
prognosis seemed better in patients with IgAV, since 72.5% of children from the IgAV
group were in complete remission compared with only 19.4% in the IgAN group, in which
patients had significantly persistent hematuria and proteinuria.

In another Spanish study [37], 142 patients with IgAV were compared to 61 patients
with IgAN, of all ages. Those with IgAV were also younger (mean age at onset 30.6 years
(2.9 to 82.7 years), than those with IgAN (37.1 years (14.7 to 78.5 years)). Again, the renal
presentation was less severe: a lower rate of renal insufficiency (25% in IgAV vs. 63.4% in
IgAN) and nephrotic syndrome (12.5% vs. 43.7%) were reported, while the prognosis, after
a median follow-up of 130 months, was better: dialysis (2.9% in IgAV vs. 43.5% in IgAN),
renal transplant (0% vs. 36%) and residual chronic renal insufficiency (4.9% vs. 63.8%)

In a Korean study [38], 92 adult patients with kidney biopsy-proven IgAV were
compared to 1011 adult patients with kidney biopsy-proven IgAN, 89 and 178, respectively,
from each group were matched using a propensity score in order to compare long term
renal outcome. Once again patients with nephropathy in the context of IgAV were younger
(33.2 ± 15.9 years vs. 37.7 ± 13 years), and less frequently developed renal insufficiency
(7.6% vs. 14.4%) and interstitial fibrotic lesions on biopsy: however, these differences
disappeared once the propensity score was applied to the subgroup. In addition, while the
renal prognosis seemed better in the IgAV group (ESRD 14.1% vs. 22%; remission 28.3%
vs. 13.8%), this difference disappeared (ESRD 14.6 vs. 13.5%; remission 28.1% vs. 27.5%)
in the cohort of patients matched for clinical, histological and treatment factors. In my
opinion, this study is essential, and it is the one that more clearly sheds light on the matter.
It substantiates that the worse prognosis ascribed, from the other above-mentioned studies,
to IgA Nephropathy, is probably pointed out only because we selected the most severe
patients, namely, those who had not recovered spontaneously.

A Chinese pediatric study [39] compared the clinical-histological presentation of 41
patients with IgAN and 137 with IgAV. Patients with IgAV had higher levels of blood
white cell, hemoglobin and platelet, and lower levels of hematuria, blood nitrogen and
C4, compared to IgAN cases, but without any clinical and histological renal significant
difference. The authors did not perform any prospective follow-up.

Another Japanese study [33] compared 513 patients with IgAV and 5679 with IgAN,
of all ages, from a renal national biopsy registry. As previously mentioned, the age at
diagnosis considerably differed: IgAV peaked at 1 to 19 years and 60 to 69 years, whereas
IgAN peaked at 30 to 39 years. In contrast to previous studies, it appears that, regardless
of age, patients with IgAV had a more severe clinical presentation with more frequent
rapidly progressive renal insufficiency (4.5% vs. 1.4%) and a nephrotic syndrome (10.5%
vs. 3%), and biopsies showed more inflammatory lesions including more endocapillary
proliferation (6.4% vs. 0.9%) and extra-capillary (6.6% vs. 0.8%) glomerulonephritis. In
contrast, patients with IgAN, had significantly more chronic nephritic syndrome (88.5% vs.
61.6%). Unfortunately, this cross-sectional study had no reference to the renal outcomes for
any of the patients.

A further Japanese study [40] analyzed cross-sectionally 24 IgAV adult patients with
nephritis or 56 adult patients with IgAN, all of whom underwent renal biopsy. The clinical
characteristics did not differ between groups. Duration from onset was significantly longer
for IgAN (47.6 months vs. 8.8 months). More patients with IgAV received steroid therapy,
whereas more patients with IgAN received renin-angiotensin-aldosterone system (RAAS)
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blockers. Compared to IgAN, the mean rate of global sclerosis or crescent formation were
significantly lower in patients with IgAV. Using Oxford classification, IgAV patients had
more endothelial injury and IgAN worse mesangial proliferation, crescent formation, and
tubulointerstitial injury.

A French retrospective study [41] showed that the risk score of end-stage renal disease
or death, including hypertension, proteinuria more than 1 gramme per day and severe
pathological lesions (local classification score ≥ 8), validated in a cohort of 1064 patients
with an IgAN, was also valid when it was applied to a subgroup of 74 patients with IgAV
from this same cohort, after 8.2 years of follow-up.

More recently, the National Institute of Diabetes and Digestive and Kidney Disease
(NIDDK) funded the CureGN study to establish a primary glomerular disease consortium
with a focus on IgAN and IgAV. Using this longitudinal observational cohort of adults
and children with biopsy-proven primary glomerular disease, from all over the world,
this first report described the baseline clinical characteristics of the two nosological enti-
ties [42]. The next step will be to better predict the long-term follow-up renal outcome,
find prognostic biomarkers and identify patients most appropriate for specific therapies.
A total of 667 patients were enrolled, including 506 (75.9%) with IgAN and 161 (24.1%)
with IgAV, 285 (42.7%) were children. At the moment of biopsy, patients with IgAV were
younger, more frequently white, and had a higher estimated glomerular filtration rate and
lower serum albumin than those with IgAN. Adults and children with IgAV were similar
in terms of proteinuria, hematuria or serum albumin. Patients with IgAV were more likely
to be treated with immunosuppressive therapy if compared to those with IgAN, but less
likely to receive standard supportive care with RAAS inhibition. No data is available to
date about renal histology.

4. Treatment

The Kidney Disease Improving Global Outcome (KDIGO) working group on glomeru-
lonephritis compiled the first evidence-based guidelines for the treatment of IgAN and
IgAV in 2012 [43]. Children and adults were treated in the same way.

In adults and children with IgAN, the particular value of RAAS blockers, as angiotensin-
converting-enzyme inhibitors [44,45] or angiotensin-receptor blockers [46] in retarding
progression of the disease, has been shown in prospective randomized trials. Supportive
care is now the first line of treatment, recommended in IgAN and IgAV, as soon as pro-
teinuria is > 1 g per day (in children 0.5 to 1 g/day per 1.73 m2) with a blood pressure
goal < 130/80 mmHg (no BP goals specified for children), and to achieve proteinuria < 1 g
per day.

Concerning the use of corticosteroids and other immunosuppressive agents, KDIGO,
in 2012 [43], published its guidelines for IgAN and IgAV, in children as in adults, with a
quiet low level of proof (no more than 2C) because of the lack of large clinical trials:

The KDIGO practice guidelines have been recently update [47], including several
important clinical trials for IgAN published since 2012, either with corticosteroids or other
immunosuppressive drugs, mainly mycophenolate mofetil (MMF). Unfortunately, all have
excluded patients with IgAV (adult or children) and children with IgAN. No additional
recommendation was done for them.

The authors stressed that future guideline recommendations will need to include
an assessment of the relative risks and benefits of steroids in individual patients over a
broader range of eGFR, with careful consideration of infections and prophylaxis. They em-
phasize that we must pay particular attention to comorbidities as advanced age, metabolic
syndrome, morbid obesity, latent infection as viral hepatitis or HIV, active peptic ulceration
or uncontrolled psychiatric illness.

Concerning corticosteroids in adult IgAN, three main clinical studies [48–50] and
one meta-analysis [51] are available. They showed that corticosteroids, after optimization
supportive treatment (mainly RAAS blockers) and in addition to it, can decrease proteinuria
and slow loss of kidney function, particularly in patients with persistent proteinuria more
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than 1 g/g and preserved renal function (eGFR > 50 mL/min/1.73 m2). The Supportive
Versus Immunosuppressive Therapy for the Treatment of Progressive IgA Nephropathy
(STOP-IgAN) study recently published its follow-up data, available for 149 participants,
with a median of 7.4 years, which showed no difference of renal outcomes (in terms
of serum creatinine, proteinuria, end-stage kidney disease, and death) between the two
groups [49,52]. The Therapeutic Evaluation of Steroids in IgA Nephropathy Global Study
(TESTING) trial was stopped early after an interim analysis revealed a high risk of infectious
serious adverse events including the lethal Pneumocystis Jirovecii pneumonia [50]. Patients
with IgAN from the European Validation Study of the Oxford Classification of IgAN
(VALIGA) cohort, classified according to the Oxford-MEST classification and medication
used, have been retrospectively studied. From the 1147 patients of the cohort, 184 subjects
who received corticosteroids and RAAS blockers were matched to 184 patients with a
similar risk profile of progression who received only RAAS blockers. Using a propensity
score, authors showed that corticosteroids reduced proteinuria and the rate of renal function
decline and increased renal survival, even in patients with an eGFR < 50 mL/min per
1.73 m2 [48].

Although previous studies [53,54] showed that MMF was not effective for treatment of
IgAN, recent trials [55,56] add conflicting information. Hou JH and al.’s study reintroduces
the possibility that MMF may be useful for IgAN, notably by its steroid-sparing effect.

In adult IgAV, very limited evidence is available regarding the value of corticosteroids,
cyclophosphamide or other immunosuppressive agents. Only one RCT is available and
shows, in adults with severe IgAV, most of them with nephritis, no additional benefit
when cyclophosphamide was added to corticosteroids [57,58]. However, by extrapolating
from findings in adults with IgAN, the KDIGO guidelines suggest that a 6-month course
of corticosteroid therapy would be effective to treat nephropathy in IgAV, if proteinuria
is more than 1 g per day persisting despite RAAS blockade and blood pressure control,
whereas it has been shown to be ineffective in IgAN [59], Rituximab seems to be a promising
therapy in the management of adults with IgAV [60].

In child IgAV, although earlier studies showed some benefit of corticosteroids, these
studies were small and poorly designed. Meta-analyses [61] and more recent randomized
controlled trials [62,63] have not clearly shown its benefit and confirm that cyclophos-
phamide therapy is ineffective in severe renal disease. Despite that, based on the opinions
of 16 experts in pediatric rheumatology, systemic vasculitis, and nephrology across Europe,
the recent SHARE [64] (Single Hub and Access Point for Paediatric Rheumatology in
Europe) initiative recommends corticosteroids to be used for treatment of IgAV nephritis
in children, regardless of severity. For severe nephritis, the authors drew on experiences
with similar forms of systemic vasculitis to recommend intravenous cyclophosphamide in
combination with high-dose steroid therapy to induce remission, followed by azathioprine
or MMF in combination with low-dose steroid therapy as a maintenance treatment.

Two randomized placebo-controlled prednisone trials [62,65] and one meta-analysis [61]
showed that corticosteroids are ineffective to prevent occurrence of nephritis in children
with IgAV. One ongoing study (NCT04008316) will evaluate colchicine in adult patients
with IgAV limited to skin to prevent skin relapse (primary endpoint) and occurrence of
digestive or kidney involvement (secondary endpoint).

A great quantity of clinical trials concerning IgAN are ongoing (about one hundred
registered in ClinicalTrial.gouv), with four molecules particularly attractive (sparsentan,
hydrochloroquine, budesomide, glifozine). None of them included IgAV or children. It is
therefore not possible to compare the sensitivity to treatment of both diseases in those two
populations.

5. Physiopathology

In recent years, considerable progress has been made in understanding the phys-
iopathology of IgAN. The multi-hits hypothesis is now recognized [66]. The first hit
comprises the increased level of circulating galactose-deficient (Gd)-IgA1, influenced by
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both environmental and genetic factors. Second, antibodies (IgA or IgG) recognizing
Gd-IgA1 are produced or already present, possibly attributable to molecular mimicry. The
formation of Gd-IgA1-containing immune complexes is thirdly mediated by complement
factors and IgA receptors as the soluble IgA Fc alpha receptor (FcαR/sCD89), transglu-
taminase2 (TG2) and transferrin receptor (TfR/CD71) and fourth, Gd-IgA1 containing
immune complexes deposit in the mesangium, hereby inducing a proliferation of mesangial
cells and an overproduction of extracellular matrix components, cytokines (Interleukins,
tumor necrosis factor-alfa (TNF-α), tumor growth factor-beta-1 (TGFβ-1)) and chemokines
(monocyte chemotactic protein-1 (MCP-1)), which ultimately leads to renal dysfunction
(Figure 3).

Figure 3. Physiopathology mechanism.

Other pathophysiological pathways are currently being studied, in particular with
the aim to develop new treatments. The Toll-like receptors (TLRs) family plays a critical
role in the mammalian innate immune system, particularly with regard to the mucosal
immunity, which plays a key role in initiating the pathogenic process in IgAN, and it is the
first line of host defense against invading pathogens. Activation of TLR-mediated signaling
pathways induces gene expression of inflammatory cytokines and type I interferon [67,68].
The complement system, as well, is part of the innate immune system which can enhance
the clearance of microorganisms. Skin and mesangial deposits in IgAV and IgAN contain
the complement components C3 and C5-C9. Serum levels of activated C3 and mesangial
C3 deposition correlate with loss of renal function. The degree of complement activation is
also important and have been shown to have prognostic value [69–73].

6. Biomarkers

The search for diagnostic and prognostic biomarkers is based on the above-mentioned
physio pathological mechanisms. Finding biomarkers able to identify, at an early stage,
patients at risk of renal progression, those who will need treatment, is a challenge.

Most of these studies focused on either IgAN or IgAV, but rarely both in the same
study, as shown in Table 2.
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Table 2. Potent value of biomarkers correlated to clinical and/or histological activity and outcome
evaluated in IgAN and IgAV or both [ref].

IgAN IgAV IgAN + IgAV

GdIgA1 [74,75] [76–78] [40,79]

GdIgA1/sCD89 [80] [77,78]

GdIgA1/IgG [81] [77,78]

sCD89 [82]

Transglutaminase2 [83]

CD71 [83]

TLR9 [84,85] [68]

TLR4 [67,68]

TGF-β1 MCP1 [40]

Complement system [70,73] [86]

Nevertheless, it is now accepted that the aberrantly glycosylated IgA1 (GdIgA1) plays
a central role. Several methods are available to highlight and quantify GdIgA1. Mass
spectrometry is the reference method, but it is difficult to use in current practice. The Helix
aspersa agglutinin (HAA) lectin method is the most commonly used but lacks sensitivity,
specificity and reproductivity [87]. Recently, the Japanese Suzuki team has developed a
novel lectin-independent method with a specific monoclonal antibody (KM55 mAb) for
measuring serum level of GdIgA1, that is clearly more performant and robust [88]. This
team first showed that serum IgA, GdIgA1, and immune complexes containing GdIgA1
were increased in patients with IgAN but not in healthy subjects. The IgG anti-GdIgA1
antibody was particularly efficient in this study to make the diagnosis of IgAN since
its sensitivity was 89% and its specificity was 92% (compare to the reference test HAA
lectin method).

In IgAV, GdIgA1 (measured by HAA lectin method) and immunes complexes con-
taining GdIgA1 are also increased in case of nephritis in children [78] and adults [77]. The
team then used their GdIgA1-specific monoclonal antibody KM55 to highlight GdIgA1
in the glomeruli of 48 patients with IgAN and 14 patients with IgAV while it remains
undetectable in the glomeruli of 35 with other glomerulopathies in which glomerular IgA
deposit is frequent (lupus nephritis, HCV-related nephropathy, mesangio-proliferative
glomerulonephritis, membranous nephropathy, hepatic glomerulosclerosis) [74].

Another team analyzed adult patients with renal-biopsy proven IgAN and IgAV.
Serum GdIgA1 levels and glomerular GdIgA1 staining, using enzyme-linked immunosor-
bent essay (ELISA) with the same anti-human GdIgA1 specific monoclonal antibody
(KM55), were comparable among patients with IgAN and IgAV [40].

7. Genetics

Familial clustering, ethnic differences, and regional discrepancies suggest a genetic
component to IgAN and IgAV.

The genetic influence of GdIgA1 production and expression during IgAN and IgAV
is highlighted by a study from Kiryluk et al [89]. Serum GdIgA1 levels (quantified using
HAA lectin based ELISA) from 20 children with IgAV and nephritis, and 14 children with
IgAN were compared to 51 age- and ethnicity match pediatric controls. Serum level of
GdIgA1 were significantly elevated in the 34 children with IgAV or IgAN compare to
controls. It was also elevated in a large fraction of 54 first-degree relatives, compared
with 141 unrelated healthy adult controls. A unilineal transmission of the trait was found
in17, bilineal transmission in 1, and sporadic occurrence in 5 of 23 families when both
parents and the patient were analyzed. There was a significant age-, gender, and household-
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adjusted heritability of serum GdIgA1 estimated at 76% in pediatric IgAN and at 64% in
pediatric IgAV with nephritis.

High heritability of GdIgA1 in IgAN have been previously shown in adults from other
ethnic origins: Caucasiens [90], Asians [91], and African Americans [92].

Kiryluk et al. collaborated with many teams around the world to provide insight into
why IgAN differs in terms of incidence, presentation and prognosis all over the world,
through a huge genome-wide association (GWAS) study to localize five IgAN susceptibility,
in 10,775 individuals from Europe, Asia and America [93]. Nevertheless, these studies did
not include patients with IgAV. There is only one small genetic study (285 IgAV patients and
1006 healthy controls from Spain genotyped by Illumina HumanCore BeadChips) showing
in IgAV, as for IgAN, variations in the loci of the HLA class 2 genes region (HLA-DRB1
position 13 and 11) suggesting the same susceptibilities [94].

8. Discussion and Future Research

After reporting all those studies, can we say that IgA Nephropathy and IgA Vasculitis
are two clinical entities of the same disease?

Clinical studies showed that they differentiate clearly in terms of clinical presentation
and age at onset.

Concerning outcome, studies are conflicting, but tend to show that if patients are
stratified on age and genetic background, IgAN and IgAV have the same renal prognosis.
The presence of clinically speaking extra-renal disease makes the diagnosis of IgAV easy at
an early stage, whereas in patients whose disease is limited to the kidney, the diagnosis is
inevitably belated and therefore more advanced. It is not said, moreover, that these patients
had, some years before, some unnoticed purpuric lesions. Therefore, the real question is:
Why do some patients with IgAV have no renal involvement, and why do patients with
IgAN have no skin lesions?

Physiopathological mechanisms and their related biomarkers are similar, each time
they have been evaluated in the same study, none of which have been identified, to date,
as having a strong prognostic value, either in IgAN and IgAV. It is thus most essential to
identify early diagnostic and prognostic markers, which could be able to detect patients
who will not spontaneously heal and require specific treatment (yet to be defined). Working
together to set up new clinical studies appears necessary. It will be crucial for those
future trials:

- To include both diseases;
- To agree on a common histological classification. Thus far, in fact, there is no con-

sensual renal histologic classification for IgAV. Although the International Study of
Kidney Disease in Children (ISKDC) classification is widely use in child IgAV, it is
more and more questioned because it does not completely correlate with the clin-
ical presentation and long term renal outcome. Few teams have applied to IgAV
the Oxford classification widely used now for IgAN and have shown discordant
results [95–98]. Its prognostic interest is actually disputed. A large international study,
based on the model, which has resulted in the Oxford classification, is currently being
developed for the IgAV;

- To stratify the cohorts on age and genetic background, which are, to date, the only
prognostic factors so far clearly identified.

9. Conclusions

Since the last reviews, published more than 10 years ago now, several clinical studies,
reported here, provide additional arguments that IgAN and IgAV would be the same
disease. In the absence of large studies, including adults and children from different
geographical part of the world, suffering from IgAN or IgAV with or without renal im-
pairment, it is not yet possible to conclude on their differences or similarity in terms of
prognosis and sensitivity to treatment. Answering these questions gives opportunity to
future clinical studies.
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Abstract: Patients with IgA vasculitis (IgAV), an immune complex-mediated disease, may exhibit
kidney involvement—IgAV with nephritis (IgAVN). The kidney-biopsy histopathologic features of
IgAVN are similar to those of IgA nephropathy, but little is known about histopathologic disease
severity based on the interval between purpura onset and diagnostic kidney biopsy. We assessed
kidney histopathology and clinical and laboratory data in a cohort of adult patients with IgAVN
(n = 110). The cases were grouped based on the interval between the onset of purpura and kidney
biopsy: Group 1 (G1, <1 month, n = 14), Group 2 (G2, 1–6 months, n = 58), and Group 3 (G3,
>6 months, n = 38). Glomerular leukocytes were more common in G1 than in the other groups
(p = 0.0008). The proportion of neutrophils among peripheral-blood leukocytes was the highest in
the patients biopsied within a month after onset of purpura (G1: 71 ± 8%). In the patients with an
interval >6 months, the neutrophil proportion was lower, 60%. Moreover, the glomerular mesangial
proliferation score correlated with the serum total IgA concentration (p = 0.0056). In conclusion,
IgAVN patients biopsied <1 month from purpura onset showed an elevated percentage of blood
neutrophils and glomerular leukocytes, consistent with an acute-onset inflammatory reaction. In all
IgAVN patients, the mesangial proliferation score correlated with the serum IgA level.

Keywords: IgA vasculitis; nephritis; kidney biopsy

1. Introduction

IgA vasculitis (IgAV), formerly known as Henoch–Schönlein purpura, is a systemic
immune complex-mediated, small-vessel leukocytoclastic vasculitis. It is characterized by
nonthrombocytopenic palpable purpura and/or arthritis, and abdominal pain [1]. IgAV,
the most common vasculitis in children, is often a self-limiting and benign disease that
spontaneously resolves.

A minority of pediatric IgAV patients exhibits kidney involvement—IgAV with nephri-
tis (IgAVN)—usually 4–6 weeks after the onset of purpura [2–5]. The kidney-biopsy
histopathologic features of IgAVN are similar to those of IgA nephropathy (IgAN), includ-
ing glomerular IgA1-containing immunodeposits [1,2,4,6–11].

IgAV in adults has a more severe course and poor outcome due to the high frequency
of glomerulonephritis, i.e., IgAVN—the most serious complication of this vasculitis. How-
ever, there is limited information about the histopathologic disease severity as related to
disease onset.
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In this study, we assessed the kidney histopathology and clinical and laboratory data
in a large cohort of adult patients with IgAVN whose diagnostic kidney biopsies had been
performed at different intervals after the onset of purpura.

2. Materials and Methods

2.1. IgAVN Patients

This is a retrospective study of 110 adult patients with IgAVN. All patients underwent a
diagnostic kidney biopsy between 2002 and 2013 at the Department of Nephrology, Huashan
Hospital, Fudan University, Shanghai, China. The diagnosis of IgAVN was based on the
documented hematuria and proteinuria associated with a characteristic purpuric eruption,
or abdominal or joint pain. IgA as the predominant mesangial immunoglobulin as per
immunofluorescence microscopy in kidney biopsy specimens was required for inclusion
in the study. We excluded patients whose biopsies contained <8 glomeruli, a number
considered inadequate for appropriate histopathologic scoring (12), as detailed below.

The appearance of purpura defined the onset of IgAV. The 110 patients were divided
into three groups based on the interval between purpura onset and diagnostic kidney
biopsy: Group 1, <1 month (n = 14); Group 2, 1–6 months (n = 58); and Group 3, >6 months
(n = 38; mostly >1 year, with the longest interval 13 years). All biopsies were performed
for subjects who exhibited proteinuria in an outpatient setting (>0.5 g/24 h or urinary
albumin/creatinine ratio >300 mg/g). The clinical features, laboratory data from the
time of biopsy, and histopathologic findings in the biopsy specimens were retrospectively
compiled for each group. However, no data from the outpatient follow-up visits since
the onset of purpura or after kidney biopsy were available for this study. No personal
identification information was collected. The study was approved by the ethics board of
Huashan Hospital, Fudan University, Shanghai, China.

2.2. Clinical and Demographic Data

All clinical, laboratory, and demographic data were collected at the time of the kidney
biopsy. The demographic data included age, gender, and comorbidities such as hypertension,
diabetes mellitus, and cardiovascular disease. The characteristics of IgAVN included skin
rash, gastrointestinal and joint manifestations, and kidney involvement. Proteinuria was
evaluated by a 24-h urine measurement, hematuria was defined as 22 or more red blood
cells (RBC) per microliter of urine (microscopic), or visible hematuria (macroscopic). The
serum albumin, creatinine, urea nitrogen, uric acid, complement C3, and total IgA levels
were measured at the time of kidney biopsy in the central clinical laboratory of Huashan
Hospital. The number of urinary RBC had been determined by using a Sysmex UF-1000i
analyzer (Siemens, Germany). Peripheral blood cell profiling was performed using a Sysmex
xn-2000 analyzer (Siemens, Germany) and expressed as the total number of leukocytes and
relative proportions of neutrophils and eosinophils (as % of total leukocytes).

2.3. Kidney Pathology

Two pathologists examined and graded the histopathological changes. To evalu-
ate the glomerular mesangial-cell proliferation, the cellularity of each glomerulus was
graded as per the Oxford classification [12] (<4 mesangial cells/mesangial area = 0;
4–5 mesangial cells/mesangial area = 1; 6–7 mesangial cells/mesangial area = 2; >8 mesan-
gial cells/mesangial area = 3), and a mean mesangial score was calculated for each biopsy.
Mesangial Score: sum of grades divided by number of glomeruli (excluding globally scle-
rotic glomeruli). Crescents (%): number of glomeruli with crescents divided by number of
glomeruli × 100. Leukocyte infiltration of glomeruli was considered significant when five
or more polymorphonuclear and mononuclear cells per glomerulus were observed using
the periodic-acid Schiff-stained tissue sections [11,12] (Figure 1).
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Figure 1. Example of a glomerulus of a patient with IgAVN exhibiting mesangial proliferation and
glomerular leukocytes. Representative leukocytes are marked by arrows. PAS stain, magnification 400×.

