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Pathology

IgA Nephropathy (IgAN) is the main cause of primary glomerulonephritis, globally. This disease is associated
with a wide range of clinical presentations, variable prognosis and a spectrum of histological findings. More than
fifty years after its first description, this heterogeneity continues to complicate efforts to understand the path-
ogenesis. Nevertheless, involvement of the complement system in IgAN was identified early on. Dysfunction of
the immunoglobulin A (IgA) system, the principal offender in this disease, including modification of isoforms and

glycoforms of I[gA1, the nature of immune complexes and autoantibodies to galactose deficient IgA1 might all be
responsible for complement activation in IgAN. However, the specific mechanisms engaging complement are still
under examination. Research in this domain should allow for identification of patients that may benefit from
complement-targeted therapy, in the foreseeable future.

1. Introduction to the complement system

The complement system is an important actor in innate immunity
and a potent bridge between innate and adaptive immunity. Comple-
ment is found in the circulation in a biologically inactive state and can
be activated by three arms: the classical (CP), lectin (LP), and alternative
pathways (AP) (Dembic, 2021). Once activated, each pathway con-
verges on C3 cleavage to the anaphylatoxin C3a and activated fragment
C3b. This process can rapidly amplify, if not regulated, leading to ter-
minal pathway activation characterized by the release of C5a and for-
mation of the membrane attack complex (MAC — C5b9) (Chen et al.,
2010). The CP is triggered by the interaction of the C1 complex with
antibody-antigen complexes containing IgG or IgM. The LP is activated
when mannan-binding lectin or other pattern recognition proteins such
as ficolins (ficolin-1, ficolin-2 and ficolin-3) and collectins bind on car-
bohydrate residues present on surfaces such as bacterial cell membranes.
These proteins are then complexed with MBL-associated serine proteases
MASP-1, MASP-2 or MASP-3 (Ekdahl et al., 2018). The AP is perma-
nently active at low levels in physiological states and accounts for 80%
of complement system activity (Merle et al., 2015). Indeed, blockade of

* Colresponding author.
E-mail address: C.van Kooten@lumec.nl (C. van Kooten).

https://doi.org/10.1016/j.molimm.2021.09.010

the AP by neutralizing factor D antibody in an in vitro assay involving CP
activation inhibits up to 80% of C5b9 formation (Harboe et al., 2004).
This result highlights the potent activity of AP regarding amplification of
complement activation. Spontaneous and continuous hydrolysis of C3 is
called the tick-over process, inducing conformational changes in C3.
These structural modifications allow the binding of Factors B (FB) and D
(FD) to the bioactive form of C3, C3(H20), generating the fluid phase C3
convertase and thereby intensifying complement activation (Merle
et al., 2015). Properdin stabilizes this C3 convertase. Tight regulation of
this pathway is therefore mandatory for homeostasis. It is mainly
regulated by complement Factor H (CFH), which degrades C3 to an
inactivated form iC3b, in collaboration with Factor I (FI). Moreover,
CFH action can be attenuated by complement FH-related (CFHR) pro-
teins, which are highly homologous to FH but, importantly, lack the
N-terminal complement regulatory region that is key to the inhibitory
function of FH. Competition between CFH and CFHR shifts the balance
between complement regulation and activation (Merle et al., 2015).
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2. Introduction to IgA nephropathy

1gA nephropathy (IgAN) is the main cause of primary glomerulone-
phritis worldwide and was described for the first time in 1968 by Berger
et al. (Berger and Hinglais, 1968). The initial report described glomer-
ular lesions, characterized by intercapillary deposits of IgA-IgG com-
plexes associated with mesangial matrix expansion, in patients
presenting with macroscopic or microscopic haematuria and
mild-to-moderate proteinuria. [gAN leads to end-stage renal disease in
approximately 30% of patients, with geographical differences in inci-
dence and progression. Recurrence of IgA deposition in kidneys trans-
planted from healthy donors to IgAN patients implicates circulating
factors involving IgA as the main culprit, rather than a primary issue
arising from the kidney (Berger et al., 1984; van der Boog et al., 1999;
Zagkotsis et al., 2018).