2.4. Statistical Analyses

Normally distributed variables are expressed as the mean ± standard deviation (SD)
and were compared using one-way analysis of variance (ANOVA) or Student’s t-test.
Nonnormally distributed variables are expressed as the median with interquartile range
and were compared using the rank sum test. Categorical variables are expressed as
percentages and compared using Pearson’s chi-square test or Fisher’s exact test. All tests
were two-tailed, and statistical significance was defined as p < 0.05. The SPSS statistical
software program (version 15.0, SPSS Inc., Chicago, IL, USA) was used for all analyses.

3. Results

3.1. Baseline Clinical Data at the Time of Kidney Biopsy

IgAVN patients (n = 110) in this study had a mean age of 36.5 ± 16.0 years at the time
of kidney biopsy and consisted of 50 males and 60 females (Table 1). All patients presented
with cutaneous purpura on at least one occasion; purpura was associated with arthralgia
in 30 cases (26%) and with arthralgia and abdominal pain in 31 cases (27%). At the time of
kidney biopsy, proteinuria ≥0.30 g/24 h was detected in 105 patients (92%) and 73 patients
had proteinuria ≥1 g/24 h (64%). Five patients with proteinuria ≥0.5 g/24 h originally
measured in the outpatient clinic had proteinuria <0.30 g/24 h later on admission to the
hospital for kidney biopsy, likely due to prior treatment with an angiotensin-converting
enzyme inhibitor (ACEi) and/or angiotensin receptor blocker (ARB).

Microscopic hematuria was observed in 86 patients (78%). Hypertension was present
in 23 patients (21%) and 4 patients (4%) had diabetes mellitus (DM). Seven patients (6%)
had reduced kidney clearance function, with an eGFR <60 mL/min/1.73 m2 as per the
MDRD formula. Twenty-seven patients (25%) had received an ACEi and/or an ARB before
kidney biopsy.
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Table 1. Clinical characteristics of 110 patients with IgAVN.

Characteristics Values

Age (years, mean ± SD) 36.5 ± 16.0
Males (%) 50 (45)
Subjects with hypertension (%) 23 (21)
Subjects with diabetes mellitus (%) 4 (4)
Serum creatinine (mg/dL) mean (95% CI) 0.85 (0.78, 0.92)
eGFR (mL/min/1.73 m2, mean ± SD) 110 ± 43
Subjects on ACEi/ARB before kidney biopsy (%) 27 (25)

Abbreviations: SD, standard deviation; CI, confidence interval; eGFR, estimated glomerular filtration rate; ACEi,
angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker.

3.2. Kidney Histopathology and Kidney Function

The light-microscopic features for this cohort are summarized in Table 2. The pa-
tients had a mean mesangial score of 1.1 (range 0.3–2.4); 18% exhibited segmental scle-
rosis; 3%, global sclerosis; 25%, glomerular adhesion; 20%, glomerular leukocytes; 43%,
tubular atrophy; 40%, interstitial fibrosis; 39%, interstitial leukocytes; and 9%, crescents.
Kidney function was worse in the subjects with crescents than in those without cres-
cents (serum creatinine: 0.91 ± 0.43 mg/dL vs. 0.76 ± 0.20 mg/dL, p = 0.038; eGFR:
93 ± 32 mL/min/1.73 m2 vs. 109 ± 28 mL/min/1.73 m2, p = 0.009).

Table 2. Summary of the kidney pathology findings for 110 patients with IgA vasculitis with nephritis.

Characteristics Values

Mesangial score: mean (95% CI) 1.1 (1.02–1.17)
Segmental sclerosis (%) 18
Global sclerosis (%) 4
Glomerular adhesion (%) 26
Glomerular leukocytes (%) 20
Tubular atrophy (%) 43
Interstitial fibrosis (%) 40
Interstitial leukocytes (%) 39
Crescents (%) 9

Abbreviations: CI, confidence interval.

3.3. Histopathology of Kidney Biopsy Specimens with Different Intervals between Purpura Onset
and Diagnostic Kidney Biopsy

We next assessed whether the kidney pathology findings differed based on the interval
between purpura onset and diagnostic kidney biopsy. The MEST-C scores (12) were
calculated (Table 3). Using ANOVA and Student’s t-test, the only significant difference
between the groups was for M1 between Group 2 and Group 3 (p = 0.006). Furthermore,
glomerular leukocytes were more common in Group 1 (57%) compared to Group 2 and
Group 3 (p = 0.0008) (Table 3). Thus, IgAVN patients with kidney biopsy less than one
month after purpura onset more frequently had leukocytes in the glomeruli. Furthermore,
M1 was more common in Group 3 than in Group 2.

3.4. Neutrophils in Peripheral Blood in Patients with Different Intervals between Purpura Onset
and Diagnostic Kidney Biopsy

Patients in Groups 1, 2, and 3 had a similar age, gender representation, mean 24-h
proteinuria, hematuria, mean eGFR, and frequency of ACEi/ARB treatment. However, the
percentage of neutrophils in the circulating leukocytes differed between groups (Group 1:
71 ± 8%; Group 2: 68 ± 11%; and Group 3: 60 ± 12%; p = 0.001), being the highest in
patients biopsied within a month after onset of purpura (Table 3). When we evaluated
the neutrophils to lymphocytes ratio (NLR), there was no significant difference for any
comparison of the groups (Table 3).

108



J. Clin. Med. 2021, 10, 4851

Table 3. Characteristics of 110 patients with IgAVN grouped based on the interval between purpura onset and diagnostic
kidney biopsy.

Characteristics Group 1 a Group 2 Group 3 p Value

(n = 14) (n = 58) (n = 38)

Age (yr) c, (mean ± SD) 40.5 ± 19.3 36.8 ± 16.0 34.5 ± 14.9 0.47 b

Male gender (% male) 6 (43) 28 (48) 16 (42) 0.82
Hypertension (%) 4 (29) 12 (21) 7 (18) 0.73
Diabetes mellitus (%) 2 (14) 1 (2) 1 (3) 0.07
ACEi/ARB before biopsy (%) 10 (19) 6 (32) 11 (28) 0.74
Proteinuria (g/24 h)
(range)

2.23
(1.11, 4.68)

1.39
(0.87, 2.29)

1.13
(0.59, 1.93) 0.08

Urinary RBC (number/μL; mean ± SD) 667 ± 885 369 ± 602 405 ± 660 0.29
SCr (mg/dL; mean ± SD) 0.97 ± 0.34 0.83 ± 0.40 0.83 ± 0.29 0.42
eGFR (mL/min/1.73 m2; mean ± SD) 91 ± 29 113 ± 49 112 ± 36 0.28
WBC (×109/L; mean ± SD) 11.1 ± 7.0 9.3 ± 3.6 8.5 ± 3.4 0.13

Neutrophils (% of WBC; mean ± SD) 71 ± 8 68 ± 11 60 ± 12
1 vs. 2 = 0.3067
1 vs. 3 = 0.0039
2 vs. 3 = 0.0008

Eosinophils (% of total WBC; mean ± SD) 2 ± 4 1 ± 2 2 ± 3 0.40
Serum albumin (g/dL; mean ± SD) 3.3 ± 0.6 3.5 ± 0.6 3.7 ± 0.5 0.14
Serum total IgA (g/L; mean ± SD) 3.1 ± 1.2 3.0 ± 1.3 2.9 ± 1.0 0.86
Serum C3 (g/L; mean ± SD) 1.17 ± 0.30 1.09 ± 0.24 1.10 ± 0.25 0.57
Glomeruli with leukocytes (%) 8 (57) 6 (10) 8 (21) 0.0008 b

NLR (mean ± SD) c 2.7 ± 0.8 2.6 ± 1.5 2.1 ± 1.4 0.09 b

MEST-C score

M1 (%) 71 68 95 0.0075 b

2 vs. 3 = 0.006

E1 (%) 14 42 30 0.106 b

S1 (%) 21 14 24 0.397 b

T1/T2 (%) 7 5 14 0.344 b

C1/C2 (%) 57 49 60 0.598 b

a 110 cases were divided into three groups: Group 1, <1 month; Group 2, 1–6 months; and Group 3, >6 months. b Fisher’s Exact for
proportions. c Abbreviations: yr, years; SD, standard deviation; SCr, serum creatinine; CI, confidence interval; eGFR, estimated glomerular
filtration rate; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; NLR, neutrophils to lymphocytes ratio;
RBC, red blood cells; WBC, white blood cells (leukocytes) in peripheral blood. MEST-C scores were determined as described previously
(12). M: mesangial hypercellularity; E: endocapillary hypercellularity; S: segmental glomerulosclerosis; T: tubular atrophy/interstitial
fibrosis; C: cellular/fibrocellular crescents.

3.5. Association of Serum Total IgA Concentration and Mesangial Proliferation

The serum total IgA concentration positively correlated with the glomerular mesangial-
proliferation score (p = 0.0056) (Figure 2).

Figure 2. Glomerular mesangial proliferation correlates with serum total IgA level. Serum total IgA
levels correlate with the mesangial proliferation score in patients with IgAVN. The line shows a linear
fit (p = 0.0056).
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4. Discussion

IgAV is the most common vasculitis in children but it can also occur in adults. IgAV
spontaneously resolves in about 94% of children and 89% of adults [13], although some
IgAV patients exhibit kidney involvement (IgAVN). The disease mechanisms of IgAVN
and IgAN are thought to be closely related [6,9]. Both diseases exhibit glomerular IgA
immunodeposits with co-deposits of complement C3 [13–18]. The IgA immunodeposits
are of the IgA1 subclass [18–20].

Pathogenesis of both IgAN and IgAVN is thought to occur through a multi-hit pro-
cess [5]. This process includes the production of galactose-deficient IgA1 (Gd-IgA1) [21–29],
generation of circulating IgG autoantibodies specific for Gd-IgA1 [29–34], formation of
pathogenic Gd-IgA1-containing immune complexes [30,35–43], and the subsequent mesan-
gial deposition of these immune complexes resulting in glomerular injury [34,44]. These
conclusions are supported by multiple lines of evidence. For example, serum levels of
Gd-IgA1 and the corresponding IgG autoantibodies are associated with a faster decline
in kidney function in patients with IgAN [45–47]. Moreover, IgA-containing glomerular
immunodeposits are enriched for Gd-IgA1 glycoforms [48,49] and the corresponding IgG
autoantibodies [33]. In both IgAN and IgAVN, Gd-IgA1 is produced by IgA1-secreting
cells due to dysregulation of key glycosyltransferases [29,50,51].

Circulating levels of Gd-IgA1 and Gd-IgA1-specific IgG autoantibodies are elevated
in patients with IgAVN but not in patients with IgAV [29], supporting the hypothesis that
IgAVN and IgAN share pathogenetic components. IgAVN patients have the onset of disease
defined by purpura, with kidney involvement developing with 4–6 weeks later [5,13,17].
However, there is a limited information about histopathologic disease severity in relation
to disease onset.

In this study of 110 adult patients with IgAVN, we assessed histopathologic disease
severity based on interval between purpura onset and diagnostic kidney biopsy and
correlated the findings with clinical and laboratory data. IgAVN patients biopsied <1 month
since the onset of purpura more commonly had glomerular leukocytes and had the highest
percentage of neutrophils among peripheral-blood leukocytes. These findings are consistent
with an acute-onset inflammatory reaction in patients with IgAVN who were biopsied
<1 month after the onset of purpura. Moreover, serum total IgA concentration correlated
with the glomerular mesangial proliferation score.

A limitation of this study is the relatively small number of patients from a single center
who were of single ethnicity. The patients were followed regularly for up to 6 months after
the appearance of purpura at their respective local-area hospitals. However, these data
were not been available for this study. This limitation implies that these findings need to
be assessed in other cohorts and different ethnic groups, ideally with regular follow-up
after the onset of purpura until biopsy as well as after biopsy.

Our study demonstrates a chronological association between leukocytic infiltration
and glomeruloproliferative responses in IgAVN patients. These findings raise a question
whether patients with IgAV should be followed frequently after the onset of purpura to
detect nephritis in the early stages and whether assessment of biomarkers, such as Gd-IgA1-
and Gd-IgA1-specific IgG autoantibodies, should be included.
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Abstract: IgA nephropathy (IgAN) is a progressive disease with great variability in the clinical
course. Among the clinical and pathologic features contributing to variable outcomes, the presence
of crescents has attracted particular interest as a distinct pathological feature associated with severity.
Several uncontrolled observations have led to the general thought that the presence and extent
of crescents was a prognostic indicator associated with poor outcomes. However, KDIGO 2021
guidelines concluded that either the presence or the relative number of crescents should not be used
to determine the progression of IgAN nor should they suggest the choice of immunosuppression.
Our aim is to report and discuss recent data on the debated issue of the value of active (cellular and
fibrocellular) crescents in the pathogenesis and clinical progression of IgAN, their predictive value,
and the impact of immunosuppression on renal function. We conclude that the value of crescents
should not be disregarded, although this feature does not have an independent predictive value for
progression in IgAN, particularly when considering immunosuppressed patients. An integrated
overall evaluation of crescents with other active MEST scores, clinical data, and novel biomarkers
must be considered in achieving a personalized therapeutic approach to IgAN patients.

Keywords: IgA nephropathy; crescents; proteinuria; glomerular filtration rate; Oxford score

1. Introduction

IgA nephropathy (IgAN), defined by prevalent mesangial IgA deposits [1], displays
a variable clinical course, ranging from persistent mild microscopic hematuria with or
without mild proteinuria and normal renal function to nephrotic syndrome or, rarely,
a rapidly progressive course of kidney function loss. Moreover, in approximately 30%
of cases, it leads to end-stage kidney disease over a 20-year follow-up period [2]. This
variability represents a challenge for the clinician and has elicited the search for clinical and
pathologic features predictive of progression [3] but definitively demonstrates that IgAN
cannot be considered as a benign condition.

Shortly after the identification of IgAN as a histological pattern of glomerular injury
with a variable clinical course, the presence of crescents attracted particular interest as a
distinct pathological feature associated with severity. In small but well-described case series,
crescents were found to be present in patients with macroscopic hematuria and worse renal
function [4] and with a rapid progressive course with loss of renal function in cases with
more than 30% of glomeruli involved with crescents [5]. A relationship between crescents
and transplanted kidney dysfunction with loss of grafts in patients with recurrent IgAN
was also reported [6] and further supported by the observation of an increased recurrence
rate of in patients with crescentic forms of IgAN in their native kidneys, despite baseline
immunosuppressive therapy [7]. Moreover, the value of crescents to classify children with
IgA vasculitis nephritis (IgAVN) established by the International Study for Kidney Disease
in Children (ISKDC) [8] suggested a possible similar role for crescents as a histologic marker
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and as a potential tool to assess treatment decisions concerning immunosuppression in
primary IgAN, due to the strong similarities between both entities.

These observations have led to the general thought that finding crescents in kidney
biopsies of IgAN cases was a prognostic indicator associated with poor outcomes [9].
Furthermore, results from many clinical studies supported the value of crescents as markers
of progression that benefited from immunosuppressive approaches [10,11].

Interestingly, the predictive value of crescents was difficult to demonstrate with recent
sophisticated statistical approaches on large cohorts enrolling patients with or without
corticosteroid-immunosuppressive treatments, since patients with crescents were those
most frequently treated [12]. Other reasons that complicate this analysis are the different
definitions employed to identify crescents; the inclusion of extra-capillary proliferation with
either cellular, fibrocellular, or fibrous components; and the relative number of crescents
in relation to the total number of glomeruli encountered in a kidney biopsy. Different
prognostication models employing artificial intelligence provided differing conclusions
regarding the inclusion of crescents as predictive markers of progression in IgAN [13].
In this regard, the variability of these results led the Kidney Disease Improving Global
Outcomes (KDIGO) 2021 guidelines for the management of IgAN to recommend that
either the presence or the relative number of crescents should not be used to determine the
likely progression of IgAN nor should they suggest the choice of immunosuppression [14].
KDIGO also made the controversial proposal that even the presence of crescents in >50% of
glomeruli in a kidney biopsy in the absence of a concomitant change in glomerular filtration
rate (GFR) does not constitute a rapidly progressive situation and ought not to bias therapy.

Despite these negative authoritative considerations, for most nephrologists, the value
of crescents remains an unsolved conundrum, since it is commonly recognized that cellular
crescents are often associated with a rapid progression of kidney disease and clinically
severe proteinuria and hematuria in patients with IgAN, particularly when the relative
number is high in a kidney biopsy. Unfortunately, the issue of the value of crescents in
IgAN cannot be explored in experimental IgAN, since in these models mostly mesangial
proliferation and glomerular sclerosis, but not crescents, are reproduced [15].

The aim of this review is to report recent data on the debated issue of the value of
active (cellular and fibrocellular) crescents in the pathogenesis and clinical progression of
IgAN, their predictive value as a histological marker, and the impact of immunosuppressive
treatment on renal function.

2. Molecular Factors Involved in Crescent Formation in IgAN

In IgAN, fibrinogen and fibrin-related molecules are present in crescents (Figure 1).
Moreover, components of the glomerular basement membrane, such as collagen types IV
and V, laminin, fibronectin, and cytokeratin, are persistently positive within all stages of
crescents. Vimentin, usually located in podocytes and parietal epithelial cells as well as in
interstitial cells, is also present in all stages of crescents in IgAN, suggesting that at early
stages of crescent development in IgAN podocytes may play a key role. In addition, the
presence of intrinsic basement membrane constituents is consistent with GBM rupture,
likely related at least in part to necrotizing lesions within the glomerular tuft, representing a
precursor to crescent formation. Fibrinoid necrosis may be seen in IgAN, most often in cases
with active crescentic lesions, although in most studies from Europe and North America,
this is relatively uncommon, especially when compared to, for example, anti-neutrophil
cytoplasmic antibody (ANCA) glomerulonephritis and vasculitis. Nevertheless, in a French
study of 128 adults with IgAN, glomerular necrotizing lesions, which were seen in 9 cases,
were significantly associated with development of end-stage kidney disease (ESKD) or
the doubling of serum creatinine by univariate (but not multivariable) analysis [16]. In
an Italian study, glomerular necrotizing lesions were seen in 35 of 340 IgAN patients and
were associated with a greater probability of progression to ESKD only in patients who
were not treated with immunosuppression [17]. Notably, glomerular necrotizing lesions
tend to be seen more frequently in patients from Asia, perhaps related to more frequent

116



J. Clin. Med. 2022, 11, 3569

activation of the lectin pathway of complement in these patients (see below). Shen et al. [18]
examined 60 Chinese patients with active IgAN who underwent a kidney biopsy, followed
by corticosteroid therapy and a follow-up biopsy within 6 months of the initial biopsy.
In this cohort, 31 patients had one or more glomerular necrotizing lesions, 51 had one or
more cellular or fibrocellular crescents, and 22 had E1 lesions on the initial biopsy. After
steroid therapy, necrotizing lesions, active crescents, and E1 lesions were seen on 2, 15,
and 5 follow-up biopsies, respectively, and none of these lesions on the initial biopsy were
associated with a composite endpoint of ESKD or 30% decline in eGFR [18]. The apparent
higher steroid sensitivity of necrotizing lesions compared with crescents is consistent with
the former representing an earlier form of a related inflammatory process, although clearly
this requires validation.

Figure 1. Main cells and molecules involved in crescent development in IgAN. In IgAN, crescent
formation could be divided into two steps. First of all, there is an initial damage to the endothelium

of the glomerular filtration barrier (rents )from where podocytes and parietal cells interact within
and outside the surrounding glomerulus. The second step is the consequence of this interaction: The
development of the crescent itself. Main molecules involved: Fibrinogen and fibrin-related antigens

, type IV and V collagens, laminin, fibronectin, cytokeratin persistently positive at all stages of
crescents, as well as vimentin, distributed in podocytes and parietal epithelial cells (PECs). At early
stages of crescent formation in IgAN, podocytes play a key role, while the accumulation of basement
membrane components adds to the progression of the crescents (Figure 1). In IgAN, endothelial
proliferation associates with crescent appearance. Crescent formation in IgAN is associated with

activation of the lectin and alternative pathways .
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It appears that monocytes and macrophages may not play a critical role in the devel-
opment of crescents in IgAN, in contrast with what occurs in other glomerular diseases, in
which these cells are active players in crescent pathogenesis [19,20]. This characteristic may
explain why the appearance of some or occasional crescents in kidney biopsies may not
be indicative of severe lesions when compared to other forms of glomerulonephritis with
crescents, unless the GBM is not preserved. In IgAN, endocapillary hypercellularity was
found more frequently in cases with crescents [18], although numbers of glomerular CD68+
macrophages were found to be associated with endocapillary hypercellularity but not
crescents [21]. A possible explanation for this may be the difficulty of accurate histologic
diagnosis of endocapillary hypercellularity even by skillful nephropathologists, especially
in the presence of segmental glomerulosclerosis that is often associated with fibrocellular
crescents [21,22].

Several studies have reported that, in IgAN, complement activation plays a role in
crescent formation. Complement components and factors related to complement activation
are partly produced by intrinsic glomerular cells including mesangial and endothelial
cells [23]. Podocytes also display complement component receptors at their cell surface. It
has been reported that there is an increased intensity of properdin and factor B staining in
murine IgAN with more severe glomerular injury including crescent formation, indicating
the involvement of an activated alternative pathway of complements [24]. IgAN patients
with increased glomerular mannose-binding lectin (MBL)-associated serine protease type 1
(MASP-1) deposition presented with higher levels of proteinuria and increased proportions
of extracapillary proliferation, glomerular sclerosis, and renal dysfunction [25]. IgAN
with crescents has been reported to present with higher levels of tissue C5b-9, MASP 1/3,
MASP2, properdin, and factor B than IgAN without crescents, indicating an activation of
both the lectin and alternative pathways of complement [26].

Glomerular C4d staining in the absence of C1q deposits is considered a typical sign
of lectin pathway activation. C4d-positive IgAN biopsies are associated with a worse
prognosis and a trend to develop ESKD [24]. In a cohort of 100 IgAN Chinese patients
with various proportions of crescents, signs of complement activation in urine samples
were significantly increased in comparison to healthy controls in cases with crescents
involving >50% of glomeruli, presenting with high levels of the common complement
pathway—C3a, C5a, and C5b-9—as well as markers of an alternative pathway—Bb—and
the lectin pathway—C4d and MBL [27]. The levels of urinary C4d showed a highly
significant linear association with the number of crescents. In a subgroup of these patients,
immunohistochemistry was performed on renal biopsy tissue. Glomerular staining for
C4d (>25% of glomeruli) was observed in 20% of cases in the group with crescents <25%
of glomeruli, in 70% of cases with 25–49% crescents, and all cases with crescents in ≥50%.
Positive glomerular staining was seen predominantly in the mesangial area, very often
within the crescents and sclerotic lesions. Glomerular C5b-9 deposition and C3d staining
were observed in almost all crescentic cases. These data stress the role of lectin pathway
activation in Chinese patients with crescentic IgAN.

3. Turning from MEST to MEST-C Score

In studies of the cohort of 265 patients on which the original Oxford classification was
based [28], the presence or absence of cellular/fibrocellular crescents was not a significant
predictor of the rate of eGFR decline or a composite outcome of ESKD or a ≥50% decline
in eGFR. This was also true in several validation studies [29–32], which like the original
Oxford study excluded patients with an eGFR of <30 mL/min at the time of biopsy
and/or progression to ESKD within 12 months of the biopsy. However, other studies
with less restrictive entry criteria found crescents to be a prognostic indicator of a poor
outcome [33–36]. Noteworthily, Katafuchi et al. found similar results to those in the original
Oxford study in patients meeting entry criteria for the latter, although in their entire cohort
of 702 patients and in those 286 patients not meeting the entry criteria of the original Oxford
study, crescents independently predicted the development of ESKD [33].
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Twenty studies published between 2009 and 2016 evaluating the association between
crescents and kidney outcome involving more than 5000 patients with IgAN were included
in a meta-analysis [37]. Nine of these studies [28,30–32,35,38–41] compared measures of
kidney function between patients with no crescents or any crescents. Those patients with
crescents had lower eGFR levels (p = 0.023); higher proteinuria (p = 0.024); more frequent
M1 (p = 0.003), E1 (p < 0.001), S1 (p = 0.016), and T1/2 (p < 0.001) lesions; and received
immunosuppressive therapy more frequently (p < 0.001) than those without crescents.
Pooled results also showed that crescents were associated with progression to ESKD
(p < 0.001), suggesting that potential inclusion of crescents in the Oxford Classification
needed further evaluation.

In addition, two studies of pediatric patients with IgAN from Japan [35] and Swe-
den [36] without restrictive entry criteria also found cellular or fibrocellular crescents to be
predictive of a poor outcome (eGFR <60 mL/min/1.73 m2 and ESKD or eGFR reduction
>50%, respectively) by univariate analysis and by multivariable analysis (including eGFR,
mean arterial pressure, and proteinuria at the time of biopsy) in the Japanese cohort.