2.1. Introduction to the IgA system (Fig. 1)

IgA is the main mucosal immunoglobulin, and while it takes second
place after IgG in the circulating compartment, IgA is produced more
than any other immunoglobulin in the body when secreted forms are
considered (van der Boog et al., 2005). Two subclasses of IgA are pro-
duced in humans: IgA1 and IgA2. These isotypes differ principally by the
size of their hinge region. [gA1 has a uniquely extended hinge region
enriched in serine and threonine residues on which O-glycans are linked
(Ohyama et al.,, 2020). Glycosylation is one of the most important
post-translational modification of IgA and tightly controls IgA effector
function (Steffen et al., 2020). Besides O-glycans, IgA1 and IgA2 have 4
conserved N-glycan sites linked to asparagine motifs in the CH2 and CH3
domain of each of the 2 alpha heavy chains. Circulating IgA originates
mainly from the bone marrow and consists of approximately 90% IgA1
and 10% IgA2, predominantly in monomeric forms (mIgA) over dimeric
(dIgA) or polymeric forms (pIgA). Mucosal IgA exists mainly in
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dimeric/polymeric forms (Pabst, 2012). dIgA consists of two mIgA
linked by the joining chain (J-chain) dIgA is transported into the gut
lumen by the polymeric immunoglobulin receptor (pIgR), which binds
digA at the basolateral side of epithelial cells and transports it to the
apical membrane. During this transcytosis, dIgA becomes covalently
linked to the pIgR and is released from the cell surface into the gut lumen
via proteolytic cleavage, taking away a part of the receptor, the Secre-
tory Component (SC), generating Secretory IgA (SIgA).

2.2. Alteration of IgA system in IgAN (Fig. 1)

In IgAN, IgAl plasma concentration may be elevated (Peterman
et al., 1991) with an increase in monomeric but also polymeric forms,
linked to an increase in bone marrow IgAl production and a decreased
elimination rate by the liver. The first argument for altered IgA emerged
from kidney eluates, revealing that IgA is mainly deposited as polymeric
IgAl. Furthermore, the eluted IgA had a net negative charge, hinting
towards abnormal glycosylation (Monteiro, 1985). Defects in the
glycosylation status of circulating [gA1 (Mestecky et al., 1993; Lin et al.,
2009; Suzuki et al., 2008) in [gAN is unanimously supported, with a
decrease in galactosylation of the IgAl hinge region. These peculiar
glycoforms exhibit free N-Acetyl-p-Galactosamine residues and are
found in the plasma compartment but also at mesangial level (Hiki et al.,
1998, 2001; Amore et al, 2001; Moldoveanu et al., 2007).
Galactose-deficient IgA1 (GdIgA1l) are predisposed to self-aggregation
and induce the generation of IgG directed against the modified hypo-
galactosylated hinge region, thereby giving rise to immune complexes
(Tomana et al., 1999). Beside these O-glycans defects, differences in
N-Glycan galactosylation, sialylation, bisection and fucosylation of
circulating IgA have recently been found by mass spectrometry in IgAN
patients (Dotz et al., 2021). Finally, SIgA has been found at low con-
centration in serum from IgAN patients and healthy donors after
mucosal challenge (Eijgenraam et al., 2008) and has been detected in
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Fig. 1. Schematic diagram illustrating the structure of human IgAl and IgA2, O-glycosylation pattein of IgAl in physiological conditions and in IgA Ne-

shropathy, N-glycosylation sites (A), dimeric and secretory IgA (B).
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IgAN mesangium (Suzuki et al., 1990; Oortwijn et al., 2006; Eijgenraam
et al., 2008).

IgAN pathogenesis follows a multi-hit process involving abnormal
galactose deficient-IgAl production, formation of IgAl-immune com-
plexes (IgG anti-GdIgA1, IgA-CD89 s) (Launay et al., 2000; Berthelot,
2012) and deposition of the latter products on mesangial cells (Mon-
teiro, 2018).