In response to these findings, a working group of the International IgA Nephropathy
Network (IIgANN) performed a multicenter study of the impact of crescents on renal
outcomes in over 3000 patients with IgA nephropathy pooled from four previously stud-
ied, well-defined cohorts: the European VALIGA study cohort [42], two large Asian co-
horts [31,33], and the original Oxford cohort [28] that included patients from four continents.
Notably, while each of the three former studies validated the findings of the original Oxford
study with regard to the impact of M, S, and T scores on renal outcomes, just one [33]
showed crescents to be an independent predictor of a poor outcome (ESKD), although
in the VALIGA study [42] an association with eGFR loss was noted only for patients not
treated with immunosuppression. The working group study [10] was limited to cellular
and fibrocellular (at least 10% cells) crescents, as in the original Oxford study identification
of fibrous crescents showed poor inter-observer reproducibility [43]. In this study, one
or more crescents were seen in 36% of biopsies (<10% crescents in 61%). The presence
of crescents was associated with a faster rate of renal function decline compared to no
crescents and a reduced survival from a combined event of ESKD or a ≥50% decline in
eGFR in a multivariable analysis including eGFR at the time of biopsy and time-averaged
proteinuria and mean arterial pressure during follow up [28]. This study also validated
the association of the Oxford M, S, and T scores with the combined event in all patients
although, in patients treated with corticosteroids and/or other immunosuppressive agents,
only the T score remained a significant, independent predictor of increased risk of the com-
bined event. The lack of an impact of crescents in patients treated with immunosuppressive
agents is consistent with a repeat biopsy study from China that showed complete resolution
of cellular/fibrocellular crescents following immunosuppressive therapy in 36/51 patients
having one or more crescents on their initial biopsy [18]. Notably, however, the presence
of cellular or fibrocellular crescents in ≥1/4 of the glomeruli was independently associ-
ated with a combined event even in patients who received corticosteroids and/or other
immunosuppressive agents [18]. Thus, a revised version of the Oxford classification for
IgA nephropathy published in 2017 includes a C (crescent) score in addition to the original
MEST scores: C0 (no cellular or fibrocellular crescents), C1 (crescents in <25% of glomeruli,
suggesting a poor prognosis in patients not receiving immunosuppressive therapy), and
C2 (crescents in ≥25% of glomeruli) [21].

While the predictive value of crescents on renal outcomes was not evident in the initial
VALIGA study [44], Coppo et al. [42] performed a follow-up study of this patient cohort
based on a prolonged follow-up period (median 7 years, as compared with 4.7 years in
the original study) of up to 35 years. This longer-term analysis of the VALIGA cohort,
which included adults and children, showed that, in patients who never received corticos-
teroids/and or other immunosuppressive treatment, the presence of crescents (C1 + C2)
was related to the rate of renal functional decline, independent of the MEST score and other
risk factors. There was not a significant effect of crescents on the composite endpoint of
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50% loss of eGFR or ESKD, perhaps because the patients enrolled had a modest median
annual eGFR loss (1.8 mL/min/year) and the fraction of patients with crescents was only
10.5% (C1 = 8.6%; C2 = 1.9%).

4. Risk Prediction Models for IgAN and Crescents in Adults

In recent years, several models using novel mathematical statistics or artificial in-
telligence approaches have been developed to predict, at the time of kidney biopsy, the
risk of progression of IgAN toward ESKD or 50% decline in eGFR [45]. Variables most
commonly included were age, gender, blood pressure, creatinine, eGFR, proteinuria, and
renal biopsy lesions according to the Oxford classification. The most recognized, due to
the great number of included cases from global multiethnic cohorts, is that developed by
the IIgANN, which considered two models with and without ethnicity and used clinical
predictors and MEST scores at the time of renal biopsy to predict the risk of 50% decline in
eGFR or ESKD at 8 years [45].

This IIgANN prediction tool was validated in external cohorts and was updated for
its use also in children [46] and for its employment up to two years from the time of
biopsy [47]. This tool, now available for clinical use online in a mobile-app calculator,
has been recommended by 2021 KDIGO glomerulonephritis guidelines [14]. Each MEST
score component was required to be entered in the prediction formula, but crescents were
excluded, as their presence or absence was apparently not associated with clinical outcomes.
Crescents were significantly associated with race/ethnicity (more frequent in Japanese
ethnicity) and with use of corticosteroid/immunosuppressive therapy after biopsy (56%
vs. 36%, p < 0.001). In the recently published prediction tool, at time points after renal
biopsy, the value of crescents (present or absent) was re-checked, adding this variable in
the post-biopsy models, but there was no improvement in in model fit or in calibration
indices [47].

Other prediction models generated in different cohorts, reported the effects of cres-
cents in untreated patients. Among 3380 Korean patients, crescents improved the dis-
crimination performance of the prediction model only in patients not receiving corticos-
teroids/immunosuppressive agents [48]. However, this study did not employ the Oxford
classification. A more recent report, using the MEST score, investigated 545 Korean patients
to generate a prognostication model that considered C1 (found in 24% of patients) and C2
(found in 1.3%). When adding crescents to their full model with clinical data and MEST
score, the predictor was not superior to the full model. However, the prediction perfor-
mance of crescents was significantly improved after 5 years of follow up in the subgroup of
426 patients not treated with corticosteroid-immunosuppressive drugs (p < 0.02) [49].

In recent years, artificial intelligence has arisen in the medical field to assess new pre-
diction models, claiming that machine learning techniques may outperform conventional
statistical models, with an improved capability to identify variants relevant to clinical
outcome. A prediction model using an artificial intelligence statistical approach developed
in 2047 Chinese patients with a median of 10 years of follow up did not include crescents
due to non-significance [50]. In a Caucasian cohort mostly involving the VALIGA European
patients, the artificial intelligence tool showed a performance value of 0.82 in patients with
a follow up of 5 years. Crescents were included, although these were not associated with
significantly increased risk to develop ESKD by Cox proportional hazard models [13].

5. Risk Prediction Models for IgAN and Crescents in Children

The IIgANN gathered 1060 pediatric cases of IgAN from various continents. As in
adults, crescents were more frequent in patients of East Asian ethnicity (65.9% of Japanese
and 45.7% of Chinese versus 25.5% of Caucasians) [46]. Children received steroid therapy
in 58% of the cases, more frequently in the presence of crescents (70% of children with
crescents versus 48% without crescents). No association of crescents (absent versus present)
with the secondary outcome of 30% reduction in eGFR or end-stage kidney disease was
found, even after adjusting for immunosuppression. The prediction performance was the
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same in subgroups of treated versus untreated by immunosuppression. Any prediction
improvement associated with crescents is confounded by the effects of other predictor
variables already included in the model, such as race/ethnicity. However, the prediction
model performed equally well in treated and untreated cases, indicating that the combi-
nation of risk factors contained in the models predicted outcome similarly in treated and
untreated children.

In a pediatric cohort from Japan, a threshold of 30% of glomeruli with crescents was
found to be predictive of development of an eGFR below 60 mL/min/1.73 m2 by both
univariate analysis and a multivariate analysis including MEST scores and proteinuria at
the time of biopsy [35].

6. IgAN with Crescents Involving >50% of Glomeruli

Crescentic IgAN, defined as >50% cellular crescentic glomeruli on kidney biopsy, was
investigated in 113 Chinese adult patients [11]. At biopsy, the mean serum creatinine level
was 4.3 mg/dL, and the mean percentage of crescents was 66%. Kidney survival rate
at 5 years after biopsy was 45.8%. Multivariable Cox regression revealed initial serum
creatinine as the only independent risk factor for end-stage kidney disease (p = 0.002).
Notably, the percentage of crescents was not independently associated with ESKD.

A recent report from Japan focused on children with >50% glomeruli with crescents,
accounting for 25 cases (4.9% of the whole cohort of 515 Japanese children with IgAN) [51].
No prior history of urinary abnormalities was reported in 16/25 children, who were re-
ferred from school screening programs. These children with crescentic IgAN had more
frequent gross hematuria (76%), proteinuria ≥ 1 g/day, and shorter duration from clinical
onset to renal biopsy, median 4 months versus 8 months. There was a significantly increased
frequency of M1 (80%) and E1 (83%) in comparison with the other children, although T > 0
was rare in both groups. At the time of renal biopsy, renal function was actually well
preserved (eGFR 120 mL/min) in comparison to the other children (eGFR 104 mL/min).
Although eighteen children with crescentic IgA were treated with prednisolone or pred-
nisolone plus other immunosuppressive agents, only 8/25 patients with these lesions had
remission of proteinuria (6 of whom received immunosuppression) and 4 (16%) progressed
to an endpoint of eGFR < 60 mL/min/1.73 m2 or ESKD compared to 13 (2.7%) of the
remaining 490 patients, the majority of whom had C1 (n = 228) or C2 (n = 40). Children
with crescentic IgAN had significantly lower survival from this composite endpoint at
13 years post-biopsy (77.1% vs. 92.6%, p < 0.0001). Failure of treatment to induce a remis-
sion of proteinuria and a higher percentage of tubular atrophy/interstitial fibrosis were
also predictors of an unfavorable outcome [51].

7. Timing of Renal Biopsy and Crescents

A challenge in establishing the value of percentage of crescents as a risk factor for
progression in IgAN is represented by the timing of renal biopsy, due to changes which
may occur over time [52]. A study in Japanese children with IgAN [53] considered the
time elapsed from the diagnosis of urinary abnormalities—mostly detected after school
screening programs—and renal biopsy and reported that a shorter time from onset to renal
biopsy was associated with higher glomerular percentage of crescents, in addition to higher
M and E lesions. This suggests that crescents are associated with disease onset and then
likely undergo a healing process into sclerotic lesions, which are commonly detected in
biopsies performed years after onset.

8. Treatment and Crescents in IgAN

According to all the data presented in this review, the literature reports showing
benefits of corticosteroid/immunosuppressive treatment in patients (adults and children)
having IgAN with crescents are uncontrolled and retrospective. The coincidence of other
MEST lesions with C, the variable morphology of crescents (cellular or fibrocellular, seg-
mental or global glomerular involvement) and association with other lesions not included
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in the MEST scores (e.g., necrosis, interstitial inflammation) render the understanding
of the role of crescents as an independent feature promoting progression of IgAN very
difficult. Moreover, the reports describe patients treated with corticosteroids and other
immunosuppressive drugs at varying doses and over varying intervals, with different
levels of supportive care (e.g., renin–angiotensin system (RAS) inhibitors).

A recently published Argentinian–Spanish retrospective study assessed the impact of
steroids plus mycophenolate in a cohort of 25 patients with progressive IgAN [54]. Progres-
sive IgAN was defined by a decrease in eGFR of at least 10 mL/min in the 12 months prior
to the start of treatment and proteinuria ≥0.75 g/day despite maximum tolerated doses of
RAS blockade, and hematuria (≥5 red blood cells per high power field) at the beginning
of treatment. The mean interval between the performance of kidney biopsy and the onset
of therapy was 4.5 ± 11.9 months. Ten patients (47.6%) had C1 scores and three (14.3%)
displayed C2 scores (patients with crescents in >50% of glomeruli were excluded). The
mean duration of immunosuppression treatment was 24.7 ± 15.2 months. In the 12 months
prior to treatment, the median rate of kidney function decline had been 23 mL/min/year.
After the onset of treatment, the median eGFR slope was 5 mL/min/year (p = 0.001 with
respect to the 12 months prior to treatment). Proteinuria decreased from 1.8 g/day (range
1.0–2.5) at baseline to 0.6 g/day (range 0.3–1.2) at the end of treatment (p = 0.01), and
hematuria disappeared in 40% of patients. There were no serious adverse effects requiring
treatment discontinuation. In this study, in which >50% of the population presented with
active crescents in their biopsies, the addition of immunosuppression decreased the rate of
decline of kidney function plus the degree of proteinuria and hematuria.

There are few data on the predictive impact of MEST-C scores in randomized clinical
trial settings. An exploratory analysis was performed in 70 available renal biopsies from
162 randomized STOP-IgAN trial participants and correlated the results with clinical
outcomes [55]. Kidney biopsies had been performed from 6.5 to 95 months (median 9.4)
prior to randomization. This secondary analysis of STOP-IgAN biopsies indicated that M1,
T1/2, and C1/2 scores were associated with worse renal outcomes. In particular, patients
with glomerular crescents (C1/2 scores) in their biopsies were more likely to develop
ESKD during the 3-year trial phase, but this trend was only significant in patients under
supportive care.

As commented previously, consideration of crescents in managing the treatment of
IgAN has been strongly discouraged by KDIGO 2021, which does not support the value of
MEST score in general as a guide of treatment and, in particular, disregards the value of
percentage of crescents as an independent risk factor supporting a more aggressive therapy.
According to KDIGO guidelines, the presence of crescents in kidney biopsy, even when
involving ≥50% of glomeruli, in the absence of a concomitant rise in serum creatinine does
not constitute a rapidly progressive form of IgAN, which is instead defined as a >50%
decline in eGFR over >3 months, where reversible causes are excluded. KDIGO guidelines
suggest repeating renal biopsy in case of insufficient benefits from supportive care, but
this is in contrast with the suggestion not to use pathology scores to guide treatment.
A few uncontrolled studies have repeated renal biopsies in selected cases [18,56] after
corticosteroid or other immunosuppressive drugs had been administered and showed a
reduction in crescents in most treated cases. Notably, in one repeat-biopsy study, it was
found that, in patients with crescents on their original biopsy, those who continued to have
crescents on their repeated biopsy were significantly more likely to develop ESKD than
those whose second biopsy showed resolution of crescents [56].

Recently, a single-center Chinese study investigated 140 patients enrolled between
2008 and 2016 with C1 and proteinuria <1 g/day who received supportive care (n = 52)
or steroid-based immunosuppressive therapy (n = 88) [57]. The primary outcome was
the rate of renal function decline. Baseline data showed a population with mild renal
disease, median proteinuria of 0.6 g/day, and a median fraction of crescents of 7% (5–12%),
with a follow-up time of 69 months. The rate of renal function decline was slower in
the steroid-based immunosuppressive therapy group than in the supportive care group.
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Multivariable linear regression analyses showed that steroid-based immunosuppressive
therapy significantly slowed the rate of renal function decline (p = 0.013) after adjusting for
age, sex, mean arterial blood pressure, proteinuria, eGFR, M1, E1, S1, T1-2, the fraction of
crescents, and use of RAS inhibitors. Similar findings were seen in 66 patients (33 from each
group) who were matched for baseline demographic, clinical, and pathologic findings. In
the matched cohort, the rate of renal function decline was also slower in the steroid-based
immunosuppressive therapy group. The conclusion was that steroid-based immunosup-
pressive therapy may slow down the rate of renal function decline of IgAN patients with
C1 and proteinuria ≤1 g/day.

Novel therapies are under evaluation for the treatment of IgAN (Table 1). These
drugs are presently targeting persistent proteinuria despite several months of optimized
supportive care, but the perspective is that at least some of them could be of benefit in
the control of the most active and progressive cases such as those with high presence
of crescents.

Table 1. New drugs under evaluation for treatment of IgA nephropathy: selected from studies
published in the U.S. National Library of Medicine Clinical Trials.gov.

Agent Activity/Target Registered Trial N (NCT)

B cell immunomodulators

Atacicept BLyS-APRIL inhibitor 02808429

BION-1301 APRIL inhibitor 03945318

VIS-649 Sibeprenlimab APRIL inhibitor 04287985

RC-18 BLyS receptor inhibitor 04291782

Complement inhibitors

LNP-023 Iptacopan Factor B inhibitor 04578834

FB-LRx Anti-sense factor B inhibitor 04014335

OMS-721 Narsoplimab MASP inhibitor 03608033

ALN-CC5-Cemdisarin C5 inhibitor 03841448

CCX-168 Avacopan C5a receptor inhibitor 02384317

Ravulizumab C5 inhibitor 04564339

APL-2 C3 inhibitor 04564339

Various

CHK-01 Atrasentan Endothelin A receptor
inhibitor 04573920

Sparsentan Endothelin and Angiotensin II
receptor inhibitor 03762850

RTA-402 Bardoxolone methyl
Nuclear factor

erythroid-derived 2-related
factor agonist

03366337

The agents being tested include (a) drugs blocking B cell function and survival by
inhibiting B-lymphocyte stimulator (BLyS, also known as B cell activating factor, BAFF) and
APRIL (a proliferation-inducing ligand); (b) complement activation inhibitors, targeting the
lectin complement pathway (mannose-associated serine protease, MASP), the alternative
complement pathway (factor B) or the common complement pathway (C3, C5, and its
proinflammatory activation product C3a); and (c) other hemodynamic and inflammatory
pathways such as endothelin, angiotensin II, nuclear factor erythroid-derived 2-related
factor agonist (Table 1). Future perspectives are expected from the next results of these
studies for treating patients with active histological forms of IgAN, including crescentic
IgAN, independently from the persistence of proteinuria despite optimal supportive care.
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9. Conclusions

Several factors may account for the variable results regarding the impact of crescents
on clinical outcomes in IgAN. These include (a) the different patient ethnicities; (b) different
timing of the renal biopsy after onset of clinical manifestations; (c) the histologic type of
crescents included in each study, either cellular, fibrocellular, or fibrous; (d) the association
of crescents with other histopathologic markers of activity, which blunted their independent
value; (e) the varying choice of immunosuppressive treatments and dosage regimens; and
(f) the different clinical outcomes.

In contrast to the case in some other forms of proliferative glomerulonephritis, the
most evident conclusion from the data reported in this review is that crescents do not appear
to be an independent predictor of clinical outcomes in patients with IgAN, especially those
receiving corticosteroids or other immunosuppressive agents. Although the benefit of
such treatment in IgAN with crescents indirectly emerges from this consideration, there
is a lack of direct evidence of beneficial effect of corticosteroids or immunosuppressive
drugs in every patient with IgAN presenting with crescentic lesions. Over the last decades
most severely crescentic cases received corticosteroid-immunosuppressive treatment, and a
placebo-controlled RCT in these patients is not conceivable. However, the value of crescents
should not be disregarded. An integrated overall consideration including other MEST
scores and clinical data and novel biomarkers should be undertaken in achieving a more
promising personalized therapeutic approach to IgAN patients.
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Abstract: Several studies reported the effect of obesity on the progression of IgA nephropathy
(IgAN). However, the impact of obesity on the clinicopathologic presentation of IgAN remains
uncertain. This is a retrospective cross-sectional study from eight university hospitals in South
Korea. Patients were categorized into three groups using the Asia-Pacific obesity classification
based on body mass index (BMI). Clinical and histopathologic data at the time of renal biopsy were
analyzed. Among 537 patients with IgAN, the obese group was more hypertensive and had lower
estimated glomerular filtration rate and more proteinuria than other groups. The histologic scores for
mesangial matrix expansion (MME), interstitial fibrosis, tubular atrophy, and mesangial C3 deposition
differed significantly between the three groups. Among these histopathologic parameters, BMI was
independently positively associated with MME score on multivariable linear regression analysis
(p = 0.028). Using multivariable logistic regression analysis, the obese group was independently
associated with higher MME scores compared to the normal weight/overweight group (p = 0.020).
However, BMI was not independently associated with estimated glomerular filtration rate or
proteinuria on multivariable analysis. Obesity was independently associated with severe MME in
patients with IgAN. Obesity may play an important pathogenetic role in mesangial lesions seen
in IgAN.
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1. Introduction

The prevalence of obesity has been rising regardless of age, sex, and race for the past few
decades [1] and is a growing public healthcare concern worldwide [2–4]. Obesity has been implicated
in the development of several chronic comorbidities, including type 2 diabetes mellitus, hypertension,
cardiovascular disease, stroke, dyslipidemia, obstructive sleep apnea, fatty liver and biliary disease,
osteoarthritis, and malignancies, leading to increased cardiovascular and all-cause mortality [5–7].
Obesity is also associated with a significantly increased risk of chronic kidney disease (CKD) progression
and development of end-stage renal disease (ESRD) [8,9].

The renal effects of obesity include both structural and functional adaptations. Excessive body
weight is related to intrarenal hemodynamic parameters, namely increased renal blood flow and
hyperfiltration. Pathologically, this promotes low glomerular density with glomerulomegaly and
thickening of the glomerular basement membrane (GBM) [10–12]. These glomerular changes are
defined as obesity-related glomerulopathy, a secondary form of focal segmental glomerulosclerosis
(FSGS) [13]. Clinically, obesity-related glomerulopathy presents with subnephrotic or nephrotic-range
proteinuria without other features of nephrotic syndrome and rapid loss of kidney function [14,15].
In addition to obesity-related glomerulopathy, obesity may be a risk factor for progression of IgA
nephropathy (IgAN) [16–21]. Most studies demonstrated that excessive BMI, especially a BMI greater
than 25 kg/m2, was a risk factor for renal disease progression in IgAN patients [16,17]. On the
other hand, BMI was not an independent predictor for IgAN progression in some reports [18,22].
Furthermore, recent research showed that underweight, rather than obesity, was an independent risk
factor for progression to ESRD, which might be associated with malnutrition status [21]. Therefore,
it is difficult to conclude the overall effect of BMI on progression of IgAN with the existing evidence.
This may be due to the complex pathophysiological association among obesity, metabolic abnormalities,
and renal outcomes.

To date, there are few studies regarding the effect of obesity on histopathological changes in IgAN.
Therefore, we conducted a multi-center cohort study using a kidney biopsy registry to elucidate the
complex association between obesity and the clinicopathological characteristics of IgAN in Korea.
We focused on the impact of obesity on histopathologic and clinical severity at the time of kidney
biopsy in IgAN.

2. Materials and Methods

2.1. Study Design and Data Source

This was a cross-sectional study of a multi-center cohort that included patients older than 18
who underwent kidney biopsy at eight university hospitals affiliated with the College of Medicine
Catholic University of Korea between January 2015 and November 2019. This study was conducted in
accordance with the Declaration of Helsinki and was approved by the Institutional Review Board of
the College of Medicine, Catholic University of Korea (XC19OEDI0025). Written informed consent was
obtained from patients at the time of biopsy.

We retrospectively collected records from patients with primary IgAN. We excluded 20 out of
557 patients diagnosed with IgAN whose histologic descriptive form was not in accordance with others.
A total of 537 patients were finally enrolled in the present study. Patients with Henoch-Schonlein
purpura nephritis were ineligible. Patients were divided into three groups according to body mass
index (BMI). BMI was calculated as (weight in kilograms)/(height in meters)2. Subjects were categorized
according to the Asia-Pacific obesity classification as follows: underweight (<18.5 kg/m2), normal
weight/overweight (18.5–24.9 kg/m2), and obese (≥25 kg/m2) [23]. The BMI cut-offs in the World
Health Organization (WHO) classification have categorized BMI 25–29.9 as overweight and ≥30 kg/m2

as obese [24]. The Asia-Pacific classification of BMI has a lower cut-off for overweight and obese
categories compared to the WHO classification. Because the Korean Society for the Study of Obesity
defined obesity as BMI ≥ 25 kg/m2 according to the Asia-Pacific obesity classification [25], we used a
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cut-off point for BMI of 25 kg/m2 in the present study. A flow diagram for patient selection is presented
in Figure S1 (Supplementary Materials).

2.2. Data Collection and Definitions

Using the database from the Kidney Biopsy Registry of Catholic Medical Center, all patients
were admitted for kidney biopsy and we collected the following data at the time of kidney biopsy.
Baseline demographics and clinical data ([including age, sex, height, weight, BMI, co-morbidities,
systolic blood pressure (SBP), diastolic blood pressure (DBP), laboratory data, and treatment
characteristics) were collected. Blood chemistry data included hemoglobin, high sensitivity-C-reactive
protein (hs-CRP), fasting glucose, creatinine, albumin, aspartate aminotransferase (AST), alanine
aminotransferase (ALT), uric acid, total cholesterol, triglycerides, low density lipoprotein-cholesterol
(LDL-C), high density lipoprotein-cholesterol (HDL-C), serum complement 3 (C3), complement 4
(C4), and serum IgA levels. Proteinuria was assessed by 24 h urine collection. The estimated
glomerular filtration rate (eGFR) was calculated from the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation [26]. The degree of urinary red blood cells (RBC) sediment was
scored in five phases, as follows: <3 RBCs/high power field (HPF), 0; 3–5 RBCs/HPF, 1; 5–9 RBCs/HPF,
2; 10–19 RBCs/HPF, 3; and more than 19 RBCs/HPF, 4. We also assessed treatment plans after the
diagnosis of IgAN, including use of anti-hypertensive medications, diuretics, lipid-lowering drugs,
and immunosuppressive medications.

2.3. Histopathologic Parameters

All kidney tissue specimens were obtained by percutaneous needle biopsy. Pathologic slides
were reviewed by expert renal pathologists in each center. On light microscopy, the total number
of glomeruli and the percentage of glomerulosclerosis and crescents were assessed quantitatively.
Renal histologic findings were scored according to the histologic grading system from our university as
follows. The severity of mesangial matrix expansion (MME), mesangial cell proliferation, endocapillary
proliferation, interstitial fibrosis (IF), tubular atrophy (TA), arterial intimal hyalinosis, and fibrous
vessel wall thickening were semi-quantitatively graded from 0 to 4 as follows: grade 0, absent; grade 1,
trace (<20%); grade 2, mild (20%–40%); grade 3, moderate (40%–70%); and grade 4, severe (≥70%).
Renal biopsy findings were also assessed according to the Oxford classification (MEST score) [27] or the
WHO classification (class I to VI) [28]. On immunofluorescence microscopy, the severity of mesangial
deposition of IgA, C3, and C4d were graded as 0 (absent), +1 (trace), +2 (mild), +3 (moderate),
and +4 (marked).

2.4. Statistical Analysis

Continuous data were expressed as mean ± standard deviation and were compared using
one-way ANOVA followed by Scheffe’s post-hoc comparisons (parametric) or Kruskal–Wallis test
(non-parametric) as appropriate. Categorical data were expressed as numbers (percentage) and
compared using the chi-squared test. Spearman correlation coefficients were calculated for correlations
between BMI and clinical/laboratory variables. Linear regression analyses were performed to evaluate
the association between BMI and histopathologic parameters and the associations between eGFR and
24 h proteinuria and clinicopathological parameters. Logistic regression analyses were performed to
estimate the odds ratios (ORs) and 95% confidence intervals (CIs) for high grades of MME, IF, and TA,
and positive mesangial deposition of C3 and IgA according to the BMI groups. High-grade MME, IF,
and TA were defined as grades 2–4, and positive mesangial C3 and IgA deposition was defined as
scores ≥ +2. A p value of <0.05 was considered statistically significant. The statistical analyses were
performed using SPSS version 20.0 software (SPSS, Inc., Chicago, IL, USA).
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3. Results

3.1. Baseline Characteristics of the Study Subjects Stratified by BMI

The mean age of the subjects was 41.2 ± 14.7 years, and the mean BMI was 24.1 ± 4.1 kg/m2.
Among 537 patients, 32 patients (5.9%) were underweight, 312 patients (57.8%) were normal weight
or overweight, and 193 patients (35.7%) were obese. The baseline clinical characteristics of the study
population were compared between the three groups according to BMI classification (Table 1). The obese
group was older and had a higher prevalence of hypertension than the underweight and normal
weight/overweight groups. SBP and DBP and blood levels of hemoglobin, fasting glucose, liver
enzymes, uric acid, total cholesterol, triglycerides, LDL-C, 24-h proteinuria, C3, and C4 were higher
in the obese group compared to the other groups, while the eGFR was lower. Figure S2 shows the
distribution of BMI according to age and sex categories. For all patients, the BMI distribution peak was
shifted to the left. Patients with BMI ≥ 25 kg/m2 accounted for 35.9% of the total subjects (40.4% in
males and 31.8% in females). Patients who had lower BMI tended to be younger, and the distribution
of BMI was similar between males and females.

Table 1. Baseline clinical variables of the three BMI groups at the time of renal biopsy.

BMI

<18.5 kg/m2

(n = 32)
18.5–24.9 kg/m2

(n = 312)
≥25 kg/m2

(n = 193)
p

Age (year) 34.3 ± 14.8 40.0 ± 15.2 * 44.1 ± 13.3 * <0.001
Sex (male, %) 15 (46.9) 140 (44.9) 105 (54.4) 0.112

Alcohol (yes, %) 7 (21.9) 56 (17.9) 39 (20.3) 0.737
Smoking (yes, %) 7 (21.9) 42 (13.5) 35 (18.7) 0.219

Diabetes mellitus (%) 3 (9.4) 14 (4.5) 15 (7.8) 0.218
Hypertension (%) 5 (15.6) 75 (24.0) 74 (38.5) 0.001

BMI (kg/m2) 17.7 ± 0.7 22.0 ± 1.7 * 28.5 ± 3.1 *,† <0.001
SBP (mmHg) 115.5 ± 15.5 122.9 ± 16.5 * 127.8 ± 14.5 * <0.001
DBP (mmHg) 69.8 ± 11.6 75.3 ± 10.0 * 78.8 ± 10.0 * <0.001

Hemoglobin (g/dL) 12.7 ± 1.9 13.0 ± 2.0 * 13.8 ± 1.8 * <0.001
hs-CRP (mg/dL) 0.6 ± 0.6 0.7 ± 4.3 0.8 ± 2.4 0.783
Glucose (mg/dL) 96.7 ± 14.5 105.1 ± 29.5 113.3 ± 37.2 * 0.004

Serum creatinine (mg/dL) 1.1 ± 0.9 1.1 ± 1.0 1.1 ± 0.6 0.945
eGFR (mL/min/1.73 m2) 111.1 ± 38.1 101.7 ± 36.9 93.3 ± 32.1* 0.006
Serum albumin (g/dL) 4.1 ± 0.5 4.0 ± 0.6 3.9 ± 0.6 0.303

AST (IU/L) 19.6 ± 5.1 22.3 ± 10.9 24.3 ± 10.0 * 0.021
ALT (IU/L) 12.7 ± 6.2 20.2 ± 28.0 25.9 ± 19.6 * 0.003

Serum uric acid (mg/dL) 5.3 ± 1.9 5.9 ± 1.9 6.5 ± 2.0 * <0.001
Total cholesterol (mg/dL) 169.8 ± 38.5 183.7 ± 48.8 201.0 ± 68.0 * 0.001

Triglyceride (mg/dL) 95.5 ± 49.2 132.8 ± 99.5 209.0 ± 163.3 *,† <0.001
LDL-C (mg/dL) 94.4 ± 132.8 104.9 ± 37.1 118.0 ± 46.3 * <0.001
HDL-C (mg/dL) 59.3 ± 17.0 54.1 ± 16.1 48.4 ± 16.9 * <0.001

24-h proteinuria (g/day) 0.45 ± 0.85 0.93 ±1.52 1.46 ±2.71 * 0.007
Urine RBCs (grade) 3.0 ± 1.5 2.8 ± 1.6 2.8 ± 1.6 0.697
Serum C3 (mg/dL) 87.2 ± 17.1 101.1 ± 19.6 * 117.8 ± 20.7 *,† <0.001
Serum C4 (mg/dL) 22.7 ± 5.4 27.4 ± 9.0 * 31.6 ± 8.9 *,† <0.001
Serum IgA (mg/dL) 284.0 ± 109.0 316.1 ± 164.3 310.7 ± 147.6 0.475

* ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; C3, complement 3; C4,
complement 4; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HDL-C, high density
lipoprotein-cholesterol; hs-CRP, high sensitivity-C-reactive protein; IgA, immunoglobulin A LDL-C, low density
lipoprotein-cholesterol; RBCs, red blood cells; SBP, systolic blood pressure. * p < 0.05 vs. BMI < 18.5 kg/m2 and
† p < 0.05 vs. BMI 18.5–24.9 kg/m2 by one-way ANOVA with Scheffe’s post-hoc analysis.
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3.2. Histopathologic Findings of the Study Subjects Stratified by BMI

We compared histopathologic features between the three BMI groups in Tables 2 and 3 and
Figure 1. Total number of glomeruli and the mean mesangial C3 deposition score were lower (p = 0.003
and p < 0.001, respectively), and the mean MME (p = 0.042), IF (p = 0.046) and TA (p = 0.033) score was
higher in the obese group compared to the other groups (Table 2). On light microscopy, the glomeruli,
mesangium, tubules, interstitium, vessels, and mesangial IgA deposition score did not differ between
the three groups. There was an increasing trend of high grade MME (p = 0.007), IF (p = 0.03), and TA
(p = 0.039) as the BMI increased. The distribution of the C3 deposition severity was different among
the three groups (p < 0.001, Figure 1). The distributions for WHO and Oxford classifications of IgAN
were not significantly different between the three BMI groups (Table 3).

Table 2. Histopathological findings of the three BMI groups.

BMI

<18.5 kg/m2 18.5–24.9 kg/m2 ≥25 kg/m2 p

Total glomerular number 15.9 ± 8.9 13.9 ± 7.9 12.1 ± 7.1 *,† 0.003
Light microscopy

Glomerulosclerosis, Total (%) 20.1 ± 27.8 24.3 ± 24.6 26.9 ± 25.1 * 0.101
Global sclerosis (%) 10.2 ± 20.4 16.7 ± 19.4* 17.8 ± 19.9 * 0.015

Segmental sclerosis (%) 7.3 ± 9.7 8.3 ± 13.0 9.5 ± 14.5 0.731
Mesangial matrix expansion (0–4) 1.7 ± 1.0 2.1 ± 0.9 2.2 ± 0.7 * 0.042
Mesangial cell proliferation (0–4) 1.8 ± 1.1 2.0 ± 0.9 2.1 ± 0.9 0.292

Crescents (%) 1.6 ± 4.7 2.6 ± 8.0 2.0 ± 7.5 0.951
Interstitial fibrosis (0–4) 1.1 ± 1.0 1.3 ± 1.0 1.4 ± 0.9 * 0.046
Tubular atrophy (0–4) 1.3 ± 1.0 1.2 ± 1.0 1.4 ± 0.9 † 0.033

Arterial intimal hyalinosis (0–4) 0.3 ± 0.6 0.2 ± 0.6 0.3 ± 0.8 0.213
Fibrous wall thickening (0–4) 0.3 ± 0.7 0.5 ± 0.9 0.6 ± 1.0 0.269

Immunofluorescence microscopy
IgA Mesangial deposit (0–4) 2.9 ± 1.2 3.3 ± 0.9 3.2 ± 1.0 0.177
C3 Mesangial deposit (0–4) 2.3 ± 1.3 2.3 ± 1.1 1.8 ± 1.2 *,† <0.001

C4d Mesangial deposit (0–4) 0.1 ± 0.2 0.2 ± 0.1 0.1 ± 0.4 0.903

* BMI, body mass index; C3, complement 3; C4, complement 4; IgA, immunoglobulin A. * p< 0.05 vs. BMI< 18.5 kg/m2

and † p < 0.05 vs. BMI 18.5–24.9 kg/m2 by post-hoc analysis of Kruskal-Wallis test.

Table 3. The distribution of histological classifications according to the three BMI groups.

BMI

<18.5 kg/m2 18.5–24.9 kg/m2 ≥25 kg/m2 p

WHO classification (n = 436) n = 22 n = 255 n = 159
Grade (1–6) 2.91 ± 0.92 2.93 ± 0.93 2.98 ± 0.86 0.834

Oxford classification (n = 173) n = 10 n = 95 n = 68
M0 (%) 4 (40) 51 (53.7) 33 (48.5)

0.630M1 (%) 6 (60) 44 (46.3) 35 (51.5)
E0 (%) 6 (60) 73 (76.8) 50 (73.5)

0.492E1 (%) 4 (40) 22 (23.2) 18 (26.5)
S0 (%) 3 (30.0) 53 (55.8) 29 (42.6)

0.117S1 (%) 7 (70.0) 42 (44.2) 39 (57.4)
T0 (%) 7 (70.0) 72 (75.8) 50 (73.5)

0.778T1 (%) 3 (30.0) 18 (18.9) 16 (23.5)
T2 (%) 0 (0) 5 (5.3) 2 (2.9)

BMI, body mass index; WHO, World Health Organization. Oxford classification: M; mesangial hypercellularity, E;
endocapillary proliferation, S; segmental sclerosis, T tubular atrophy/interstitial fibrosis. Statistical analysis was
performed by Kruskal-Wallis test in WHO classifications and using the chi-squared test in Oxford classifications.

131



J. Clin. Med. 2020, 10, 2824

Figure 1. The distribution of histopathologic scores according to the three BMI groups. (a) Mesangial
matrix expansion (MME). (b) Mesangial cell proliferation (MCP). (c) Interstitial fibrosis (IF). (d) Tubular
atrophy (TA). (e) IgA mesangial deposition. (f) C3 mesangial deposition.

3.3. Association between BMI and Histopathologic Parameters

Univariable linear regression analysis showed that scores for MME, endocapillary proliferation,
IF, and TA were positively correlated with BMI, while the number of total glomeruli and the mesangial
C3 deposition score were negatively correlated with BMI (Table 4). Multivariable linear regression
analysis showed that the MME and mesangial IgA deposition scores were positively associated with
BMI (p = 0.028; adjusted R2 = 0.291 and p = 0.041; adjusted R2 = 0.291, respectively), while total
number of glomeruli was negatively associated with BMI (p = 0.029; adjusted R2 = 0.286) after adjusting
for clinical parameters including age, SBP, hemoglobin, glucose, albumin, AST, ALT, uric acid, total
cholesterol, eGFR, 24-h proteinuria, and serum C3, C4, and IgA levels.

Table 4. Linear regression analysis for BMI and the histopathologic parameters.

BMI

Univariable Multivariable

β t p β t p

Total glomerular number −0.162 −3.802 <0.001 −0.092 −2.192 0.029
Mesangial matrix expansion 0.086 2.004 0.046 0.091 2.205 0.028
Mesangial cell proliferation 0.048 1.112 0.266 0.066 1.585 0.114

Segmental sclerosis 0.040 0.934 0.351 0.062 1.428 0.154
Endocapillary proliferation 0.128 2.974 0.003 0.052 1.236 0.217

Interstitial fibrosis 0.087 2.020 0.044 0.028 0.547 0.585
Tubular atrophy 0.099 2.286 0.023 0.036 0.701 0.484

IgA Mesangial Deposit −0.025 −0.5825 0.561 0.086 2.048 0.041
C3 Mesangial Deposit −0.151 −3.521 <0.001 0.008 0.187 0.852

C4d Mesangial Deposit 0.026 0.588 0.557 0.004 0.086 0.932

BMI, body mass index, C3, complement 3; C4d, cleavage product of complement 4; IgA, immunoglobulin A.
Multivariable analysis was adjusted for each histologic parameter and clinical parameters, including age, systolic
blood pressure, hemoglobin, glucose, albumin, AST, ALT, uric acid, total cholesterol, eGFR, 24-h proteinuria,
and serum C3, C4 and IgA levels.

Table 5 shows the OR and 95% CI for high MME, IF, TA, and positive mesangial deposition of C3
and IgA for the three BMI groups. Considering the normal weight or overweight group as a reference,
the obese group showed higher risks for high MME and TA, and lower risk for mesangial C3 deposition.
After adjusting for age, sex, the presence of hypertension and diabetes mellitus, and SBP (Model 1),
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the obese group exhibited higher risk for severe MME (OR = 2.066, 95% CI 1.227–3.478, p = 0.006) and
lower risk for mesangial C3 deposition (OR = 0.544, 95% CI 0.365–0.810, p = 0.003). After adjusting
for model 1 with total glomerular number, eGFR, 24-h proteinuria, and blood levels of hemoglobin,
glucose, albumin, AST, ALT, uric acid, total cholesterol, C3, C4, and IgA (Model 2), the obese group
still had a significantly higher risk for severe MME (OR = 2.060, 95% CI 1.120–3.788, p = 0.020), while
the underweight group had a significantly lower risk for severe MME (OR = 0.369, 95% CI 0.150–0.904,
p = 0.029) and mesangial IgA deposition (OR = 0.208, 95% CI 0.049–0.889, p = 0.034).

Table 5. Logistic regression analysis for BMI groups and histopathologic parameters.

Crude OR Model 1 Model 2

OR (95% CI) p OR (95% CI) p OR (95% CI) p

Mesangial matrix expansion
<18.5 0.595 (0.269–1.318) 0.201 0.586 (0.259–1.327) 0.200 0.369 (0.150–0.904) 0.029

18.5–24.9 1 (Ref.) 1 (Ref.) 1 (Ref.)
≥25 2.201 (1.249–3.539) 0.005 2.066 (1.227–3.478) 0.006 2.060 (1.120–3.788) 0.020

Interstitial fibrosis
<18.5 0.685 (0.319–1.471) 0.332 1.084 (0.475–2.472) 0.848 0.568 (0.157–2.056) 0.389

18.5–24.9 1 (Ref.) 1 (Ref.) 1 (Ref.)
≥25 1.436 (1.000–2.062) 0.05 1.121 (0.761–1.651) 0.564 1.297 (0.759–2.216) 0.341

Tubular Atrophy
<18.5 0.983 (0.468–2.063) 0.964 1.550 (0.282–1.550) 0.282 0.861 (0.252–2.937) 0.811

18.5–24.9 1 (Ref.) 1 (Ref.) 1 (Ref.)
≥25 1.679 (1.168–2.413) 0.005 1.338 (0.909–1.969) 0.140 1.644 (0.961–2.812) 0.070

IgA mesangial deposit
<18.5 0.236 (0.069–0.800) 0.021 0.236 (0.069–0.800) 0.021 0.208 (0.049–0.889) 0.034

18.5–24.9 1 (Ref.) 1 (Ref.) 1 (Ref.)
≥25 0.508 (0.215–1.199) 0.508 0.553 (0.228–1.344) 0.191 0.871 (0.279–2.714) 0.812

C3 mesangial deposit
<18.5 0.812 (0.360–1.831) 0.615 0.533 (0.321–1.800) 0.533 0.516 (0.167–1.599) 0.252

18.5–24.9 1 (Ref.) 1 (Ref.) 1 (Ref.)
≥25 0.506 (0.343–0.749) <0.001 0.544 (0.365–0.810) 0.003 0.805 (0.469–1.380) 0.430

BMI, body mass index; C3, complement; IgA, immunoglobulin A. Model 1 was adjusted for age, sex, the presence
of hypertension, the presence of diabetes mellitus and systolic blood pressure. Model 2 was adjusted for model
1 + total glomerular number, eGFR, 24-h proteinuria, and blood levels of hemoglobin, glucose, albumin, aspartate
aminotransferase, alanine aminotransferase, uric acid, total cholesterol, and serum C3, C4, and serum IgA levels.

To evaluate whether the association between BMI and MME in IgAN is an incidental finding in
obese patients, we analyzed subjects with tubulointerstitial disease without glomerular injury (acute
tubular necrosis, interstitial nephritis, and pyelonephritis) during the same period in our kidney biopsy
cohort (n = 80). There was no significant association between BMI groups and MME in subjects with
tubulointerstitial diseases (Table S1 (Supplementary Materials)).

3.4. Association of BMI with Clinical Variables, Renal Function, and Proteinuria

There was a positive relationship between BMI and 24 h proteinuria, total cholesterol, triglycerides,
and serum C3 and C4 levels and a negative relationship between BMI and eGFR (Figure 2).
The association of BMI with renal function and proteinuria was evaluated by adjusting for clinical and
histopathological variables in linear regression analysis (Table 6). BMI was negatively correlated with
eGFR in univariable analysis; however, this relationship was not significant on multivariable analysis.
Factors significantly associated with eGFR were age, SBP, levels of serum albumin and HDL-C, total
number of glomeruli, and the interstitial fibrosis score (adjusted R2 = 0.460). BMI showed a positive
linear association with 24-h proteinuria on univariable analysis, but the association was not significant
on multivariable analysis. eGFR and serum levels of albumin and C3 were significantly associated
with 24-h proteinuria (adjusted R2 = 0.260).
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Figure 2. The correlation graphs between BMI and clinical variables. (a) CKD-EPI eGFR. (b) 24 h
proteinuria. (c) Total cholesterol level. (d) Triglyceride level. (e) Serum C3 level. (f) Serum C4 level.

3.5. Treatment Patterns of the Study Subjects Stratified by BMI

At the time of kidney biopsy, there was no significant difference in the use of renin-angiotensin-
aldosterone system (RAAS) blockers among the three groups (p = 0.252); BMI < 18.5 kg/m2 (n = 13,
40.6%) vs. 18.5–24.9 kg/m2 (n = 87, 27.9%) vs. ≥ 25 kg/m2 (n = 51, 26.4%). Several treatment strategies
were chosen within 6 months after kidney biopsy and these were compared between the three groups.
More patients in the obese group were treated with RAAS blockers, calcium channel blockers (CCBs),
β-blockers, thiazide, statins, and corticosteroids compared to the underweight and normal/overweight
groups (Table 7).

Table 7. Distribution of treatment after renal biopsy according to the three BMI groups.

BMI

<18.5 kg/m2 18.5–24.9 kg/m2 ≥25 kg/m2 p

Anti-hypertensive medications
RAAS blocker 21 (65.6) 223 (71.5) 157 (81.3) 0.029

CCB 3 (9.4) 41 (13.1) 57 (29.5) <0.001
B-blocker 1 (3.1) 14 (4.5) 22 (11.4) 0.015
Diuretics
Thiazide 0 (0.0) 1 (0.3) 7 (3.6) 0.033

Furosemide 2 (6.2) 23 (7.4) 21 (10.9) 0.523
Lipid lowering agents

Statin 6 (18.8) 74 (23.7) 83 (43.0) <0.001
Omega-3 fatty acid 3 (9.4) 53 (17.0) 38 (19.7) 0.266

Immunosuppressive agents
Any immunosuppression 24 (75.0) 210 (67.3) 128 (66.3) 0.248

Steroid 4 (12.5) 84 (26.9) 63 (32.6) 0.036

BMI, body mass index; CCB, calcium channer blocker; RAAS, renin-angiotensin-aldosterone system.
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4. Discussion

In this study, we evaluated the histopathological and clinical implications of obesity in patients
with IgAN. Intriguingly, multivariable logistic regression demonstrated that a BMI greater than
25 kg/m2 was independently associated with high MME in patients with IgAN. Patients with elevated
BMI were more hypertensive and had increased proteinuria, but the association of BMI with renal
function and proteinuria was modest in IgAN.

Only a few studies have investigated the influence of obesity on histological parameters in IgAN.
First, Bonnet et al. suggested that vascular, tubular, and interstitial indices were higher in obese
patients than non-obese patients using a semi-quantitative classification scheme, but the glomerular
index did not differ significantly. A recent cohort analysis of 481 IgAN patients also showed that
high BMI was associated with a high risk of IF [22]. These previous studies did not focus and
evaluate the association between increased BMI and MME in IgAN. Tanaka et al. [29] also reported
that obese patients with IgAN showed significantly increased proteinuria, accompanied by GBM
thickening and glomerulomegaly, mimicking obesity-related glomerulopathy. This study showed no
significant differences in the severity of mesangial proliferation and matrix expansion between obese
and non-obese group, but the number of enrolled patients were very small. Our study is the first study
to show an independent association between obesity and MME in IgAN. Moreover, in subjects with
tubulointerstitial disease, obesity did not show a significant association with MME, which means that
the association between obesity and MME in IgAN is not an incidental finding seen in obese patients.
Although the precise mechanism by which obesity causes MME remains unclear, obesity can lead to a
rise in the concentration of leptin, which stimulates the expression of transforming growth factor-β1
(TGF-β1). TGF-β1 is known to act as the main driver of extracellular matrix accumulation, mesangial
cell proliferation, and progressive glomerulosclerosis [30,31]. These in turn may be responsible for the
proliferation of mesangial cells and expanded mesangial matrix. MME has been regarded as a step
towards glomerular sclerosis [32]. Although FSGS has long been recognized as the hallmark lesion
of obesity-related glomerulopathy [13], Serra et al. [33] also found that increased mesangial matrix,
podocyte hypertrophy, and mesangial cell proliferation were more frequent in extremely obese patients
compared to normal weight controls. Of note, our study supports these findings in that obesity could
independently increase MME after adjustment for confounding factors and strengthens our knowledge
of the pathogenic role of obesity in mesangial lesions in IgAN.

Obesity-induced subclinical inflammation is responsible for activation of the complement
system [34]. C3 and C4 are expressed and secreted by adipose tissue [35], and serum C3 is
strongly associated with components of metabolic syndrome, such as insulin resistance, lipid profile,
and BMI [36–38]. Furthermore, weight gain increases C3, which decreases upon weight loss [39].
Therefore, C3 has been linked to the etiology of obesity, and to a wide range of obesity sequelae.
In this study, serum C3 and C4 levels were increased in patients with higher BMI. Serum C3 level
was positively associated with 24 h proteinuria using multivariable analysis. Consistent with our
study, some researchers previously reported that serum C3 and C4 levels were positively correlated
with increased BMI and severe proteinuria in IgAN patients [19,21]. High serum C4 level was also
associated with severe proteinuria and renal pathological damage in IgAN [40]. Altogether, these
findings suggest that obesity may activate the complement system and is related to the severity of
renal presentation in patients with IgAN.

In this study, mesangial C3 deposition decreased as BMI increased, but multivariable linear
regression and logistic regression analyses showed that mesangial C3 deposition was not independently
associated with BMI. Additionally, mesangial C3 deposition was not significantly associated with
eGFR or 24 h proteinuria. Therefore, we speculate that the effect of obesity on the activation of the local
complement system is modest in IgAN. Previous studies revealed conflicting results, suggesting an
important role of local complement activation in the pathogenesis of IgAN. Mesangial C3c deposition
was associated with active inflammation in IgAN [41], and mesangial C3 deposition was an independent
risk factor for progression of IgAN [42]. A recent study also reported that mesangial C3 deposition
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was associated with poor outcome in IgAN; however, eGFR or proteinuria at the time of kidney biopsy
did not differ according to the degree of mesangial C3 deposition [43]. The implications of mesangial
complement deposition may have differential effects on renal presentation and prognosis, and further
analysis is needed to clarify the pathologic role of mesangial complement deposition in IgAN.