2.3. Role of immunoglobulins in complement activation

Immunoglobulins (Ig) can activate the CP (Daha et al., 2011).
Binding of C1q occurs within the constant heavy domain of Ig and is
especially effective in certain isotypes such as IgG1, IgG3 and IgM. In
contrast, IgA lacks a site for C1q binding, explaining why it does not
activate CP in vitro (Lucisano Valim and Lachmann, 1991). IgG, as IgA,
are glycoproteins that can present variations in glycosylation of their
N-glycans. Glycosylation, including fucosylation, of the Fe domain is
mandatory for binding C1q. Agalactosyl glycoforms of IgG (Malhotra
et al., 1995) can also bind MBL in vitro. These post-translational mod-
ifications, particularly engaged during inflammatory states, regulate IgG
function (Zhou et al., 2021). The ability of IgA to activate complement
pathways has long been controversial and the high diversity of its iso-
forms, glycoforms, associated antigens or differential nature of
IgA-containing immune complexes may explain these discrepancies
(Rifai et al., 1987).

Polyclonal monomeric IgA1 and IgA2 purified from healthy donors
are equally able to induce complement AP activation, illustrating that O-
glycans of the hinge region are not crucial for this process (Hiemstra
et al., 1988). However, the effect of altered IgA N-glycosylation on AP
activation would be an interesting path to explore. Modification of the
N-glycosylation of IgG using N-Glycosidase F (PGNase F) is associated
with reduced AP activation although, the mechanism is not clear.
(Banda et al., 2008)

SIgA purified from colostrum interacts and activates serum com-
plement to the same degree as monomeric IgA1 and IgA2 (Hiemstra
et al., 1988; Boackle et al., 1974). In 1987, Hiemstra et al. demonstrated
that chemically aggregated IgA activate complement AP in vitro with
heterogeneous results depending on the size of the IgA aggregates and
the method of aggregation (Hiemstra et al., 1987).

Polymeric IgA1 and IgA2 and denatured [gA1 (Terai et al., 2006), but
not monomeric IgA, also bind the complement activating lectin MBL in
vitro in a calcium-dependent manner (Oortwijn et al., 2006; Roos et al.,
2001; Russell et al., 1989). MBL exclusively attaches to GlcNAc,
mannose and fucose (Haurum et al., 1993) and since O-linked GalNAc is
not a privileged ligand for MBL, it has been suggested that the binding
could occur through the interaction with the N-linked glycans of the
alpha heavy chain (Malhotra et al., 1995). A recent study by Medrano
et al. confirmed mesangial co-deposition of C4d with specific IgAl
glycoforms in IgAN, and revealed N-Acetyl-o-Glucosamine and mannose
residues as potential MBL ligands on IgAl (Medrano et al., 2020).
Interestingly, the secretory component (SC) on native SIgA masks these
MBL binding sites (Royle et al., 2003) and conformational changes of its
structure after bacterial binding or modification of environmental pH
(Eijgenraam et al., 2008) could expose the GlcNAc residues and induce
LP activation. These data corroborate the observation of strong mesan-
gial co-localization of SIgA, MBL and C4d in IgAN (Oortwijn et al.,
2006).