Another interesting finding is that obesity was not independently associated with clinical
parameters such as renal function and proteinuria in IgAN. In this study, obese patients showed
decreased eGFR and increased 24 h proteinuria compared to other groups, but there were no significant
relationships between BMI and eGFR or 24-h proteinuria in multivariable analysis. In addition,
the histologic classification of IgAN, such as the Oxford classification or WHO classification, was
not different between the groups. Previous studies demonstrated similar findings to our results.
A prospective cohort study of 331 French IgAN patients showed that patients with elevated BMI
had worse renal presentations and outcomes, but that obesity, per se, did not directly affect these
outcomes [18]. In a study of 481 Chinese IgAN patients, there was no significant difference in clinical
parameters or Oxford classification scores among BMI groups [22]. In a study including a small
number of IgAN patients, obesity had no significant impact on serum creatinine levels or pathological
severity in multiple linear regression models [44]. These findings suggest that obesity may not be
independently related to decreased renal function, increased proteinuria, or severe forms of histologic
classification in IgAN, although it likely affects histologic damage. Obese patients may simultaneously
have multiple unhealthy lifestyle behaviors, such as smoking, increased energy intake, low physical
activity, and various medical conditions including hypertension, diabetes mellitus, and dyslipidemia,
which are known risk factors for renal disease progression [45]. In this study, we also showed that obese
patients with IgAN had more the presence of hypertension and dyslipidemia, and were more actively
treated with supportive managements, such as anti-hypertensive medications, thiazide, and statins,
as well as corticosteroids, than underweight or normal/overweight patients. Therefore, increased
weight alone may not be enough to induce severe renal parameters and histologic classifications.
To elucidate a direct association between obesity and long-term kidney damage, we need to perform
further studies involving a larger number of patients with IgAN.

This study has several limitations. First, our findings are limited by the cross-sectional and
retrospective design, uncertain causality, and possible influence of confounding factors that could
not be captured; in addition, there were no longitudinal follow-up data. Therefore, a prospective,
multi-center, large scale study with a longer follow-up period is required to define the histopathological
impact of BMI more clearly in IgAN. Second, although this study included eight university hospitals,
the evaluation of renal biopsy specimens was conducted by expert renal pathologists in each center.
Therefore, there may be interobserver variability. However, each hospital shares the same renal biopsy
report form, and the pathologists at each hospital were trained by one pathologist. Thus, observer
bias in histologic assessment may be relatively small. To compensate for this limitation, the histologic
grading and staging of IgAN were described according to both the Oxford and WHO classifications.
Third, the inclusion of only Korean patients may limit the generalizability of our findings to other
ethnic populations. Current practice guidelines suggested that obesity is typically defined quite simply
as excess body weight for height, but this simple definition of obesity cannot reflect the consideration of
age or race/ethnicity. Therefore, further studies may be needed to elucidate the association with obesity
and clinicopathologic parameters in various ethnic groups of IgAN. Fourth, we did not measure the
anthropometric parameters associated with metabolic syndrome, such as waist circumference, skin
fold thickness and waist-to-hip ratio, and the index of insulin resistance in this study. Further studies
will be required to determine whether these markers may be more reliable measures than BMI in IgAN.

5. Conclusions

In conclusion, our study showed that obesity was independently associated with MME in Korean
IgAN patients and these findings suggest that obesity may have an important pathogenetic role in
mesangial lesions in IgAN.
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Abstract: IgA nephropathy (IgAN) is the most common primary glomerulonephritis in the world.
It was first described in 1968 by Jean Berger and Nicole Hinglais as the presence of intercapillary
deposits of IgA. Despite this simple description, patients with IgAN may present very broad clinical
features ranging from the isolated presence of IgA in the mesangium without clinical or biological
manifestations to rapidly progressive kidney failure. These features are associated with a variety of
histological lesions, from the discrete thickening of the mesangial matrix to diffuse cell proliferation.
Immunofluorescence on IgAN kidney specimens shows the isolated presence of IgA or its inconsistent
association with IgG and complement components. This clinical heterogeneity of IgAN clearly echoes
its complex and multifactorial pathophysiology in humans, inviting further analyses of its various
aspects through the use of experimental models. Small-animal models of IgAN provide the most
pertinent strategies for studying the multifactorial aspects of IgAN pathogenesis and progression.
Although only primates have the IgA1 subclass, several murine models have been developed in which
various aspects of immune responses are deregulated and which are useful in the understanding
of IgAN physiopathology as well as in the assessment of IgAN therapeutic approaches. In this
manuscript, we review all murine IgAN models developed since 1968 and discuss their remarkable
contribution to understanding the disease.

Keywords: IgA nephropathy; IgA; kidney mesangium; mouse model

1. IgAN Epidemiology

The true prevalence of IgAN cannot be exactly determined. IgA deposits on the kidney
are indeed frequent in asymptomatic patients and were reported in 16.1% of a population of
kidney donors in Japan [1]. However, the overt disease can evolve to a rapidly progressive
glomerulopathy (Figure 1). Since the diagnosis of IgAN requires a kidney biopsy, available
data only refer to cases recorded after this procedure. The prevalence of IgAN varies widely
across different geographic regions and ethnic groups [2]: IgAN is most prevalent in East
Asian people (with more than 40% of biopsy cases in Japan), followed by Caucasians and
African individuals (respectively with about 25% and less than 5% of biopsy cases) [3].
This disparity in population distribution can be attributed to the different health screening
policies as well as several genetic and environmental factors.
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Figure 1. IgAN represent the emergent part of the IgA deposition iceberg with a heterogeneity
underscoring the multifactorial pathogenesis of the disease.

2. IgAN: Clinical and Histopathological Presentation

There is significant heterogeneity in the clinical manifestations of IgAN since even
healthy subjects with no clinical signs of IgAN may have mesangial deposits. By contrast,
for those patients developing glomerulopathy with proteinuria and/or hematuria, one-
third of the cases will progress to end stage renal disease (ESRD) [4]. High blood pressure
may also be an indicative sign of IgAN; it is always present as soon as kidney failure
begins. In patients presenting such features, renal biopsy is the only method to confirm
diagnosis. The anatomo-pathological study of renal biopsy specimens reveals mesangial
lesions: mesangial matrix expansion and hypercellularity sometimes associated with a
mesangial cell proliferation with possible endo- or extra-capillary proliferation or even
significant glomerular inflammation and crescent formation. Other lesions can also be
identified: segmental sclerosis, tubular atrophy, and interstitial fibrosis [5]. The analysis
of these different lesions makes it possible to establish the Oxford predictive score for
disease progression [6]. Immunofluorescence on biopsies reveals the presence of more
or less diffuse granular or filamentous IgA deposits in the form of “dead trees” or “nail
strokes” [5]. The presence of lambda and kappa light chain deposits has been reported [7].
IgA deposits most often co-localize with C3, sometimes with IgG and IgM [3]. Moreover, the
presence of deposits at the level of single glomeruli is sufficient to make the diagnosis [5].

3. Enigmatic Functions of IgA

IgA antibodies (Ab) are exceptionally abundant at mucosal surfaces; more than 80%
of mammalian Ab secreting plasma cells reside in the gut and secrete IgA. Notably, with
the exception of germ-free animals or germ-free mucosal tissues, these antibodies arise
prominently during homeostasis in the absence of overt inflammation and immunization.
Consistently, the influence of super antigens expressed by bacteria present early in the
intestinal flora has recently been demonstrated [8]. Despite its abundance, the in vivo
specificity and dual functions of IgA still remain somehow enigmatic, although these
antibodies appear as major players in the functional balance opposing tolerance and
inflammation in the context of mucosal immunity and as important organizers of the
microbiota composition in healthy subjects [9]. At the gut-associated lymphoid tissue
(GALT) level, there are two distinct aspects of humoral immunity: first, the mechanisms of
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humoral homeostasis against commensal bacteria seem to involve the so-called “natural
IgA”. Their repertoires are almost germline with slightly mature variable regions [10].

These IgA share an interspecies reactivity because they are often polyreactive and
partly produced by B-lymphocytes in a T-independent context. Second, during the local
immune response induced by pathogens, protective high affinity IgA are produced in the
mucosa-associated lymphoid tissue (MALT) germinal centers. This T-dependent response
is similar to that of a general response establishing specific immunity as effective as a
response generated after a systemic infection. The immune response to the presence
of various commensal microorganisms constitute a homeostatic immune repertoire that
echoes the variability of the microbiota which evolves according to age, environment, and
diet and which is accompanied by an increase in the IgA affinity, whether T-dependent or
not. This repertoire is not limited to controlling the commensal microbiota, it is also the
source of protective immunity against pathogens [8,10]. Abnormalities in the microbiota
following a modification in the environment or an alteration of the immune response and
therefore of the repertoire can promote the development of an immunopathological process;
IgAN could be such an example.

4. IgAN: A Multifactorial Disease

IgAN is a mysterious disease. The heterogeneity of the clinical features and prognosis
variability between patients explain why IgAN pathophysiology remains poorly under-
stood despite the remarkable achieved advances. It is known that IgAN is not a primary
(intrinsic) renal defect. The recurrence of IgA deposits on a normal kidney transplanted
into a patient with IgAN or, on the contrary, the disappearance of deposits on kidneys from
donors with IgA deposits accidentally transplanted into individuals without IgAN are two
arguments supporting the extra-renal origin of the disease [11]. Currently, all studies show
that IgAN is a multifactorial disease involving the intervention of many actors including
genetic factors, aberrant IgA glycosylation, environmental factors, as well as dysregulation
of the immune system [11]. The hypothesis of a change in the mucosa-kidney axis during
IgAN is also highlighted [12,13]. In this context, a recent study reported the beneficial effect
of tonsillectomy in patients with IgAN [14].

5. Genetic Factors

Over time, the idea of a genetic component in IgAN has been raised. This is espe-
cially evident with the wide disparity of IgAN incidence by ethnicity and geographic
region [2]. Most IgAN cases are sporadic, with familial forms reaching no more than 5%
of total cases [3]. About 100 Genome Wide Association Studies (GWAS) have already
been conducted in IgAN patients as well as healthy individuals. The results highlight
the polymorphism of certain genes involved in the immune response as well as protein
glycosylation mechanisms [15–18]. GWAS on the ddY model identified four suscepti-
bility loci linked to the early onset disease phenotype; these loci seem to be located on
murine chromosome 10 in a region syntenic to human IGAN1, a candidate gene of familial
IgAN [19].

6. Aberrant IgA Glycosylation

IgA glycosylation plays important roles in protein conformation, stability, transport,
and clearance from the circulation [20]. The hinge region of IgA1 contains three to five
O-linked glycans, however murine IgA has N- but not O-glycans. Under-galactosylated
IgA has an increased capacity for self-aggregation and binding to mesangial cells. The
nephritogenic potential of hypogalactosylated IgA was first studied in 1990 and it was
shown that circulating IgA in IgAN patients is abnormally glycosylated [21]. Subsequent
studies detected circulating galactose-deficient IgA1 (Gd-IgA) in IgAN patients [22,23].
In addition, immortalized plasma cells from IgAN patients not only produce polymeric
and hypoglycosylated IgA characterized by the exposure of GalNac residues of the hinge
region but also induce antiglycan IgG or IgA creating an immune complex disease. Some
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of these circulating complexes deposit in glomeruli and thereby activating mesangial cells
and inducing renal injury through cellular proliferation and overproduction of extracellular
matrix components [24]. It is worthy to note, however, that several observations showed
that a glycosylation defect of IgA is not the sole cause and is not a prerequisite for IgA
deposition. Plasma levels of Gd-IgA varied greatly between IgAN patients with diverse
clinical manifestations [25]. High Gd-IgA concentrations were detected in asymptomatic
IgAN patients [26] and GalNAc residues linked to serine or threonine (Tn or sialylated
Tn antigens) were identified on IgA1 from both IgAN patients and healthy subjects [27].
Furthermore, it has been reported that Gd-IgAs can play a protective role in preventing
IgA deposition [28].

7. Environmental Factors

Environmental factors play a potential role in the pathogenesis of IgAN from IgA pro-
duction to its deposition at the mesangial level. Specific pathogens such as streptococcus or
staphylococcus could be implicated in IgAN pathophysiology. Mesangial deposition of IgA
binding streptococcal M protein has been detected in patients with IgA nephropathy [29].
Macroscopic hematuria episodes are often concomitant with infectious events of the upper
aero-digestive tract in patients with IgAN [4,15]. Moreover, the role of the microbiota
has recently been highlighted. Variations in the commensal microbiota composition were
also found in IgAN patients and microbiota diversity was reduced in patients with IgAN
compared to healthy subjects. The amount of bacteria present in stools such as Bactéroïdes
and Escherichia-Shigella is higher in patients with IgAN compared to healthy subjects un-
like other bacteria such as Bifidobacterium and Prevotella 7 that are present in much lower
levels [30].

Experimental studies have confirmed the implication of environmental factors. No-
tably, in the α1KI mouse model expressing the heavy chain of human IgA1 (hIgA1) instead
of the mouse IgM, environmental antigenic challenges accelerated IgA mesangial deposi-
tion. Mice transfer from pathogen-free zone to a conventional immune stimulation zone
yielded an increase in IgA polymerization levels as well as changes in the IgA glycosylation
profile [31,32]. More recently, the crucial role of gut microbiota was supported by the
observation that antibiotic treatment targeting the intestinal microbiota in α1KI-CD89 Tg
mice decreased IgA production, proteinuria and IgA glomerular deposits [33]. Another
study also showed that gluten could aggravate IgAN lesions in α1KI- CD89 Tg mice [34].

8. What Do We Learn from Experimental Models?

8.1. DNP and ddY Models

The first described IgAN experimental model was published in 1979 (Figure 2). Rifai’s
work showed that DNP-BSA-IgA immune complexes (IC) formed either in vitro or in vivo
were able to deposit on the mesangium of injected mice. These IC only formed with poly-
meric but not monomeric IgA and induced functional abnormalities such as proteinuria,
hematuria, and glomerulonephritis in mice [35]. Successively, other mouse models were
developed using various antigen-containing IC. These studies showed that the nature of
the antigen, exposure time, and quality of the immune response determined the clinical
translation of IgA deposits underscoring the role of polymeric IgA [36–40].

A few years later, in 1985, the spontaneous ddY mouse model was described. ddY
animals were characterized by glomerulonephritis associated with spontaneous mesan-
gial IgA deposition co-localized with IgM, IgG, and C3 deposits. This model was also
characterized by the extreme variability of disease onset and severity. Based on histologic
grading in serial biopsies, ddY mice were classified in early onset, late-onset, and quiescent
groups [41]. In 1997, a new mouse strain was obtained by interbreeding ddY animals with
the highest serum IgA levels to assess a possible correlation between serum IgA levels and
IgAN development. Although IgA production was enhanced, HIGA (High IgA ddY) mice
revealed that the severity of glomerular injuries was not associated with circulating IgA
levels [42]. A model of early onset IgA nephropathy called “Grouped ddY” was recently
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developed through selective interbreeding of mice with the early onset phenotype for more
than 20 generations. Grouped ddY animals developed IgAN within 8 weeks of age with
mesangial co-deposition of IgA, IgG, and C3, severe proteinuria, mesangio-proliferation,
and expansion of the extracellular matrix [43]. As ddY mice had IgA molecules lacking
O-glycosylation, a typical characteristic of human IgA1, aberrant mouse IgA glycosylation
due to a deficiency in β1-4 galactosylation of N-glycans could have been involved in IgAN
development in these mice [44]. Finally, TLR9 activation in IgAN-prone ddY mice by CpG
oligodeoxynucleotides (ODNs) enhanced the overproduction of aberrantly glycosylated
IgA and IgG-IgA IC, leading to immune-complex deposition and enhanced kidney injury;
hematuria was not reported. This model emphasized the role of APRIL and IL-6 in produc-
ing aberrantly glycosylated IgA [45]. In conclusion, this ddY model has shown that genetic
factors are predominant, IgA levels are not mandatory, APRIL and IL-6 can be implicated,
and an N-glycosylation defect can be involved in the development of immune complexes.

 

Figure 2. IgA nephropathy murine models developed since IgAN description in 1968 to 1999.

8.2. Uteroglobin Tg Model

The presence of circulating fibronectin-containing IgA complexes and their deposi-
tion in the mesangium has been reported in patients with IgAN. In 1999, Zheng et al.
developed a uteroglobin-deficient mouse model. Uteroglobin, a protein known for its
anti-inflammatory and immunomodulatory properties, has a strong affinity for fibronectin.
In wild type mice, uteroglobin normally binds to the fibronectin heterodimer preventing
its polymerization and thus the formation of IgA-fibronectin complexes. Uteroglobin-
invalidated animals developed a kidney disease with microscopic hematuria associated
with IgA and C3 deposits in the mesangium but neither proteinuria nor alteration of kidney
function were mentioned. Circulating IgA-fibronectin complexes were also detected in
uteroglobin-deficient mice. Interestingly, uteroglobin injection prevented the formation
and deposition of these complexes. This study defined an essential role for uteroglobin
in preventing mouse IgA nephropathy [46]. This model showed us that IgA can bind to
non-antigenic proteins, for reasons possibly inherent to the IgA structure.

8.3. CD89 Tg Models

The presence of circulating soluble Fcα receptor (CD89)-IgA complexes was detected in
patients with IgAN. Based on this observation, researchers have focused on the implication
of IgA receptors in IgAN development. In 1999, Renato Monteiro’s team developed a
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transgenic mouse model expressing human CD89 (no CD89 homologue exist in rodents) on
macrophages and monocytes. CD89 expression was under the control of the CD11b gene
promoter. Interestingly, CD89 transgenic mice having circulating CD89-IgA complexes
spontaneously developed massive mesangial IgA deposition, mesangial matrix expansion,
hematuria, and proteinuria [47]. In 2012, Monteiro’s team crossed the α1KI model with
mice expressing human CD89 on monocytes and macrophages. This double α1KI-CD89
transgenic model showed functional renal alterations with proteinuria and hematuria [48].
The role of CD89 remained controversial; a second CD89 transgenic model was generated in
2016 by knocking-in the human CD89-encoding gene under the control of the mouse CD14
gene promoter. This transgenic mouse did not show any IgA deposition or glomerular
infiltration, nor have any deposits of IgA-CD89 complexes due to increased liver clearance
through Kupffer cells [49]. Another mouse model expressing human CD89 under the
dependence of its own promoter and regulators was also developed [50]. In our laboratory,
we used this CD89 model mimicking the receptor expression seen in humans with CD89
expression restricted to the myeloid lineage. We obtained double-mutant hα1+/+CD89+/+

mice by breeding this model to hIgA1-producing mice. Mouse follow-up did not show any
exacerbation of glomerular lesions despite the presence of circulating IgA-CD89 immune
complexes [51]. Marked discrepancies observed between these three CD89 models could
be explained by a difference in their genetic constructions, promotor dependence, and
expression patterns. In one case, CD89 expression was restricted to monocytes. In the
second case, CD89 was expressed under the control of an authentic murine CD14 promotor
on blood and tissue monocytes/macrophages, and in the third, it was mainly expressed
by neutrophils, which is closer to human physiology. The CD89 role in IgAN is thus
still debated.

8.4. Bcl-2 Tg Model

The human Bcl-2 transgenic mouse (NZW x C57BL/6) F1-hbcl-2 model was described
in 2004 (Figure 3). Bcl-2 plays an important role in promoting cellular survival and inhibit-
ing the action of pro-apoptotic proteins. Animals overexpressing this oncogene in B cells
spontaneously develop a CD4-dependent autoimmune lupus-like syndrome characterized
by IgG and IgA hyperglobulinemia in addition to glomerulonephritis that resembles human
IgAN. In this model, aberrant glycosylation profiles with reduced levels of IgA galactosyla-
tion and sialylation considerably increased IgA glomerular deposition. Surprisingly, few
IgG deposits were observed, which suggests that serum IgA exhibits intrinsic abnormali-
ties that facilitated preferential mesangial deposition; IgA were hypogalactosylated and
hyposialylated [52].

8.5. LIGHT Tg Model

In parallel, Wang and his collaborators tested the role of T-cell dysregulation in IgAN
development by focusing on LIGHT secreted by T cells. LIGHT is the ligand of the
lymphotoxin β receptor (LTβR) expressed by stromal cells whose interaction creates a
local environment activating IgA-producing B cells in the intestine. LIGHT transgenic
mice developed T-cell-mediated intestinal inflammation with dysregulated polymeric IgA
production, transportation, and clearance. Mice produced elevated levels of polymeric
IgA, anti-DNA IgG and IgA antibodies, in addition to IgA and C3 mesangial deposition
accompanied by proteinuria and hematuria. Importantly, this model highlighted a direct
contribution of T-cell-mediated mucosal immunity to IgAN pathogenesis [53].
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Figure 3. IgAN mouse models developed between 2004 and 2020.

8.6. BAFF and CD37 Tg Models

In 2006, another mouse model overexpressing the B-cell-activating factor (BAFF) was
developed. BAFF ensures the survival of B-lymphocytes by promoting their differentiation
into mature B cells and Ig class switching. Overexpression of BAFF in mice resulted in
increased circulating IgA levels and mesangial deposition with glomerulonephritis. These
glomerular lesions might have been most likely due to an autoimmune disorder in these
mice [54]. Furthermore, this observation was most probably due to a breakdown in the bar-
rier between mucosal and peripheral compartments [55]. Recently, it has been shown that
the expression of CD37, a leukocytespecific tetraspanine, by B-lymphocytes, is significantly
decreased in patients with IgAN compared to healthy subjects [56]. Tetraspanine decreases
T-cell proliferation and inhibits the IgA response. In parallel, a new mouse model deficient
for CD37 expression spontaneously developed IgA mesangial deposition associated with
IgG and IgM deposits as well as glomerulonephritis. In contrast, CD37 × IL-6 double
knockout mice showed no glomerular IgA deposition nor glomerulonephritis evoking an
important role for IL-6 response in IgAN development [57]. IL-6 is not only involved in
T-cell differentiation, but also promotes T-cell proliferation and activates the Th2 cytokine
production. Moreover, it triggers the differentiation of Th17 cells and dampens the gen-
eration of Treg [58]. Finally, IL-6 promotes the activity of T follicular helper cells, which
are strong inducers of B-cell activation [59]. Taken together, these models show that IgA
deposits can be associated with or can even stand as an autoimmune syndrome.

8.7. β4GalT-I KO Model

As mouse IgA lacks the hinge region, the study of aberrant glycosylation in IgAN
development seems to be complicated. In 2007, a mouse model deficient in β-1,4 galacto-
syltransferase (β4GalT)-I was developed. Knockout of the β4GalT-I coding gene implied
the complete absence of galactosylation and sialylation in murine IgA molecules. Cir-
culating IgA levels were significantly increased with the polymeric form predominating
and mesangial deposition associated with mesangial matrix expansion [44]. In parallel,
studies in our α1KI mouse model showed that IgA deposition is not necessarily associated
with glycosylation anomalies [32]. Human mesangial cells express many IgA receptors:
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FcαR, ASGPR, transferrin R (CD71), Fcα/μ R. Recent findings showed that tβ-1,4 galac-
tosyltransferase 1 is a novel IgA receptor expressed on human mesangial cells and that
its glomerular expression is highly increased in patients with IgA nephropathy. This
receptor was shown to have an important role in both mesangial IgA clearance and the
initial response to IgA deposits [60]. These studies showed that the receptors cleaning the
mesangium can be saturated if the IgA deposition rate is high. This hypothesis has recently
been mentioned [61].

8.8. FDC-SP KO Model

Another mouse model developed in 2014 suggested that the dysregulation of IgA
production at the germinal center (GC) level led to the formation of IgA molecules prompt
to deposition. Animals lacking the follicular dendritic cell secreted protein (FDC-SP)
expression, a suppressive protein for IgA production secreted by FDCs, showed an increase
in IgA levels in both intestinal wash and serum. This resulted from the accumulation of
IgA B cells in the blood, bone marrow, Peyer’s patches, and lymph nodes. IgA deposits
with proteinuria were identified in 6-month-deficient mice [62]. This study showed that
the regulation of IgA synthesis at the GC level could be involved in IgAN onset and
progression. Abnormalities in IgA production at this level could increase their glomerular
deposition ability.

8.9. hα1+/+AID−/− Model

More recently, the hypothesis of altered affinity maturation on IgA mesangial depo-
sition was raised. The α1KI mouse model expressing the heavy chain of human IgA1
(hIgA1) in an AID-deficient background was set up [51]. In this model, it was shown
that polyclonal human IgA1 are spontaneously prone to deposit on the mesangium. IgA
deposition rate was affected by environmental conditions and antigen stimulation. Strict
germ-free conditions delayed but did not completely prevent deposition; mice housed in
these conditions had low serum IgA levels and essentially produced monomeric IgA. By
contrast, mice housed in specific pathogen-free conditions had less IgA deposition than the
conventional environment. However, their circulating IgA showed more galactosylation
and much lower polymerization [31]. This model approached the asymptomatology of
IgA deposition in 2–16% of individuals having silent IgA deposits. Using a transgenic
human IgA-1 producing model lacking the DNA-editing enzyme activation induced cy-
tidine deaminase (AID), responsible for IgA affinity maturation, we showed that IgA
deposition and complement activation significantly increased and led to IgAN pathogen-
esis, although without significant proteinuria and hematuria. In the absence of normal
antigen-driven maturation, low affinity innate-like IgA was more readily involved in IgA
glomerular deposition [51]. This model thereby confirmed that IgA deposition neither
depends on their polymerization degree nor on their glycosylation profile, but rather on
their physical-chemical properties and their variable domain structure.

9. Conclusions

Given the wide heterogeneity of IgAN clinical features added to the multifactorial
aspect of the pathology, the development of experimental models constitutes a huge
challenge for researchers. Since 1979, several animal models have been developed for
a better understanding of IgAN pathogenesis. Although multiple models were able to
reproduce some of the IgAN characteristics, they could not cover the full spectrum of
pathological manifestations observed in patients. It is evident that animal models can
constitute useful tools, taking into consideration marked differences between human and
mouse systems especially in IgA biosynthesis, dominant circulating forms, molecules half-
life and clearance mechanisms [18]. Most importantly, murine IgA resembles human IgA2
lacking the hinge region and O-glycans which limit the utility of glycosylation aberrancy
studies in mouse models. Despite these structural and immunological differences between
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humans and mice, experimental models developed so far have elucidated some enigmas
about IgAN onset and progression.