3. Clinical findings in IgAN in relation to complement system
(Fig. 2)

In their original publication, Berger et al. described mesangial IgA
deposits associated with less intense 1-C globulin deposits (Berger and
Hinglais, 1968), a term that has since been replaced by complement C3.
This was later confirmed by other studies demonstrating that nearly 75%
'f biopsies from IgAN patients were positive for C3 (McCoy et al., 1974)
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and C5b9 (MAC membrane attack complex of complement) (Miyamoto
et al., 1988). These deposits have even been associated with haematuria
during the disease course (Emancipator et al., 1987). Meanwhile, little
was known about plasma complement activation until the late 1980’s
(Wyatt et al., 1987). Initial studies demonstrated that C3 plasma levels
were within normal range or slightly increased (Julian et al., 1983). It is
important to note that C3 levels in White patients with progressive [gAN,
in contrast to Chinese and Japanese patients, can be normal (Coppo,
2017). In vivo, there is a continuous physiological turnover of C3, and its
level is influenced by various factors. Indeed, during an inflammatory
state, C3 plasma concentration is often elevated, and a minor, but
clinically relevant degree of complement activation may be under-
diagnosed if there is no simultaneous measurement of activation and
degradation products (Kirschfink, 2021). Wyatt et al., demonstrated that
C3 activation - defined by high levels of plasma iC3b-C3d neoantigen
assessed by radioimmunoassay - was observed in 37% of paediatric and
57% of adult European American IgAN patients, with variations during
the disease course (Wyatt et al., 1987). Since these reports, many in-
vestigations have been carried out to determine which complement
pathway is involved.

3.1. Classical pathway

IgAN is a disease involving immune complexes containing IgG
which, in theory, should initiate the CP. The first investigators of com-
plement in IgAN (Jennette and Hipp, 1985; Jennette, 1988; Rauterberg
et al., 1987) found that Clq deposition was either absent or limited in
glomeruli, when compared to diseases with clear CP involvement, such
as lupus nephritis. This was confirmed in a cohort of 137 Japanese pa-
tients with only 6% of kidney biopsies showing C1q deposition (Boackle
et al., 1974). Very recently, Tan et al. have reported C1q deposition in
nearly 14% of Chinese IgAN patients and found that it was an inde-
pendent risk factor for renal survival. Still, this result needs to be
confirmed in multi-ancestry cohorts (Tan et al., 2021). It remains un-
clear however why the frequent IgG deposits in the mesangium,
observed in nearly 40% of patients, including IgG autoantibodies against
GdIgA1 are not associated more systematically with C1q deposits (Rizk
et al., 2019). One explanation could be weak stability of C1q deposits in
the mesangium (Berger, 2021). Currently, involvement of CP in IgAN
pathogenesis cannot be completely ruled out.

3.2. Alternative pathway

This is, historically, the principal pathway implicated in IgAN
pathogenesis. Increased plasma concentrations of “activated’C3”
including C3b, iC3b and C3dg is found in 30% of IgAN patients (Zwirner
etal., 1997) and associates with proteinuria, haematuria and subsequent
kidney function deterioration. Further analysis showed that the only
measurement of plasma C3a does not have the same predictive values,
emphasizing the need to measure the degradation products of comple-
ment factors in IgAN (Janssen et al., 2000). Because assessment of C3
degradation products is not a routine clinical measure worldwide, other
prognostic factors have been evaluated, as the serum IgA/C3 ratio: a
higher ratio is associated with poorer kidney outcome in adult and
paediatric populations (Komatsu et al., 2004; Mizerska-Wasiak et al.,
2015; Kawasaki et al., 2018). Glomerular staining of the breakdown
products, notably C3c and C3d, is detected in almost all patients
(Nakagawa et al., 2000; Bene and Faure, 1987). C3c deposition, a
marker of recent complement activity, is associated with more severe
haematuria and reduced glomerular filtration rate (Nakagawa et al.,
2000). The deposition of properdin in 73% (Bene and Faure, 1987),
factor H in 69-85% of kidney biopsies as well as Factor B (Bene and
Faure, 1987; Miyazaki et al., 1984) make a strong argument for AP
implication in IgAN. A recent study showed a positive correlation be-
tween Factor Ba plasma concentration and circulating GdIgAl level,
proteinuria and a negative correlation with estimated glomerular
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Fig. 2. Lectin and alternative complement pathway involvement in I[gAN pathogenesis.
MBL (Mannose-Binding-Lectin), MASP (MBL-Associated Serine Protease), FH (Factor H), FHR (Factor H Related protein), FB (Factor B)

fraction rate (eGFR) (Chiu et al., 2021). However, Factor Ba can be
increased in plasma from chronic kidney disease patients regardless of
the nature of causal disease (Jalal et al., 2018) and further studies with
GFR-matched controls is necessary.