The heterogeneity of human disease and animal models likely reflects the varying
influence of genetic and environmental factors on a multitude of complex pathogenic
mechanisms modulating the disease phenotype in different individuals and populations.
Another explanation is that IgAN may not be a “single disease” but rather a group of
distinct diseases showing a common path of mesangial IgA deposition.
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Abstract: Immunoglobulin A nephropathy (IgAN) is a rare autoimmune disorder and the leading
cause of biopsy-reported glomerulonephritis (GN) worldwide. Disease progression is driven by the
formation and deposition of immune complexes composed of galactose-deficient IgA1 (Gd-IgA1) and
Gd-IgA1 autoantibodies (anti-Gd-IgA1 antibodies) in the glomeruli, where they trigger complement-
mediated inflammation that can result in loss of kidney function and end-stage kidney disease (ESKD).
With the risk of progression and limited treatment options, there is an unmet need for therapies
that address the formation of pathogenic Gd-IgA1 antibody and anti-Gd-IgA1 antibody-containing
immune complexes. New therapeutic approaches target immunological aspects of IgAN, including
complement-mediated inflammation and pathogenic antibody production by inhibiting activation
or promoting depletion of B cells and CD38-positive plasma cells. This article will review therapies,
both approved and in development, that support the depletion of Gd-IgA1-producing cells in IgAN
and have the potential to modify the course of this disease. Ultimately, we propose here a novel
therapeutic approach by depleting CD38-positive plasma cells, as the source of the autoimmunity,
to treat patients with IgAN.

Keywords: IgA nephropathy; galactose-deficient IgA1; plasma cells; CD38; renal pathology

1. Introduction

Immunoglobulin A nephropathy (IgAN), a rare autoimmune disorder, is the leading
cause of biopsy-reported glomerulonephritis (GN) worldwide [1,2]. The global incidence
of IgAN is 2.5 per 100,000, and approximately 40% of patients progress to end-stage kidney
disease (ESKD) within 20 years of diagnosis [3,4]. Upon the onset of ESKD, lifelong dialysis
or kidney transplantation is required and substantially increases disease burden [2]. Dialy-
sis can decrease both physical and mental quality of life due to fatigue and decreased ability
to work, which correspond with expected social consequences and increased economic
burden [5–7]. Survival rates after starting dialysis for IgAN patients are favorable (93% and
65% at 10 and 20 years, respectively) compared with those with other glomerulonephritis
(64% and 32% at 10 and 20 years, respectively). This survival advantage is mostly related
to the younger age of IgAN patients on dialysis; however, dialysis can increase the risk
of infection and cardiovascular complications [2,8,9]. Progression to ESKD also increases
mortality risk and can result in a six-year reduction in median life expectancy [10]. Trans-
plantation occurs more frequently in people with IgAN compared with other ESKDs as
patients are typically younger and have fewer comorbidities [11]. Transplantation can de-
crease mortality and improve quality of life, but is also associated with iatrogenic infection,
disease recurrence, and risk of transplant failure [2,12,13].
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Data suggest that genetic and environmental factors play a role in the pathogenesis of
IgAN by triggering production of galactose-deficient IgA1 (Gd-IgA1) and, subsequently,
Gd-IgA1 autoantibodies (anti-Gd-IgA1 antibodies) [1,14]. Both Gd-IgA1 and anti-Gd-IgA1
antibody production are believed to be driven by CD38+ plasma cells, a cell type that con-
tributes to autoimmune disorders by producing high quantities of autoantibodies [15–17].
Together, Gd-IgA1 and anti-Gd-IgA1 antibodies form immune complexes that accumulate
in the glomerular mesangium and induce activation of the complement system leading
to chronic inflammation, mesangial proliferation, glomerulosclerosis, and loss of renal
function (Figure 1) [1,18–20]. Levels of Gd-IgA1, anti-Gd-IgA1 antibodies, and the resulting
immune complexes are biomarkers for disease severity and progression in patients with
IgAN. Estimated glomerular filtration rate (eGFR) decline and poor renal survival are
associated with higher Gd-IgA1 and anti-GdIgA1 antibody levels [17,21].

Figure 1. Immunopathogenesis of IgAN and potential therapeutic targets. Early CD20+ B cells
produce small amounts of antibodies (Gd-IgA1), whereas CD38+ plasma cells can produce both these
antibodies and high quantities of autoantibodies (anti-Gd-IgA1). The antibodies and autoantibodies
form Gd-IgA1 and anti-Gd-IgA1 antibody immune complexes that can deposit and accumulate in
mesangial cells. The deposition of immune complexes activates the alternative and lectin pathways of
the complement system leading to chronic inflammation, which contributes to podocyte damage and,
ultimately, loss of renal function that manifests in patients as hypertension, hematuria, proteinuria
and reduction in glomerular filtration rate. The targets of novel therapies aim to inhibit pathogenesis
by affecting the immune system at various stages of pathogenesis. Atacicept and telitacicept are
recombinant fusion proteins able to bind cytokines BAFF and APRIL and interfere with B cell and
plasma cell survival. BION-1301 and sibeprenlimab are monoclonal antibodies targeting the cytokine
APRIL, which may reduce levels of Gd-IgA1 and IgG autoantibodies. Velcade® is a proteasome
inhibitor that targets and depletes plasma cells. Felzartamab, an anti-CD38 antibody, is designed to
target the highly expressed CD38 cell surface antigen on plasma cells. Tarpeyo™, a targeted-release
glucocorticoid that aims at the highest concentration of Peyer’s patches in the distal ileum to reduce
production of Gd-IgA1. Iptacopan, a small molecule factor B inhibitor of the alternative complement
pathway, acts to reduce damage caused by accumulation of immune complexes in the mesangial cells.
Narsoplimab, a MASP-2 monoclonal antibody, acts as an inhibitor of the lectin complement pathway.
Abs, antibodies; APRIL, a proliferation inducing ligand; BAFF, B cell activating factor; CD, cluster of
differentiation; GD-IgA1, galactose-deficient immunoglobulin A1; GFR, glomerular filtration rate;
MASP, mannan-binding lectin serine protease.

A differential diagnosis for IgAN is important as other conditions can present simi-
larly but pathological mechanisms of disease and care management differ. IgA-dominant
infection-associated glomerulonephritis can be challenging to distinguish from primary
IgAN but imperative as immunosuppressive therapy; a standard for the latter would be
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contraindicated for the former. In addition, IgA vasculitis with nephritis (IgAV), previously
called Henoch-Schönlein Purpura, has historically been thought of as a systemic disease
on the same spectrum as IgAN. Although the two entities share some mutual steps in the
pathogenesis, the signature presence of skin rash, extra-renal symptoms, and earlier age
at onset indicate IgAV may require different treatment approaches and hence has been
excluded from all ongoing clinical trials.

Historically, treatment of IgAN has been focused on supportive treatments that correct
hypertension and proteinuria and may slow down the loss of eGFR in some patients,
but most patients presenting with higher residual proteinuria still progress to ESKD. Select-
ing supportive care is often contingent upon balancing risks and benefits for each patient
with the goal of preventing ESKD [22–24]. Renin-angiotensin system (RAS) inhibitors are
often utilized to manage hypertension and slow down decreases in eGFR. There are limited
risks with use of RAS inhibitors but their efficacy to prevent ESKD in high-risk patient is also
limited [24,25]. An investigational dual inhibitor of the angiotensin II type 1 (AT1) and en-
dothelin type A (ET-A) receptors, sparsentan (Travere Therapeutics, San Diego, CA, USA),
may provide improved protection and reduce proteinuria levels to a greater extent than
current supportive care regimens [24,26,27]. Sodium-glucose cotransporter-2 (SGLT2) in-
hibitor, dapagliflozin (Farxiga, AstraZeneca, Cambridge, UK) has also shown promise as
a supportive treatment to decrease proteinuria and ameliorate the progression of chronic
kidney disease [28,29]. Systemic corticosteroids are used to treat intermediate and high-risk
patients with IgAN; however, some studies showed their limited efficacy and potentially
severe toxicity [30,31].

With the risk of progression and limited treatment options, there is an unmet need for
therapies that address the key mechanism of disease, which is the formation of pathogenic
Gd-IgA1 containing immune complexes. In 2020, a comprehensive review was published
that described therapeutic candidates that target immune components thought to contribute
to disease progression [24]. Since that time, the U.S. Food and Drug Administration (FDA)
granted accelerated approval for TARPEYO™ (targeted-release budesonide formulation,
Calliditas Therapeutics, Stockholm, Sweden), as the first disease-specific treatment for IgAN
and strengthened an ongoing discussion around targeting the primary cause of the disease,
Gd-IgA1-producing cells, which are upstream of immune complex formation [32,33].

This article will review therapies, both approved and in development, that support
the depletion of Gd-IgA1 and anti-Gd-IgA1 antibody-producing cells in IgAN and have
the potential to modify the course of this disease (Table 1).

Table 1. Therapies in Clinical Development for Treatment of IgAN.

Agent Target Modality Mechanism of Action

Atacicept BAFF and APRIL Fusion protein/antibody Inhibits maturation and
activation of B cells

BION-1301 APRIL Monoclonal antibody Inhibits maturation and
activation of B cells

Felzartamab (MOR202/TJ202) CD38 Monoclonal antibody Depletes CD38+ plasma cells

Iptacopan Factor B small molecule Inhibits complement
alternative pathway activation

Narsoplimab MASP-2 Monoclonal antibody Inhibits complement lectin
pathway activation

Sibeprenlimab APRIL Monoclonal antibody Inhibits maturation and
activation of B cells

Tarpeyo (targeted-release
budesonide)

Glucocorticoid receptors Corticosteroid Depletes B cells and plasma
cells in the small intestine

Telitacicept BAFF and APRIL Fusion protein/antibody Inhibits maturation and
activation of B cells

Velcade (bortezomib) Proteasome Peptide Inhibits proteasome activity in
plasma cells
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B cells and plasma cells both play a role in immunologic memory and play a role in
autoimmune disease but regulation, location, and cell surface expression differs between
these two cell types [34,35]. Plasma cells, in particular long-lived plasma cells, are capable
of secreting antibodies for several years or even a lifetime. Due to their longevity, long-lived
plasma cells play a crucial role in protective immunity and autoimmunity [16,34]. Plasma
cells are known to be major producers of antibodies due to their expanded endoplasmic
reticulum, and may represent a primary source of Gd-IgA1 and anti-Gd-IgA1 antibod-
ies, which underlie initiation and progression of IgAN [1,16]. An increasing number of
studies have revealed that Gd-IgA1 could be derived from primed plasma cells in the
mucosa [36–39]. The role of plasma cells in IgAN is supported by data that show patients
have significantly higher percentages of CD38+ cells than healthy controls [40]. Upregu-
lation of Toll-like receptor 9 (TLR9), higher serum levels of B cell activating factor (BAFF)
and increased expression of a proliferation-inducing ligand (APRIL) have been linked to
proliferation, activation, and long-term maintenance of antibody and autoantibody produc-
ing plasma cells in IgAN [41,42]. Unlike B cells, plasma cells are characterized by a high
cell surface expression of CD38 and a loss of CD20 [16,34]. This is likely why anti-CD20
antibody therapeutics, such as rituximab, are able to deplete B cells but fail to eliminate
plasma cells or reduce serum levels of Gd-IgA1 or anti-Gd-IgA1 antibodies [24,34,35,43,44].
A randomized controlled trial evaluating rituximab in IgAN showed no clinical benefit
compared with standard therapy [44].

We propose here to explore data from approved therapies and compounds in develop-
ment, as well as preliminary data on anti-CD38 antibody therapy, felzartamab, that support
specific targeting of plasma cells.

2. New Strategies for the Management of IgAN

The immune system plays a multifaceted role in initiating and promoting the loss of
kidney function seen in patients with IgAN [1,16,17,20]. Growing clinical data support
approaches that deplete Gd-IgA1-producing cells or reduce immune complex-mediated
inflammation, which hold greater promise than broad-acting immunosuppressive treat-
ments (ISTs) that have historically demonstrated a lack of efficacy or were associated with
significant toxicity.

3. Inhibition of Immune Complex-Activated Complement Activity

There is pathologic biochemical and genetic data supporting the pivotal role of the
complement system in the pathogenesis and progression of IgAN that is now well estab-
lished [20]. Accumulating evidence suggests that activation of both the alternative and
lectin pathways, leads to glomerular inflammation and injury in IgAN [20,43,45–47]. Here,
we review several complement inhibitors that are in advanced stages of clinical development.

Iptacopan (LNP023, Novartis, Basel, Switzerland) is an investigational, oral small
molecule complement factor B inhibitor of the alternative pathway that is being evaluated in
adults with IgAN [48,49]. Results from a Phase 2 clinical trial (NCT03373461) demonstrated
a potential for effective and clinically meaningful reduction in proteinuria. The trial
randomized 112 patients with IgAN into three dosing arms of iptacopan and a placebo
arm. Results showed the highest dose of iptacopan (200 mg, twice daily) can reduce urine
protein: creatinine ratio (UPCR) by 40% from baseline to 6 months, compared with placebo.
Based on these encouraging data, the Phase 3 APPLAUSE-IgAN trial has been launched
and is currently ongoing (NCT04578834) [48,50].

Similarly, narsoplimab (OMS721, Omeros, Seattle, WA, USA), an investigational hu-
manized monoclonal antibody selectively targeting mannan-binding lectin-associated
serine protease-2 (MASP-2), is a novel pro-inflammatory protein target and the effector
enzyme of the lectin pathway that is being evaluated in patients with IgAN [20,51,52].
Three-year follow-up data from a Phase 2 clinical trial (NCT02682407) in 12 high-risk
patients with advanced IgA nephropathy showed a median reduction in proteinuria of
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64.4% and long-term improvement or sustained stabilization in eGFR when treated with
narsoplimab [51,53]. A Phase 3 trial is currently ongoing (NCT03608033) [20].

Iptacopan and narsoplimab target the alternative and lectin pathways, respectively,
leaving the classical complement pathway intact and able to respond to pathogens [54,55].

While complement inhibition has the potential to reduce proteinuria and slowing
down eGFR loss, continued production and deposition of immune complexes in the
glomeruli may require long-term treatment with complement inhibitors to prevent the
progression of kidney disease.

4. Depletion of Gd-IgA1-Producing Immune Cells

New treatment strategies aim to reduce immune complex formation and subsequent
inflammation by targeting sources of Gd-IgA1 and its anti-Gd-IgA1 antibody production.

4.1. Targeting Cytokines Responsible for B Cell and Plasma Cell Activation and Survival

Under normal conditions, B cells and plasma cells play an important role in pro-
ducing antibodies that help defend against a multitude of infections. In autoimmune
disorders, these same cells can exacerbate or contribute to the disease by producing au-
toantibodies [15,56]. BAFF and APRIL, cytokines from the tumor necrosis factor family,
are known to mediate B cell and plasma cell function and survival [57]. BAFF and APRIL
can activate the NF-kB pathway by binding to several cell surface receptors, including
transmembrane activator and calcium-modulator and cyclophilin ligand interactor (TACI),
which promotes plasma cell survival and can stimulate IgG antibody production [57,58].
Belimumab (Benlysta, GSK, Brentford, UK), a monoclonal antibody targeting soluble BAFF,
is designed to inhibit activation of B cells and plasma cells thought to drive production
of pathogenic antibodies in several autoimmune disorders [59]. Belimumab has been ap-
proved for systemic lupus erythematosus (SLE) and/or lupus nephritis, and is currently
being investigated in addition to rituximab in a Phase 2 trial (NCT03949855) for primary
membranous nephropathy (MN), an autoimmune kidney disease with up to 20% chance of
progression to ESKD [60,61].

Increased APRIL expression has been observed in patients with IgAN and is correlated
with increased expression of Gd-IgA1 antibodies [58]. Targeting APRIL has the potential
to limit antibody production in autoimmune-associated plasma cells. This concept is
supported by results from the first cohort of a Phase 1/2 study (NCT03945318) evaluating
BION-1301 (Chinook Therapeutics, Seattle, WA, USA), an anti-APRIL monoclonal antibody,
in up to 40 patients with IgAN showing sustained reduction in levels of Gd-IgA1 antibodies
and proteinuria [62]. Similarly, dual targeting of both BAFF and APRIL with atacicept (Vera
Therapeutics, Brisbane, CA, USA), a soluble TACI-Ig fusion protein, showed reduction in
Gd-IgA1 antibody levels and proteinuria when evaluated in a Phase 2 study (NCT02808429)
in 16 patients with IgAN [63]. Atacicept is being evaluated for IgAN in a Phase 2b trial
(ORIGIN; NCT04716231) [64]. In addition, a Phase 2 trial with telitacicept (RemeGen,
Yantai, China), a soluble TACI-Ig fusion protein, in 44 patients with IgAN also showed the
proteinuria reduction (NCT04905212) [65,66]. Anti-APRIL antibody, sibeprenlimab (VIS649,
Visterra/Otsuka, Cambridge, MA, USA/Tokyo, Japan), is being studied for safety and
efficacy in a Phase 2 clinical trial (NCT04287985) [67,68].

These data support BAFF and APRIL inhibition as a potential treatment for IgAN; how-
ever, further studies are required to understand the broader impacts on immunogenicity
when altering function of both B cells and plasma cells.

4.2. Tarpeyo, a Targeted Approach for Immune Cell Depletion in the Small Intestine

Gut-associated lymphoid tissue (GALT), including Peyer’s Patches, which are thought
to contain a high concentration of conventional surface IgA1-expressing primed mucosal B
cells and plasma cells, may be responsible for the production of Gd-IgA1 in IgAN [69,70].
Although other studies suggest the nasopharynx-associated lymphoid tissue (NALT) or
palatine tonsils may also play an important role in Gd-IgA1 production in patients with
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IgAN [71,72]. Undoubtedly, reducing Gd-IgA1 levels is a promising approach for disease
modification [36]. Targeted corticosteroids, such as targeted-release budesonide (Tarpeyo),
have been shown to provide effective modulation and reduction in the immune cells
within the gut, including long-lived plasma cells and memory B cells [32,69,73]. Tarpeyo
is designed to deliver a delayed release formulation of budesonide to the distal ileum,
where it locally suppresses immune cell activity, including Gd-IgA1-producing cells and
reduce circulating immune complexes that cause downstream inflammation and kidney
impairment [69,74,75].

In a Phase 2b study including 150 patients with IgAN and persistent proteinuria
despite optimized RAS blockade (NEFIGAN; NCT01738035), Tarpeyo significantly re-
duced proteinuria levels and stabilized kidney function [76]. Subsequent results from
the treatment period of a Phase 3 study (NefIgArd; NCT03643965) evaluating Tarpeyo in
360 patients with IgAN and persistent proteinuria despite optimized RAS blockade showed
treatment with Tarpeyo reduced proteinuria by 27% and stabilized eGFR at 9 months com-
pared with placebo, which led to its conditional accelerated approval by the FDA [77,78].

These data suggest that reducing activity of Gd-IgA1-producing immune cells, which
would also reduce levels of anti-Gd-IgA1 antibodies and subsequent immune complex
formation and deposition, could improve patient outcomes. However, further evidence is
needed to confirm that Tarpeyo reduces Gd-IgA1-producing immune cells in Peyer’s Patches.

4.3. Velcade, Plasma Cell Depletion via Proteasome Inhibition

Additional support for depletion of plasma cells has been observed with VELCADE®

(bortezomib, Millennium/Takeda, Cambridge, MA, USA), a proteasome inhibitor that
depletes plasma cells and is approved for treatment of MM, has also shown promise
in an open-label pilot trial (NCT01103778) which enrolled 8 people with IgAN. Results
showed three participants achieved complete remission (proteinuria of <300 mg/day) after
treatment for 1 year, suggesting targeting plasma cells through proteasome inhibition could
reduce proteinuria in patients with IgAN [79]. However, larger trials are needed to better
assess safety and efficacy in patients with IgAN.

4.4. Felzartamab, Targeted CD38+ Plasma Cell Depletion

The clinical data supporting targeting of Gd-IgA1-producing immune cells in the gut
showed improved outcomes for patients but not complete resolution of the disease [77].
Targeting multiple locations and types of autoantibody-producing plasma cells and thereby
potentially reducing Gd-IgA1 as well as anti-Gd-IgA1 antibody levels at the same time may
contribute to a more robust improvement in patient outcomes.

Felzartamab (MOR202/TJ202, MorphoSys, Planegg, Germany), a fully human im-
munoglobulin G1 (IgG1) monoclonal antibody designed to target the highly expressed
CD38 cell surface antigen on plasma cells, is being evaluated as a potential first-in-class im-
munotherapy in a Phase 2a clinical trial for patients with IgAN (IGNAZ; NCT05065970) [80].
Binding of felzartamab to CD38+/CD20− plasma cells is thought to induce cell killing
through two complementary mechanisms of action (MoA) including antibody-dependent
cell-mediated cytotoxicity (ADCC) via natural killer cells and antibody-dependent cell-
mediated phagocytosis (ADCP) via macrophages (Figure 2) [16,81–83]. Complement-
dependent cytotoxicity (CDC) is described to play a role in infusion-related reactions
(IRRs), but based on in vitro testing, felzartamab does not trigger CDC or anti-drug anti-
bodies [82,84].

Preliminary results from a Phase 1b/2a, proof-of-concept trial (M-PLACE, NCT04145440)
of felzartamab in 31 patients with anti-phospholipase A2 receptor (PLA2R) antibody-
positive MN showed a 46.1% reduction in pathogenic anti-PLA2R autoantibody levels
after 1 week in 89% (24/27) of patients with evaluable results. The reduction was sus-
tained, and most patients showed a further increase in reduction over time (12-week
treatment). These results support successful and sustained depletion of CD38+ plasma
cells with felzartamab [85]. Although further trials are required to collect safety data and
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address any concerns about therapies that modulate the immune system, the safety pro-
file of felzartamab in the M-PLACE trial was found to be consistent with the proposed
MoA, and treatment-emergent adverse events were manageable in patients with MN [85].
Treatment-emergent adverse events (TEAEs) occurred in 26/31 patients and were mostly
mild or moderate in severity and the majority resolved. A total of 5 patients experienced
treatment-emergent serious adverse events, 2 of which were related to felzartamab (type-I
hypersensitivity and grade 3 IRR), and no events resulted in death [86].

Figure 2. Proposed mechanism of action of felzartamab (MOR202/TJ202) for depleting antibody and
auto-antibody-producing CD38+ plasma cells. ADCC, antibody-dependent cell-mediated cytotoxicity;
ADCP, antibody-dependent cell mediated phagocytosis; CD, cluster of differentiation; FcγR, Fc-
gamma receptor; NK, natural killer.

Anti-CD38 activity has also been established for felzartamab in multiple myeloma
(MM) clinical trials. In a Phase 1/2a clinical trial (NCT01421186) evaluating felzartamab
in 91 adults with relapsed/refractory (r/r) MM, felzartamab reduced M-protein levels,
supporting systemic depletion of CD38+ plasma cells [82,87]. Limited downregulation
of CD38 on MM cells was also observed in patients treated with felzartamab, indicating
potential for sustained efficacy [88].

Taken together, the preliminary efficacy and safety data on felzartamab in MN and
the proof-of-concept results in r/r MM provide further support for clinical development of
anti-CD38 antibody therapies in IgAN and highlight their potential application in other
plasma cell-driven autoimmune diseases.

As with any immunomodulatory therapies, there is an increased risk of infection due
to downregulation of the natural immune defenses. With therapeutics such as complement
inhibitors, there is a potential for disrupting the innate immune system, which is one of
the first immunologic responses to pathogenic bacteria [89]. The complement pathway,
however, does have redundancies within the three main pathways—classical, lectin and
alternative—that allow for therapeutic targeting of this pathway while mitigating risk of
infection [54,55]. When depleting B cells with general immunosuppression therapies, such
as systemic glucocorticoids, there is potential to disrupt the adaptive immune system, which
is responsible for clearing bacteria, viruses, fungi, and parasites [90]. Taking a more targeted
approach, as is the case with several of the therapies in development, could reduce the risk
of infection and potentially improve the risk/benefit profile in patients treated for IgAN.

5. Conclusions

IgAN is an autoimmune disease with a disease burden that greatly disrupts patients’
lives and increases their risk for chronic kidney disease and, ultimately, ESKD. Safe and
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effective disease-modifying agents that target the source of the disease are greatly needed
for this patient population. As the scientific community has learned more about the
immunopathology of this disease, new approaches are being investigated that may slow or
stop disease progression by targeting the underlying disease triggers.

Preliminary data evaluating complement inhibitors in IgAN, which act downstream
of plasma cells and immune complex formation, indicate their potential to improve kidney
function by reducing levels of chronic inflammation that contribute to disease progres-
sion. This approach, however, is aimed at preventing or ameliorating damage but cannot
suppress the ongoing production of pathogenic autoantibodies.

Targeting B cell and plasma cell activators BAFF and APRIL have emerged as a
promising approach for reducing Gd-IgA1 antibody and autoantibody production. Early
clinical studies evaluating both BION-1301, atacicept, and telitacicept have shown that
targeting APRIL and BAFF may reduce antibody levels and proteinuria.