In 2011, Gharavi et al. (Gharavi et al., 2011) performed a genome
wide association study in Chinese and European cohorts of patients and
identified a protective CFHR1 and CFHR3 loss of function-variant.
CFHR1 and 3 are competitive antagonist of CFH that interfere with its
regulation of C3b (Jullien et al., 2018a). This deletion of CFHR1 and
CFHRS3 protects against development of IgAN by increasing the func-
tional activity of FH (Gharavi et al., 2011). Variants in CFH, CFHR1 and
CFHR3 are associated with circulating CFH levels and modulate com-
plement activation in IgAN (Zhu et al., 2015). The allele frequency in the
general population of this CFHR1/CHR3 deletion, determined by
multiplex ligand dependent probe amplification, is lower in China and
Japan compared to African populations and homozygous deletion has
been observed in 4-7% of European population (V Holmes et al., 2013).
In a French monocentric White IgAN cohort, this homozygous deletion
has been detected by RT-qPCR in 4% of patients whereas heterozygous
deletion is found in 30.5% of patients and is associated to a decrease in
immune complexes deposition but not to IgAN progression (Jullien
et al., 2018b). It is however difficult to draw comparisons between these
last two studies including different populations and different methods
for the detection of gene deletions.

Another CFHR has been connected to IgAN pathogenesis: CFHR-5,
detected by immunostaining in kidneys from patients (Murphy et al.,
2002). It positively correlates with glomerular C3b/iC3b/C3c and C3dg
deposition whereas FH staining is decreased in progressive IgAN disease,
indicating a possible dysregulation of the AP in IgAN (Medjeral Thomas
et al., 2018). Finally, circulating levels of CFHR-5 are significantly
elevated in IgAN compared to healthy donors and is an independent risk
factor for disease progression (Zhu et al., 2018). However, there is un-
certainty whether these observations are disease-specific or rather the
reflection of chronic kidney disease.

3.3. MBL (mannose-binding lectin)/MASP (MBL-associated serine
protease) pathway

While the literature already provided convincing and tangible results
about AP activation in [gAN, involvement of LP, discovered in the early
1990's, emerged less than ten years later. Indeed, detection of mesangial
C4 and C3 deposits in the absence of Clq, is highly suggestive for LP
implication in I[gAN. However, this point should be tempered by the fact
that Cl1q does not bind covalently to its ligands, in contrast to C4b,
explaining its potential higher mesangial clearance rate (Berger, 2021).
Differentiating CP and LP involvement in IgAN could therefore be
assessed by the measurement of C1q-C4 or C3 complexes, as already
published (Wouters et al., 2005). Compellingly, in multiple studies,
presence of mesangial C4 degradation products, notably C4d, as well as
MBL is associated with a more severe disease, and worse prognosis in
both adult (Espinosa et al., 2009; Liu et al., 2013; Espinosa et al., 2014;
Faria et al., 2015) and paediatric IgAN (Fabiano et al., 2017). Mesangial
C4d is found in 20-38% of IgAN patients (Espinosa et al., 2009, 2014;
Segarra et al., 2018), MBL deposits in 25%-35% (Roos et al., 2001; Liu
et al., 2013; Endo et al., 1998; Roos et al., 2006) and MASP-1 in 80% of
IgAN vasculitis kidney biopsies (Endo et al., 2000). These observations
are more frequent in patients exhibiting IgA1 and IgA2 mesangial
deposition, suggesting a particular role of IgA2 in LP activation (Hisano
et al., 2001, 2005).Recently, Faria et al. (Faria et al., 2015) identified
arteriolar C4d deposits in 21% of IgAN patients and its association with
arterial intimal fibrosis, chronic microangiopathy and correlation with
mean arterial pressure, likely explaining the specific vascular involve-
ment in some IgAN patients (Cai et al., 2019). MBL level is correlated to
histopathological parameters and may be a non-invasive biomarker for
predicting the prognosis of [gAN (Liu et al., 2012). A risk variant in
MBL2 (MBL gene) is associated with reduced circulating MBL levels and
an increased risk for ESRD in IgAN, in a Chinese cohort (Ouyang et al.,
2019). Other indicators of poor prognosis have been identified,
including high serum levels of MBL (Faria et al., 2015; Guo et al., 2017)
which is contradictory to previous results and not fully understood yet,
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and low-levels of circulating MASP-3 (Medjeral Thomas et al., 2018).
Intriguingly, MASP-3 inhibits the binding of MASP-2 with MBL, histor-
ically known as a negative complement regulator, but has been recently
implicated as the exclusive pro-factor D activator. This major result il-
lustrates the dual role of MASP-3 and a fundamental link between AP
and LP, which should be further studied in IgAN (Dobo et al., 2016).

3.4. Systemic and/or local activation?

Whether complement activation occurs systemically or in situ in
IgAN is of importance to the current understanding of pathogenesis and
treatment guidance. The main site of C3 synthesis is the liver, but
extrahepatic synthesis has been described (Laufer et al., 2001). In
particular, studies have shown its expression in glomerular epithelial
cells (Sacks et al., 1993a), and in primary mesangial cell cultures (van
den Dobbelsteen et al., 1994) under IL-1p and IL-6 stimulation. Other
complement factors can be expressed by mesangial cells, such as Factor
H (van den Dobbelsteen et al., 1994) and C4 (Sacks et al., 1993b) under
the control of cytokines and growth factors.

Besides cytokines, and in particular IL-6 which plays a role in IgAN
pathogenesis, the main question is to assess the possibility of local
complement activation by immune complexes containing IgA. Answers
to these considerations have been provided by Schmitt et al., who
demonstrated that stimulation of mesangial cells with galactose-
deficient polymeric IgA1 induces C3 secretion (Schmitt et al., 2014)
and mesangial proliferation. Indeed, this hyperplasia could be partly
complement-driven. In fact, mesangial cells physiologically express C3a
and Cb5a receptors: their inhibition represses mesangial cell prolifera-
tion, I1-6 and MCP-1 expression and reduces kidney damage in a mouse
model of IgAN (Zhang et al., 2017). Furthermore, C5aR mRNA over-
expression has been described in mesangial cells from IgAN patients
(Abe et al., 1998). Finally, in IgAN, renal cortical complement C3 gene
expression is detected in more than half of the patients and is signi-
ficatively more frequent in patients exhibiting severe IgAN lesions
(Montinaro et al., 1997). These observations shed light on local com-
plement involvement in IgAN development. Restricted mesangial com-
plement activation would theoretically enhance cell lysis because of
terminal complement deposition however, this feature is not observed in
IgAN. In vitro experiments showed that upon complement activation
induced by immune complexes, mesangial cells have increased
Decay-Accelerating Factor (DAF) membrane expression and synthesis
(Shibata et al., 1991; Cosio et al., 1994). DAF (CD55) is a membrane
protein present on most cell types, protecting them from complement
induced cell lysis by inhibiting formation and accelerating the degra-
dation of C3 and C5 convertase. These general observations have been
confirmed in IgAN kidneys, where glomerular and interstitial DAF and
C3 mRNA expression correlate with the degree of corresponding
glomerular and tubulo-interstitial injuries (Abe et al., 1998). In sum-
mary, it is likely that both circulating and locally produced complement
factors contribute to mesangial inflammation, triggered by the deposi-
tion of [gA1 immune complexes.

3.5. Is complement activation associated with specific clinico-histological
features of IgAN?

IgAN is a very heterogeneous disease, and some patients exhibit a
systemic form with digestive, rheumatologic and skin involvement
called IgA vasculitis (IgAV). There are still conflicting results about the
differential prognosis between [gAN and IgAV with nephritis (Pillebout,
2021). If populations are matched for age, histology and treatment
factors, renal prognosis is equal in IgAN and IgAV (Oh et al., 2012). A
Japanese study concerning 10 IgAV patients with nephritis, compared to
19 age-matched IgAN patients, demonstrated that serum levels of C3,
C4, C4BP, Factor H and Factor I were not different between these two
populations. However, no histological comparison nor any follow-up
vere carried out (Endo et al., 2000). Currently, no data in favour of a
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higher level of complement activation in IgAV compared to IgAN is
published, but larger-scale studies are necessary. However, low levels of
circulating C3 is an independent risk factor for kidney involvement
(Chan etal., 2016) and IgA/C3 ratio could be a predictive tool for steroid
resistance in paediatric [gAV patients (Shin et al., 2005).