An alternative approach is to target the tissues and cell types most associated with
production of disease-causing antibodies (Gd-IgA1). This approach was recently validated
through approval of targeted release budesonide (Tarpeyo). The clinical data on Tarpeyo
showed substantial benefit for patients with IgAN over current standard of care, indicating
the potential of a therapy that can interrupt immunopathogenesis by reducing mucosal
production of Gd-IgA1. Tarpeyo is designed to act locally on immune cells in the small
intestine, potentially missing other sources of Gd-IgA1-producing cells throughout the body,
including NALT and tonsils. As plasma cells are found in mucosa throughout the body,
specifically targeting all plasma cells may provide even more robust reduction in circulating
pathogenic antibodies and immune complexes by removing the main source of autoantigen
and/or autoantibody production in all lymphoid tissues [36–39]. Furthermore, targeting
CD38 selectively targets plasma cells and allows for continued immune protection by
CD38 negative B cells. The anti-CD38 antibody therapy, felzartamab, has shown successful
depletion of plasma cells in the autoimmune-driven nephropathy MN and hematologic
cancers, such as MM. An anti-CD38 approach may also have great potential for treatment
of patients with IgAN.

Altogether, these data support development of strategies that deplete plasma cells,
which aim to stop generation of Gd-IgA1 and anti-Gd-IgA1 antibodies and potentially
reduce immune complex deposition, inflammation, and tissue damage, thereby preserving
kidney function in patients with IgAN. However, modulating the immune system comes
with an increased risk of infection and more clinical data is needed to understand the
long-term effects of treatment with these novel immunotherapies.
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Abstract: IgA nephropathy remains the most common primary glomerular disease worldwide. It
affects children and adults of all ages, and is a leading cause of end-stage kidney disease, making
it a considerable public health issue in many countries. Despite being initially described over
50 years ago, there are still no disease specific treatments, with current management for most patients
being focused on lifestyle measures and renin-angiotensin-aldosterone system blockade. However,
significant advances in the understanding of its pathogenesis have been made particularly over the
past decade, leading to great interest in developing new therapeutic strategies, and a significant rise
in the number of interventional clinical trials being performed. In this review, we will summarise the
current state of management of IgAN, and then describe major areas of interest where new therapies
are at their most advanced stages of development, that include the gut mucosal immune system,
B cell signalling, the complement system and non-immune modulators. Finally, we describe clinical
trials that are taking place in each area and explore future directions for translational research.

Keywords: IgA; IgA nephropathy; clinical trials

1. Introduction

IgA nephropathy (IgAN) remains the most common primary glomerular disease in the
world. It often affects younger adults, and in approximately 30% of patients it progresses
to end-stage kidney disease (ESKD) within 20 years of diagnosis, placing a considerable
burden on individuals, carers and healthcare systems globally. To date there is no approved
disease-specific treatment available. The role of corticosteroids in the management of IgAN
is uncertain, and there has been no consistent evidence to support the use of other existing
immunosuppressive agents. Over the past few decades, significant advances have been
made in understanding the complex pathogenesis that underlies IgAN. This has driven
an explosion of interest in developing new therapeutic strategies for this condition, and
several global phase II and phase III clinical trials are currently underway. In this review,
we will focus on current treatment guidelines and new therapies for IgAN that range from
being in the initial stages of development to the late phases of clinical trials.

2. Current Treatment Strategies

Despite advances in the understanding of the underlying pathogenic mechanisms in
IgAN, there are currently no approved treatments that can specifically alter the production
of galactose-deficient IgA1 (Gd-IgA1) nor its corresponding autoantibody that are central
to the disease process, IgA1-immune complex formation, or their deposition within the
glomerular mesangium.
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Long-term registry data have shown that patients with IgAN who have preserved
kidney function, non-visible haematuria and minimal proteinuria <0.5 g/day are at low
risk of progressive kidney disease, and do not require disease-specific treatment [1]. How-
ever, these patients should be followed up at least annually, so that any worsening of
proteinuria, development of chronic kidney disease (CKD) or hypertension can be detected
and managed appropriately.

The primary focus of management for those who have proteinuria above this threshold
should be on optimized goal-directed supportive care. This includes renin-angiotensin-
aldosterone system (RAAS) blockade, with either an angiotensin-converting enzyme in-
hibitor (ACEi) or angiotensin II receptor blocker (ARB), but not both, to the maximum tol-
erated amount, and addressing overall cardiovascular risk, including strict blood pressure
control (to a recommended target of <130/80 mm Hg for those with proteinuria > 0.3 g/day
and <125/75 mm Hg when proteinuria is >1 g/day) [2], dietary sodium reduction, smoking
cessation if appropriate, weight control, and exercise. The Supportive versus immunosup-
pressive Therapy for the treatment of Progressive IgA Nephropathy (STOP-IgAN) trial
has provided robust evidence to support this approach [3]. All participants in this trial
underwent a 6-month run-in period, where an intensive program of supportive care was
provided utilizing the measures outlined above. A key finding was that around one-third
of participants, originally thought by their treating nephrologist to be suitable for treatment
of their disease with immunosuppression, were no longer eligible to continue in the trial
after this period, as proteinuria had fallen to below the set criteria to proceed.

A substantial proportion of patients will have persistent proteinuria of >1 g/day
despite these measures, and observational data have demonstrated that these patients
are at high risk of progressive kidney disease and ESKD. Reducing proteinuria to below
this threshold is also associated with improved renal outcomes [4]. Long-term follow-up
data from the STOP-IgAN trial have shown that IgAN still has a poor prognosis in those
with persistent proteinuria, even with optimized supportive care, with almost half of the
participants reaching the composite of death, ESKD, or decline in estimated glomerular
filtration rate (eGFR) of over 40% over a median time interval of 7.4 years [5]. In the next
sections, we will discuss potential additional treatments to supportive care.

3. Systemic Corticosteroid Treatment

Corticosteroids have long been used in the management of IgAN, due to their anti-
inflammatory and immunosuppressive effects, but their role is controversial. Many of the
clinical trials that have supported their use were conducted at a time when the concept of
optimized supportive care was not well established, meaning that trial participants were
not consistently treated to strict blood pressure targets and the use of RAAS inhibitors was
variable. In addition, data regarding adverse events were often not systematically collected.

In an early randomized controlled trial by Pozzi et al., treatment with corticosteroids
resulted in significantly reduced proteinuria and prevented progression to ESKD over
a 10-year follow-up period [6]. The treatment regimen included pulsed IV methylpred-
nisolone at induction, and at months 2 and 4, with alternate day oral prednisolone for
6 months. This would be expected to be associated with significant toxicity, yet only one
significant adverse event of steroid-induced diabetes mellitus was recorded. In keeping
with standard of care at the time, RAAS blockade use was low and the achieved blood
pressure was higher than current treatment targets. Subsequent studies by Manno et al.
and Lv et al. also reported a beneficial effect from a 6-month course of corticosteroids in
high-risk patients, defined by having proteinuria > 1 g/day [7,8]. However, temporary
discontinuation of RAAS blockade was mandated before re-introduction at baseline in
both trials, and it is possible that a number of included patients would have responded to
optimized RAAS blockade and supportive care alone.

Two recent RCTs have addressed these points, the STOP-IgAN and the Therapeutic
Evaluation of Steroids in IgA Nephropathy Global (TESTING) studies, by including a run-
in period where supportive care could be optimized. STOP-IgAN, conducted in Germany,
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compared intensive supportive care to immunosuppressive therapy (corticosteroids if esti-
mated glomerular filtration rate (eGFR) was ≥60 mL/min/1.73m2, or cyclophosphamide
followed by azathioprine with prednisolone if eGFR was between 30–59 mL/min/1.73m2)
in patients at high risk of progressive kidney disease [3]. Although a reduction in protein-
uria was observed in the immunosuppressed group compared to supportive care alone,
there was no difference in eGFR decline between the groups, and more episodes of infection
(with one fatal pneumonia) and other adverse events, including malignancy, impaired
glucose tolerance and weight gain, occurred in those receiving immunosuppression. In
a follow-up study, no significant difference in renal outcomes was observed between the
immunosuppressed and supportive care groups at a median of 7.4 years follow-up [5].
The TESTING trial, conducted mainly in centers in China, of oral methylprednisolone vs.
placebo in IgAN patients at high risk of progression was stopped early due to an excess
of serious adverse events in the methylprednisolone group, including one fatal case of
Pneumocystis jirovecii, although interestingly, there was a significant reduction in those
reaching the composite renal outcome (40% reduction in eGFR, ESKD, or death due to
renal failure) in this group [9]. Important differences between these two RCTs have been
discussed in detail previously [10].

Currently, the risk-benefit ratio for corticosteroids in the treatment of IgAN remains
uncertain, and significant questions remain regarding their optimum dose and duration,
and patient selection. The TESTING low-dose study will assess whether a lower dose of
methylprednisolone together with Pneumocystis jirovecii prophylaxis can be beneficial while
avoiding the rate of serious adverse events observed in the earlier trial, and this is due to
be reported in 2023 (ClinicalTrials.gov Identifier: NCT01560052). It should also be noted
that corticosteroids are typically pursued as part of treatment in the rare circumstances
where IgAN is associated with nephrotic syndrome, or with rapidly progressive glomeru-
lonephritis. Both scenarios have been excluded from clinical trials addressing the benefit of
steroids in the treatment of IgAN.

Forthcoming Kidney Disease: Improving Global Outcomes (KDIGO) guidelines em-
phasize that although patients with IgAN who have proteinuria >1 g/day despite 90 days
of optimized supportive care can be considered for corticosteroid therapy, their clinical
benefit is not established, and that it is much preferred that such patients be offered an
opportunity to take part in a therapeutic clinical trial.

4. Clinical Trial Design in IgAN

There has been a welcomed increase in the number of clinical trials being performed
in IgAN over the past decade. However, a number of difficulties are inherent to studying
this disease. Firstly, it should be recognized that IgAN may not be a single disease, but
instead may represent a common histological endpoint towards which distinct pathogenic
mechanisms may contribute [11]. Its clinical presentation and rate of progression is highly
variable between individuals, with evidence that these factors vary according to geograph-
ical location and ethnicity. The implication of this is that findings from trials conducted
in certain populations may not be applicable to others. Secondly, in most cases, IgAN is
a slowly progressive disease, where the traditional renal endpoints of death, dialysis, or
doubling of serum creatinine may take many years to occur. This has previously meant that
clinical trials have been prohibitively expensive and difficult to conduct, especially as IgAN
is a rare disease. Incorporation of a ‘pre-‘ and ‘post-treatment’ kidney biopsy in clinical
trials can yield significant mechanistic insights into a certain drug’s effectiveness, although
this is an invasive procedure that is associated with a small risk of complications, and
would not be accepted by all participants. Recent data have demonstrated that proteinuria
reduction and the rate of change/slope of eGFR decline are accurate surrogate endpoints
for these renal outcomes [12,13]. Trial-level analysis of 13 controlled trials in IgAN by a
Kidney Health Initiative workgroup demonstrated an association between proteinuria
reduction and effects on a composite of time to doubling of serum creatinine, ESKD or
death, that was independent of the therapeutic intervention used [13]. These endpoints
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have recently been approved by the US Food and Drug Administration (FDA) for use in
clinical trials in IgAN, generating further interest in drug development in this field.

In the following sections, we will describe the systems in IgAN that are affected, with
a view to discussing interventional treatment strategies targeting these areas.

5. The Gut Mucosal Immune system and IgAN

There is an increasing recognition of the role of the gut-associated lymphoid tis-
sue (GALT), particularly the Peyer’s patches, in the generation of the pathogenic Gd-
IgA1 molecules [14–17]. Gd-IgA1 enters the systemic circulation either via direct passage
and/or displacement of GALT-derived B cells to systemic sites, including the bone marrow,
secondary to an error in the homing mechanism, and eventually leads to secretion of
mucosal-type Gd-IgA1 into the bloodstream (Figure 1) [18]. A novel, oral, targeted-release
formulation (TRF) of the glucocorticoid, budesonide (NEFECON®) was designed to deliver
the drug to the distal ileum where the highest concentration of mucosal Peyer’s patches
reside to reduce Gd-IgA1 release into the circulation [19–21] (Table 1). An exploratory
phase IIa trial of TRF-budesonide in 16 IgAN patients revealed a statistically significant
reduction in proteinuria and was also well tolerated [22]. Subsequently, the Targeted-
Release Budesonide Versus Placebo in Patients with IgAN (NEFIGAN) trial compared
TRF-budesonide (n = 100) with placebo (n = 50) in a phase IIb randomized, controlled,
double-blind clinical trial [21]. Enrolled IgAN patients had persistent proteinuria, defined
by a urine protein-to-creatinine ratio (UPCR) > 0.5 g/g or proteinuria or at least 0.75 g/day,
despite optimal RAAS blockade. The study consisted of a 6-month run-in, 9-month treat-
ment phase, and 3 months of follow-up. Two doses of TRF-budesonide (16 mg/day;
8 mg/day) were compared to placebo. The baseline proteinuria was 1.2 g/day (interquar-
tile range: 0.9–2 g/day), and the baseline eGFR was 78 ± 5 mL/min/1.73m2. The study
achieved its primary end point of mean change in proteinuria with a UPCR reduction by
an average of 24.4% (−0.212 g/g) in the combined treatment arms versus an increase by
2.7% (+ 0.024 g/g) in the placebo arm (geometric least-square mean change in UPCR vs.
placebo 0.74; 95% CI 0.59-0.94; p = 0.006). Importantly, this effect was sustained throughout
the follow-up period of the investigational product. The secondary endpoint of change in
eGFR was also achieved due to a decrease by 9.8% (p = 0.001) in the placebo group over the
study timeframe which was somewhat surprising. No serious adverse events, including
infections, were reported in the treatment group [21]. The safety profile of TRF-budesonide
is proposed to be superior to high dose systemic corticosteroid therapy given its extensive
first pass metabolism with <10% of budesonide entering the systemic circulation [23].

Table 1. Novel Therapies for Treatment of Primary IgA Nephropathy.

Agent Mechanism of Action Clinical Trial Design
Clinical Outcomes

(Reported/Being Investigated)

A. Targeting the Gut Mucosal Immune System

TRF Budesonide

Corticosteroid
formulation acts on

distal ileum targeting
B-cells in mucosal
lymphoid tissue

Randomized, double-blind,
placebo-controlled

Phase II clinical trial
(NEFIGAN)—completed

* NCT01738035

• Reduction in proteinuria
• No change in eGFR

Randomized, double-blind,
placebo-controlled

Phase III clinical trial
(NefIgArd)—recruiting

* NCT03643965

• Effect on proteinuria
• Effect on eGFR

Fecal microbiota
transplantation

Restoration of intestinal
microecological balance

Open-Label Phase II clinical
trial—recruiting
* NCT03633864

• Effect on proteinuria
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Table 1. Cont.

Agent Mechanism of Action Clinical Trial Design
Clinical Outcomes

(Reported/Being Investigated)

B. Targeting B-cells

Bortezomib
Semi-selective

plasma cell
proteasome inhibitor

Open-label Phase IV clinical
trial—completed
* NCT01103778

• Reduction in proteinuria only in
patients with T0 MEST-C score

Fostamatinib Oral spleen tyrosine
kinase inhibitor

Randomized, double-blind,
placebo-controlled

Phase II clinical trial—completed
* NCT02112838

• Non-significant reduction in
proteinuria

• No change in eGFR

Atacicept
Blocks downstream

effects of BAFF
and APRIL

Randomized, double-blind,
placebo-controlled

Phase II clinical trial—terminated
(slow enrollment)
* NCT02808429

• Dose-dependent reduction
in proteinuria

• Dose-dependent reduction in
immunoglobulin (particularly
Gd-IgA1) levels

• No change in eGFR

Randomized, double-blind,
placebo-controlled

Phase II clinical trial (ORIGIN)—not
yet recruiting

* NCT04716231

• Effect on proteinuria
• Effect on eGFR

Blisibimod Selective BAFF
antagonist

Randomized, double-blind,
placebo-controlled

Phase II/III clinical trial—completed
* NCT02062684

• Effect on proteinuria – data
analysis pending

VIS649 Monoclonal antibody
against APRIL

Randomized, double-blind,
placebo-controlled

Phase II clinical trial
(enVISion)—recruiting

* NCT04287985

• Effect on proteinuria
• Adverse events

BION-1301 Monoclonal antibody
against APRIL

Open-label, non-randomized
Phase II Clinical trial—recruiting

• Adverse events
• Effect on proteinuria
• Effect on eGFR

Hydroxychloroquine

Immunomodulator,
inhibits mucosal and

intrarenal Toll-like
receptor signaling

Randomized, double-blind,
placebo-controlled

Phase II clinical trial—completed
* NCT02942381

• Reduction in proteinuria
• No change in eGFR

C. Complement System Inhibitors

Ravulizumab Humanized monoclonal
antibody against C5

Randomized, double blind,
placebo-controlled

Phase II clinical trial—recruiting
* NCT04564339

• Effect on proteinuria
• Effect on eGFR

Avacopan (CCX168) C5a receptor blocker
Open-label Phase II clinical

trial—completed
* NCT02384317

• Reduction in proteinuria

Cemdisiran Small-interfering RNA
inhibits synthesis of C5

Randomized, double-blind,
placebo-controlled

Phase II clinical trial—recruiting
* NCT03841448

• Effect on proteinuria
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Table 1. Cont.

Pegcetacoplan
(APL-2) Peptide inhibitor of C3

Open-Label
Phase II clinical trial—active; not

recruiting
* NCT03453619

• Effect on proteinuria

Iptacopan
(LNP023)

Oral inhibitor of
complement factor B

Randomized, double blind,
placebo-controlled

Phase II clinical trial—active,
not recruiting

* NCT03373461

• Effect on proteinuria

Randomized, double blind,
parallel-group,

placebo-controlled
Phase III clinical trial

(APPLAUSE-IgAN) —recruiting
* NCT04578834

• Effect on proteinuria
• Effect on eGFR

IONIS-FB-LRx Anti-sense inhibitor of
complement factor B

Open-Label Phase II clinical
trial—recruiting
* NCT04014335

• Effect on proteinuria

Narsoplimab
(OMS721)

Monoclonal antibody
against MASP-2

Open-Label Phase II clinical
trial—recruiting
* NCT02682407

• Adverse events
• Effect on serum and urine

complement levels
• Effect on proteinuria

Randomized, double-blind,
placebo-controlled

Phase III clinical trial
(ARTEMIS-IGAN)—recruiting

* NCT03608033

• Effect on proteinuria

D. Non-Immune Modulators

Sparsentan
Selective antagonist of
angiotensin II receptor

and endothelin A
receptor

Open-label Phase II clinical trial
(SPARTAN)—recruiting

* NCT04663204

• Effect on proteinuria

Randomized, double-blind,
parallel-group, active-control Phase

III clinical trial
(PROTECT)—recruiting

* NCT03762850

• Effect on proteinuria

Atrasentan Selective antagonist of
endothelin A receptor

Open-label Phase II clinical trial
(AFFINITY)—recruiting

* NCT04573920

• Effect on proteinuria

Randomized, double-blind,
placebo-controlled

Phase III clinical trial
(ALIGN)—recruiting

* NCT04573478

• Effect on proteinuria

Bardoxolone methyl

Semi-synthetic
triterpenoid, activator of
Nrf2 pathway, inhibitor

of NF-kB pathway

Non-randomized, open-label,
parallel-assignment
Phase II clinical trial

(PHOENIX)—completed
* NCT03366337

• Improvement in eGFR
• No serious treatment related

adverse events

TRF: Targeted Release Formulation; eGFR: estimated glomerular filtration rate; BAFF: B-cell Activating Factor; APRIL: A PRoliferation-
Inducing Ligand; Gd-IgA1: Galactose-deficient IgA1; RNA: Ribonucleic acid; MASP-2: Mannan-binding lectin-associated serine protease-
2; Nrf2: Nuclear factor erythroid 2-related factor 2; NF-kB: nuclear-factor kappa-light-chain-enhancer of activated B-cells. * shows
ClinicalTrials.gov Identifier. Data from www.clinicaltrials.gov (accessed on 28 April 2021).
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Figure 1. Proposed pathogenesis of IgAN and novel treatment strategies. (1) Mucosal infection primes naïve B cells to
class switch to become IgA+ antibody secreting cells (ASCs) through T cell-dependent (cytokine mediated) and T cell-
independent (Toll-like receptor (TLR) ligation) pathways. (2) Some IgA+ ASC mis-home to the systemic compartment during
lymphocyte trafficking. (3) Displaced IgA+ ASCs take up residence in systemic sites and secrete normal ‘mucosal-type’
poorly galactosylated (galactose deficient) and polymeric IgA1 into the systemic circulation. (4) IgA1 secretion by displaced
mucosal ASC is augmented by TLR ligation from mucosal-derived pathogen-associated molecular patterns, which have
entered the systemic compartment. (5) IgA1 immune complexes form in the systemic circulation. Poorly galactosylated
polymeric IgA1 molecules are the substrate for immune complex formation and combine with IgG and IgA autoantibodies
reactive to exposed neoepitopes in the poorly galactosylated IgA1 hinge region. (6) IgA1 immune complexes deposit
in the mesangium through a combination of mesangial trapping and increased affinity of poorly galactosylated IgA1
for extracellular matrix components. Immune complex deposition triggers a series of downstream pathways leading to
glomerular injury and tubulointerstitial scarring. APRIL, a proliferation-inducing ligand; BAFF, B cell activating factor;
MASP-2, mannan-binding lectin-associated serine protease-2. Reprinted from ref. [10], with permission from Elsevier.

The promising results of the NEFIGAN trial [21] led to the design of the ongoing phase
III Efficacy and Safety of TRF-budesonide in Patients With Primary IgA Nephropathy (NefI-
gArd) study (ClinicalTrials.gov Identifier: NCT03643965). This multi-national, randomized,
double-blind, placebo-controlled, phase III clinical trial aims to evaluate the efficacy, safety,
and tolerability of TRF-budesonide 16 mg/day formulation in the management of pa-
tients with biopsy-proven primary IgAN at risk of progressing to end-stage kidney disease
(ESKD), despite maximum tolerated RAAS blockade. Part A of the trial encompasses a
9-month treatment and a 3-month follow-up period. Part B comprises a 12-month observa-
tion period. The primary goal of Part A is to assess the effect of TRF-budesonide 16 mg/day
on 24-h UPCR values over 9 months when compared to placebo. The primary objective
of Part B is to assess the effect of the investigational drug on kidney function. The study
aims to recruit 360 IgAN patients across 20 countries and is projected to have achieved its
recruitment goal in March 2021. Interim results of the NefIgArd trial have confirmed the
earlier phase IIb findings of the NEFIGAN trial [24]. The primary endpoint analysis, that
included 199 patients with primary IgAN, showed a 31% mean reduction in 24-h UPCR in
the TRF-budesonide 16 mg/day arm versus baseline, with placebo showing a 5% mean
reduction versus baseline, resulting in a 27% mean reduction in 24-h UPCR at 9 months
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(p = 0.0005) of the TRF-budesonide 16 mg/day arm versus placebo. The secondary end-
point data on eGFR showed a treatment benefit of 7% versus placebo at 9 months, reflecting
stabilization in the treatment arm and a 7% decline in eGFR in the placebo arm (p = 0.0029).
This reflected an absolute decline in eGFR of 4.04 mL/min/1.73m2 in the placebo group
over 9 months compared to a 0.17 mL/min/1.73m2 eGFR decline in the treatment group.
TRF-budesonide was generally well-tolerated [24].

6. Targeting B Cells

There is clear evidence that IgAN is an autoimmune disease. Production of Gd-IgA1
and glycan-specific IgG and IgA autoantibodies against Gd-IgA1 lead to the formation of
IgA-containing immune complexes that deposit within the mesangium, causing subsequent
effects on mesangial cells, podocytes and proximal tubular cells that drive glomerular and
tubulointerstitial inflammation and fibrosis. Glycan-specific IgG autoantibodies found at
increased levels in IgAN correlate with the prognosis and can be detected within mesangial
deposits [25–27]. Targeting B cells in IgAN is therefore an attractive therapeutic strategy.

Effective B cell maturation and survival is dependent on BAFF (B cell activating
factor) and APRIL (a proliferation inducing ligand). BAFF and APRIL bind to the tumor
necrosis factor (TNF) superfamily receptors, BCMA (B cell maturation antigen), TACI
(Transmembrane activator and calcium-modulating cyclophilin ligand interactor) and
BAFF-R (BAFF-receptor).

There are several lines of evidence that this system plays an important role in IgAN.
Transgenic mice that overexpress BAFF develop a hyper-IgA syndrome, and an IgAN-like
renal phenotype [28,29]. Interestingly, this was dependent on the presence of gut commen-
sal bacteria, presumably reflecting mucosal B cell activation. In vitro, tonsillar mononuclear
cells, part of the mucosa-associated lymphoid tissue of Waldeyer’s ring, from patients with
IgAN exposed to the bacterial motif CpG-oligodeoxynucleotides produced increased levels
of BAFF and IgA [30]. This production was blocked by the inhibition of BAFF. Levels of
serum BAFF are increased in IgAN, and correlate with disease severity, as measured by
renal histology (increased mesangial hypercellularity, segmental glomerulosclerosis, and
tubular atrophy/interstitial fibrosis) and serum creatinine at the time of renal biopsy [31].
APRIL also plays an important role in B cell maturation and survival, and is involved
in the generation of IgA-secreting plasma cells. Tonsillar APRIL and Toll-like receptor
(TLR) 9 levels have been shown to be increased in IgAN, and TLR-9 stimulation increased
APRIL expression by tonsillar B cells [32]. In a study of patients with IgAN, serum levels
of APRIL were associated with increased Gd-IgA1 and worse clinical presentation [33].
Genome-wide associated studies have identified TNFSF13 as a risk allele for IgAN, and
this encodes for APRIL [34]. This risk variant was also associated with higher serum levels
of IgA in patients with IgAN. In a recent study, APRIL inhibition reduced serum IgA and
immune complex levels, and reduced glomerular IgA deposition in the ddY mouse model
of IgAN [35].

There has consequently been great interest in targeting these pathways in IgAN. Blisi-
bimod is a selective BAFF inhibitor and has been tested in a phase II trial in IgAN. Interim
analysis of results suggests that subcutaneous blisibimod may reduce proteinuria in IgAN
and the full results of this trial are awaited (ClinicalTrials.gov Identifier: NCT02062684).
Atacicept is a fully humanized fusion protein that contains the extracellular portion of
TACI and inhibits both BAFF and APRIL signaling. Preliminary results from a Phase II trial
suggest a dose-dependent effect on proteinuria levels [36]. This trial was terminated early
due to slow recruitment, and further studies of atacicept in IgAN are planned. Studies of
other inhibitors of BAFF and APRIL in IgAN are currently ongoing, including of VIS649, a
humanised IgG2 monoclonal antibody that binds to and inhibits APRIL (ClinicalTrials.gov
Identifier: NCT04287985), and BION1301, a humanized IgG4 monoclonal antibody, which
is also directed against APRIL (ClinicalTrials.gov Identifier: NCT03945318).

Rituximab is a chimeric murine/human monoclonal antibody that targets the CD20
antigen expressed on the surface of pre-B and mature B lymphocytes, hence leading to
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B cell lysis upon binding. In contrast to targeting BAFF and APRIL, a small open label
randomized controlled trial of rituximab in patients with IgAN showed no effect on
proteinuria reduction, renal function, and importantly on serum levels of Gd-IgA1 and
glycan-specific IgG autoantibodies, implying that peripheral B cell depletion is not an
effective strategy in the management of IgAN [37]. Therefore, other B cell populations not
affected by rituximab, for example plasmablasts, plasma cells, or tissue-resident B cells
may play an important role in IgAN. A small open-label pilot study of the plasma cell
proteasome inhibitor bortezomib demonstrated a reduction in proteinuria in eight patients
with IgAN [38], and further studies of other agents are planned to examine the effects of
targeting these B cell populations more specifically.

B cells express a number of TLRs, which represent an important part of the early
innate immune response to invading microbial pathogens, by recognition of DAMPs
(danger-associated molecular patterns) and PAMPs (pathogen-associated molecular pat-
terns). Several TLRs, specifically -4, -9 and -10, have been implicated in the pathogenesis of
IgAN [39]. Levels of TLR-4 gene expression were raised in B cells from children with IgAN
and IgA vasculitis (IgAV) compared to healthy subjects [40]. Exposure to environmental
antigens resulted in a higher TLR-9 gene expression and more severe renal injury in a
mouse model of IgAN [41]. A small trial of hydroxychloroquine which inhibits TLR-9, and
to a lesser extent TLR-7 and TLR-8, has been conducted in Chinese patients with IgAN,
and was associated with a reduction in proteinuria [42]. Further larger studies in more
diverse patient populations are required to see if this result can be validated.

Spleen tyrosine kinase (Syk) has a well-established role in mediating signalling from
immunoreceptors, including the B cell receptor and immunoglobulin Fc receptors, and is
expressed by many cell types, including B cells, myeloid cells, and renal mesangial and
tubular cells. Glomerular expression of Syk has been shown to be increased in IgAN and
correlates with serum creatinine levels at the time of performing a renal biopsy [43]. In vitro,
pro-inflammatory cytokine release by mesangial cells in response to IgA1 from patients
with IgAN is inhibited by gene silencing of Syk, or by the Syk inhibitor fostamatinib [44].
A Phase II trial of fostamatinib in IgAN (SIGN: Syk Inhibition in IgAN) was recently
completed. Interim results indicated a dose-dependent reduction in proteinuria in those
with urine protein excretion >1 g/day, but this did not reach statistical significance [45].
The full results from this trial are awaited.

7. Complement System Inhibitors

There is mounting clinical, biochemical, and genetic evidence regarding the pivotal
role of the complement cascade in the pathogenesis, disease onset, and progression of
IgAN [46–52]. Complement (C) component C3 is co-localized with glomerular IgA in
>90% of biopsies with IgAN [53]. The presence of C3 distinguishes IgAN from subclinical
glomerular IgA deposition. Immunohistochemical findings of C3, C4, C4d [54], prop-
erdin, mannose binding lectin (MBL) [55], and terminal complement complex (C5b-9)
deposits [56] in the mesangium of IgAN biopsy samples, and the typical absence of C1q
support the involvement of the alternative and lectin pathways, rather than the classical
pathway [16,57–59]. Evidence of complement activation in biopsies is associated with
disease activity and portends a worse renal prognosis [60–62]. C5a is a potent local inflam-
matory mediator, especially via its chemoattractant and neutrophilic activating properties,
and its presence in the kidney correlates with histological severity and proteinuria in
IgAN [63].

Serum complement levels, such as C3 and C4, are typically normal, and in some
IgAN patients, even elevated [64], as are complement components C1q and C2-C9 [64–68].
Nonetheless, the utility of complement proteins in the circulation as prognostic biomarkers
in IgAN is still under investigation [52,61]. The elevated serum IgA:C3 ratio is typically
found in IgAN patients and is a good diagnostic marker to distinguish IgAN from other
glomerular diseases [69]. Studies suggest that the serum IgA:C3 ratio can also be utilized
as a prognostic marker, with higher values being associated with more severe disease
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histology [70] and worse clinical outcomes including proteinuria, hematuria, and elevated
serum creatinine levels [71]. A Korean study involving 343 patients with IgAN showed that
a decreased serum C3 level (<90 mg/dL) predicted a worse outcome, which was defined
by a higher rate of doubling of serum creatinine and progression to ESKD [72]. C3 is also
present in IgA1-containing circulating immune complexes of patients with IgAN [73]. In
a retrospective study involving 1356 Chinese IgAN patients, serum C4 levels correlated
positively with proteinuria and negatively with eGFR. Furthermore, higher serum C4 levels
correlated with worse tubulointerstitial injury, global sclerosis, and crescents on kidney
biopsy [74]. Serum C4 levels may be an independent risk factor for IgAN progression.

The deletion of complement factor H-related (CFHR) genes 1 and 3 has been identified
as being protective against IgAN in genome-wide association studies [49,75,76]. Urinary
excretion of complement components has also been proposed as a biomarker of the activity
of IgAN. Urinary levels of Factor H and soluble C5b-9 correlated positively with proteinuria,
a rise in serum creatinine levels, interstitial fibrosis, and percentage of global glomerular
sclerosis, whereas urinary properdin levels were associated with only proteinuria. The
urinary excretion of these biomarkers was higher in IgAN patients when compared to
healthy controls [77]. Another study demonstrated increased urinary Factor H excretion
in IgAN patients with more severe histologic lesions [78]. These findings have kindled
a significant interest in targeting complement pathways in the management of IgAN,
and ongoing clinical trials are testing several complement inhibitors using monoclonal
antibodies, small molecules, and short peptides that hinder protein-complex formation
and/or enzymatic reactions. However, the mechanisms linking complement activation,
and subsequent levels of intact and active complement fragments, need to be further
characterized to fully understand the role of the complement system in the pathogenesis,
prognostic implications, and targeted therapeutics for IgAN.

Eculizumab is a humanized, recombinant, monoclonal antibody that selectively in-
hibits the cleavage of C5 by C5 convertase (by binding to C5 at the level of macroglobulin
domain 7), thereby preventing the formation and release of the pro-inflammatory C5a and
C5b components, and thereby the downstream formation of the C5b-9 membrane attack
complex (MAC). Eculizumab therapy has found mixed clinical success in the management
of IgAN, especially as a rescue agent in few case reports. The initial use of Eculizumab was
reported from Sweden wherein a 16-year-old white male with biopsy-proven crescentic
IgAN had not responded to corticosteroid and mycophenolate mofetil use, but stabilized
with eculizumab treatment, although its therapeutic effects were short lived [79]. Similarly,
the use of eculizumab in another 16-year-old male with crescentic IgAN resulted in tran-
sient improvement in kidney function after failure of a combination regimen consisting
of corticosteroids, cyclophosphamide, and plasma exchange [80]. Eculizumab was also
used as a rescue therapy in a 28-year-old male with recurrence of crescentic IgAN post
kidney-transplantation but failed to salvage the allograft. It is worth mentioning that in
that case, eculizumab therapy was initiated after the start of renal replacement therapy
and hence it is possible that its administration was too late in the disease course [81].
Ravulizumab is a long-acting, humanized, recombinant, monoclonal antibody against C5
predicted to have similar effects to Eculizumab, that is currently being tested in a phase II
clinical trial in the treatment of IgAN (ClinicalTrials.gov Identifier: NCT04564339).

C5a binds to the membrane-associated C5a receptor (C5aR) via a C-terminal C5a
pentapeptide. Selectively targeting C5a offers an opportunity to dampen the local inflam-
mation which plays a vital role in the progression of IgAN [63]. Avacopan (CCX168), a
small molecule C5aR blocker, exerts its effect by binding to the C5aR surface, thereby
impeding C5a binding via allosteric modulation of the C5a-binding pocket. It was eval-
uated in an open-label phase II trial involving seven IgAN patients (ClinicalTrials.gov
Identifier: NCT02384317). At the end of 12 weeks, there was a reduction in proteinuria in
six patients and UPCR decreased to <1 g/g in three patients [82]. Because avacopan does
not block the downstream formation of C5b and C5b-9 MAC, as occurs with C5 inhibitors
like eculizumab and ravulizumab, it has been postulated that the risk for infections with
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encapsulated organisms, especially belonging to the Neisserial species, is reduced with
avacopan use. Larger studies with longer follow-up periods are warranted to confirm the
efficacy of C5a inhibitors in IgAN as well as their safety.

Cemdisiran (ALN-CC5) is a synthetic, small interfering RNA (RNAi) that was de-
signed to suppress C5 production in the liver, which can potentially limit terminal com-
plement pathway activation and subsequent inflammation [52]. A phase II, randomized,
placebo-controlled clinical trial (ClinicalTrials.gov Identifier: NCT03841448) is underway
that aims to evaluate the efficacy and safety of cemdisiran in IgAN patients with persistent
proteinuria >1 g/day despite optimal conservative management.

While eculizumab, ravulizumab, avacopan, and cemdisiran may be non-specific in-
hibitors of the distal common complement pathway, other pharmacological complement
directed therapies target a specific pathway more proximally. The C3 convertase catalyzes
the cleavage of C3 into C3a and C3b. This is one of the most important steps in the comple-
ment cascade and amplifies activation from the classic, alternative, and lectin pathways.
The smaller, soluble C3a fragment is an anaphylatoxin that mediates inflammation. The
larger subunit C3b is a highly unstable molecule and is an opsonin that covalently binds
surfaces such as adjacent pathogenic cells via a reactive thioester bond, with subsequent
cell phagocytosis. C3b binding can lead to C5 convertase formation by the association of
C3b with C4b2a (classical and lectin complement pathways) or with C3bBb (the product of
cleavage from the alternative pathway) [52,83,84]. Compstatin, a cyclic tridecapeptide; and
pegcetacoplan (APL-2), a pegylated derivative of compstatin, bind to C3 and prevent its
cleavage to C3a and C3b by C3 convertase [52,85]. Pegcetacoplan (APL-2) is currently being
evaluated in a phase II clinical trial as a treatment option for patients with IgAN, lupus
nephritis, primary membranous nephropathy or C3 glomerulopathy (ClinicalTrials.gov
Identifier: NCT03453619).

The alternative complement pathway plays an important role in the essential ampli-
fication mechanism for the activation of the classical and lectin complement pathways,
resulting in enhanced opsonization and generation of the terminal lytic pathway. The two
proteases Factor B and Factor D play a paramount role in this tightly regulated amplifica-
tion process [52,85]. Selective small-molecule reversible inhibitors of Factors B and D were
developed to efficiently impede alternative complement pathway activation. Iptacopan
(LNP023) is a first in class oral small molecule Factor B inhibitor. Results from a recently
completed phase II clinical trial in the management of IgAN are awaited, and a phase III trial
(APPLAUSE-IgAN) is currently recruiting (ClinicalTrials.gov Identifier: NCT04578834).

Mannose-binding lectin associated serine protease 2 (MASP-2) is an important com-
ponent of the lectin pathway that, with MASP-1, cleaves C4 and C2 into active fragments.
Thus MASP-2 triggers formation of the C3 convertase and ensuing subsequential inflam-
matory effects. Targeting MASP-2 inhibition can thereby curtail glomerular lectin pathway
activation whilst still enabling C3 convertase to be generated via the classical and alterna-
tive pathways. Narsoplimab (OMS721) is a humanized monoclonal antibody selectively
targeting MASP-2 [52,85]. In functional assays, it has shown no demonstrable effect on
the classical or alternative complement pathways. In a phase II, multicenter, clinical trial,
IgAN patients with proteinuria >1 g/day despite maximal tolerated RAAS blockade and
baseline eGFR > 30 mL/min/1.73m2 were enrolled into two sub-studies based on whether
they were corticosteroid-dependent or -independent at baseline. Interim analysis of both
groups revealed the drug was safe, well-tolerated, and decreased proteinuria with a stable
eGFR [86]. Based on this preliminary data, a randomized, double-blind, placebo-controlled,
phase III clinical trial (ARTEMIS-IGAN) is underway assessing the efficacy and safety of
narsoplimab in IgAN patients with persistent proteinuria >1 g/day (ClinicalTrials.gov
Identifier: NCT03608033). Selvaskandan et al. reported the first case of narsoplimab
use in IgA vasculitis with nephritis (IgAV-N), a condition whose pathologic features are
indistinguishable from those of IgAN [87–90], presenting as a rapidly progressive glomeru-
lonephritis with crescentic features despite the use of corticosteroids in a 21-year-old female
with normal baseline serum creatinine. The patient declined cyclophosphamide and was
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offered narsoplimab on a compassionate use basis. The patient subsequently received 12
consecutive weekly infusions of narsoplimab (4 mg/kg) which she tolerated well with-
out any adverse events. Her kidney function stabilized, and she successfully received
a deceased-donor kidney transplant within 72 h after completing the 12th infusion of
narsoplimab. There was a sustained reduction in lectin pathway activity, while classical
complement pathway activity and serum IgA levels remained within the normal range
and were unaffected by narsoplimab therapy. Alternate complement pathway activity was
not tested in this case. Interestingly, there were no significant effects on proteinuria while
on narsoplimab treatment [91].

Apart from evaluating the efficacy of various inhibitors of the complement cascade,
risks associated with their usage, particularly infections, need to be carefully assessed.
There is a paucity of available data regarding the safety of complement therapy inhibitors.
The risk of infection depends on the level of complement pathway inhibition. C5 inhibitors
primarily increase the risk of Neisseria spp. infections given that they block the formation
of C5b and C5b-9 MAC [92]. Eculizumab use considerably elevates the risk of acquiring
infections with encapsulated organisms, particularly meningococcal infections (nearly
2000-fold compared to the general population). It is therefore recommended that patients
considering treatment with eculizumab or ravulizumab receive meningococcal vaccination,
including the serogroups A,C,Y and W-135 conjugate vaccine and serogroup B vaccine,
at least 2 weeks prior to start of therapy [93]. Alternatively, if urgent treatment is needed,
patients should be treated prophylactically with ciprofloxacin until the vaccination is
received [94]. C3 inhibitors are more likely to confer a more expansive infectious suscepti-
bility necessitating vaccination against several encapsulated organisms. Nonetheless, even
C3 inhibitors like compstatin do not completely dampen complement-mediated immune
effects against microbes given that even reticent residual complement activity confers
protection [95]. Other potential safety concerns stem from the fact that certain deficiencies
of the classical complement pathway escalate the risk of developing systemic lupus ery-
thematosus, thereby raising the potential for promoting autoimmunity with complement
inhibition [95].

8. Non-immune Modulators

8.1. Endothelin Receptor Antagonists

Endothelin-1 (ET-1) exerts several physiological effects in the kidneys, including the
regulation of water and sodium homeostasis. ET-1 is a growth factor for mesangial cells
and has been implicated in podocyte damage, proteinuria, fibrosis, and progression of
chronic kidney disease (CKD) [96]. Furthermore, urinary excretion of ET-1 correlates with
the severity of kidney disease [97]. The ET-1 system is complex, consisting of a converting
enzyme and two active receptors: the endothelin-A receptor (ETA-R) and endothelin-B
receptor (ETB-R) [98]. The activation of the ETA-R mainly located in vascular smooth
muscle cells induce extremely potent vasoconstriction, cellular proliferation, endothelial
dysfunction, insulin resistance, inflammation, and fibrosis. On the other hand, ETB-Rs
are mainly expressed in the vascular endothelium, and induce vasodilatation via nitric
oxide and prostanoid release and aid in natriuresis [98,99]. Expression of ET-1 and ETB-R,
but not the ETA-R was observed in IgAN patients with high grade proteinuria providing
key evidence that activation of the endothelin system in podocytes and renal tubular cells
may contribute to urinary protein loss in IgAN [100]. ET-1 expression in podocytes, and
polymorphisms of the ET-1 gene have been associated with IgAN disease progression,
confirmed via molecular profiling studies [101,102]. A specific ET-receptor antagonist
(FR 139317) was able to suppress the development of histologic lesions and proteinuria in
ddY mice with IgAN [103]. Sparsentan, a dual inhibitor of the angiotensin II type 1 (AT1)
receptor and ETA-R that demonstrated significant reduction in proteinuria compared to
irbesartan in patients with focal segmental glomerulosclerosis (FSGS) [104] is currently
being tested in the phase III PROTECT trial (ClinicalTrials.gov Identifier: NCT03762850)
evaluating its long-term renoprotective potential in IgAN. Another phase III trial (ALIGN)
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is evaluating the effect of Atrasentan, a selective antagonist of the ETA-R, on proteinuria
reduction in IgAN patients (ClinicalTrials.gov Identifier: NCT04573478).

8.2. Bardoxolone Methyl

Activation of nuclear factor erythroid 2-related factor 2 (Nrf2) and Kelch-like ECH-
associated protein 1 (KEAP1) pathways by bardoxolone methyl results in the downregu-
lation of the main proinflammatory transcription factor nuclear-factor kappa-light-chain-
enhancer of activated B cells (NF-kB) and activation of certain antioxidative pathways [105].
In the IgAN cohort of phase II PHOENIX clinical study (ClinicalTrials.gov Identifier:
NCT03366337), patients treated with bardoxolone experienced a temporary increase in
eGFR of 8 mL/min/1.73m2 (n = 26, p < 0.0001) at week 12 compared to baseline. Historical
eGFR data were available for 23 of these patients, which demonstrated that their kidney
function was declining at an average annual rate of 1.2 mL/min/1.73m2 prior to study
initiation [106]. No follow-up studies testing the benefit of bardoxolone in IgAN have been
initiated so far to substantiate these preliminary results.

8.3. Sodium-Glucose Cotransporter 2 Inhibitors (SGLT2i)

SGLT2i are a novel class of medications recently introduced for the treatment of
diabetes mellitus that exert their glucose lowering effect by inhibiting glucose entry
into the proximal renal tubular cells through the SGLT2 co-transporter, thereby lead-
ing to enhanced glycosuria. A number of recent studies in patients with T2DM have
demonstrated that SGLT2i wielded kidney protective effects independent of their anti-
glycemic effects [107–109]. The DAPA-CKD study enrolled 4304 CKD patients with an
eGFR of 25–75 mL/min/1.73m2 and albuminuria of 200–5000 mg/g who were random-
ized to receive the SGLT2i dapagliflozin either 10 mg/day or placebo. Participants had a
mean age of 62 years with a mean baseline eGFR of 43.1 mL/min/1.73m2 and a median
baseline albuminuria of 949 mg/g. 68% of them had T2DM. The cause of CKD was is-
chemic/hypertensive nephropathy in 16%, IgAN in 6% (n = 270; 38 with T2DM and 232
without T2DM) and FSGS in 3%. Diagnosis had been confirmed by kidney biopsy in 20% of
patients. The majority (97%) were on RAAS blockade. The trial was stopped early for over-
whelming efficacy. Dapagliflozin significantly reduced the risk of the primary combined
endpoint of > 50% eGFR decline, onset of ESKD or renal or cardiovascular death (HR 0.61;
95% CI 0.51–0.72; p < 0.001). The benefit of dapagliflozin on the primary endpoint was
consistent in patients with and without T2DM (HR 0.64 (95% CI 0.52–0.79) and 0.50 (95% CI
0.35–0.72), respectively; p for interaction = 0.024). This was also observed in patients with
an eGFR < 45 or ≥ 45 mL/min/1.73m2 and with albuminuria ≤ 1000 or > 1000 mg/g,
i.e., in patients with different stages of CKD and different severity of albuminuria. There
were no statistically significant differences in DAPA-CKD in the primary endpoint between
diabetics and non-diabetics, however, the hazard ratio was 22% lower for non-diabetics.
Thus, the kidney benefit afforded by dapagliflozin was at least as large in patients with
non-diabetic kidney disease (including ischemic/hypertensive nephropathy, IgAN and
FSGS, among others) as in diabetic kidney disease. Dapagliflozin was also found to be safe
in patients with CKD in this study [110].

A pre-specified analysis of the DAPA-CKD trial looking at the effects of dapagliflozin
on major adverse kidney events in IgAN patients was recently published [111]. Of 270 par-
ticipants with IgAN (254 (94%) confirmed by previous biopsy), 137 were randomized
to dapagliflozin 10 mg/day and 133 to placebo and followed for a median duration of
2.1 years. Mean age was 51.2 years; 67.4% were male; 58.9% were Asian; 14.1% had
T2DM; mean eGFR was 43.8 ± 12.2 mL/min/1.73 m2; and median urinary albumin-to-
creatinine ratio (UACR) was 900 mg/g. Participants had similar baseline characteristics.
The primary composite outcome of ≥ 50% eGFR decline, onset of ESKD or renal or cardio-
vascular death outcome occurred in six (4%) participants on dapagliflozin and 20 (15%) on
placebo (HR 0.29; 95% CI 0.12-0.73; p = 0.005). The absolute risk difference was −10.7%
(95% CI: −17.6, −3.7). Similar results were noted for the secondary kidney-specific outcome
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[HR 0.24; 95% CI 0.09–0.65; p = 0.002]. Five participants (4%) in the dapagliflozin group
and 16 (12%) in the placebo group developed ESKD during the trial [HR 0.30; 95% CI
0.11–0.83; p = 0.014]. Mean rates of eGFR decline with dapagliflozin and placebo were
−3.5 and −4.7 mL/min/1.73m2/year, respectively, resulting in a between-group difference
of 1.2 mL/min/1.73m2 per year (95% CI −0.12, 2.51). Dapagliflozin reduced UACR by
26% relative to placebo (95% CI: −0.37, −14; p < 0.001). Additionally, blood pressures
were lower in patients randomized to dapagliflozin. Adverse events leading to study drug
discontinuation were similar with dapagliflozin and placebo, and there were fewer serious
adverse events with dapagliflozin. There were no cases of diabetic ketoacidosis or major
hypoglycemia in IgAN participants receiving dapagliflozin. While all patients in this trial
had to be on a stable dose of a RAAS inhibitor for at least 4 weeks, it is unclear from the
data whether RAAS blockade was maximized, and therefore it is difficult to know how
much further improvement could have been achieved by the optimization of the currently
available treatment before the addition of dapagliflozin [112]. The ongoing EMPA-KIDNEY
trial (ClinicalTrials.gov Identifier: NCT03594110) has recruited a larger number of CKD
patients and will likely shed more light on the safety of SGLT2i in IgAN patients. SGLT2i
need to be further assessed, ideally in a dedicated trial where they are tested in addition
to optimized supportive care but may be a promising addition to the management of
nondiabetic glomerular diseases, including IgAN, treatment armamentarium.

9. Discussion

IgAN is an autoimmune disease that appears to be driven by subtle dysregulations
in the adaptive and innate immune systems which we have outlined. Given its vast
heterogeneity in clinical presentation and prognosis between individuals and indeed geo-
graphical locations, IgAN is unlikely to represent a single disease, but rather a common
histological endpoint towards which different paths can converge. Despite being described
over 50 years ago, outcomes in IgAN have remained remarkably static over the past few
decades. More recently however, significant advances have been made in the understand-
ing of the disease pathogenesis, which has driven the development of new therapeutic
strategies in a number of areas that we have described in this review. It is therefore likely
that new treatments will be licensed for the treatment of IgAN within the next few years. It
is hoped that advances in molecular techniques will allow the capability of targeting novel
therapies to an individual’s disease process at its various stages, with the ultimate aim of
improving outcomes for those affected by this condition.
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