Extracapillary proliferation is associated with poor kidney outcome
especially in patients with crescents involving >25% of glomeruli (score
C2)(Trimarchi et al., 2017). Presence of crescents seems to be more
frequent in Chinese and Japanese cohorts, concerning 48.3% and 61% of
IgAN biopsies compared to 15.3% in White patients (Barbour et al.,
2019). In a monocentric Japanese study, patients exhibiting extrac-
apillary proliferation had higher immunofluorescence score for C5b-9,
MASP1/2/3, properdin and factor B, whereas serum C3 and C4 levels
were comparable (Itami et al., 2020). However, kidney outcome was
similar in this study, regardless of the C score: differential steroid use
might explain this observation.

Microangiopathy with or without thrombosis is frequently encoun-
tered in IgAN biopsies, with active and/or chronic features in up to 50%
of TgAN patients (El Karoui et al., 2012). Glomerular C4d staining is
more prevalent in biopsies with microangiopathy lesions and is associ-
ated with poorer renal survival after correction for blood pressure and
eGFR (Chua et al., 2019). Association of this histopathological charac-
teristic with abnormalities of complement regulation such as CFHR1,
CFHR3 deletion and FH autoantibodies still needs to be addressed in
large-scale studies.

In conclusion, very limited data are available regarding associations
between complement activation, complement pathways and clinico-
histological features of IgAN. Both serological and renal evaluation of
complement activation in IgAN will be needed to assess which subgroup
of IgAN patients would be candidates for complement blockade therapy.

4, Experimental models of IgAN and involvement of
complement (Table 1)

IgAN develops following a complex, multi-hit process, which ex-
plains why it has been a struggle to obtain a representative experimental
animal model of the disease for over 50 years. Difficulties encountered
in establishing [gAN experimental models arise from interspecies dif-
ferences in structure and function of IgA and its main receptor, the FcaR
(CD89). While humans display two IgA subtypes, mice and rats have
only one IgA which differs from human IgA1 by displaying a shorter
hinge region without O-glycosylation. Moreover, rodents circulating IgA
is mainly in dimeric form, contrary to humans (Grey et al., 1970).
Finally, mice do not express CD89 IgA receptor but rats do express a
CD89 homologue (Monteiro and Van De Winkel, 2003; Maruoka et al.,
2004).

4.1. Spontaneous mouse models

The ddY mouse strain exhibits spontaneous IgAN, characterized by
the development of glomerulonephritis with proteinuria associated with
IgA, IgG, IgM and C3 mesangial deposits. However, the age of onset and
severity is very heterogeneous, due to genetic variation induced by
historical outbred stock management. A genome-wide association study
identified four candidate loci linked with the early onset of the disease in
ddY mice. Intercrossing of early-onset ddY mice for more than 20 gen-
erations induced the generation of the grouped-ddY mouse model
featuring high-proteinuria, kidney failure at 24 weeks of age and IgA
with C3 mesangial co-deposits (Okazaki et al., 2012). Finally, within the
initial ddY strain, some mice exhibit high serum levels of IgA, but
interbreeding those ddY strains (HIGA mouse model) does not worsen
kidney involvement. Additional analysis demonstrated stronger staining
for complement C3, C5b-9, Clq, C4, MBL, MASP2, factor B and pro-
perdin in the grouped-ddY strain compared to HIGA mice, highlighting
the implication of the 3 pathways in this model (Hashimoto et al., 2012).
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Table 1
Complement involvement in experimental models of IgAN.

Rodent strain or model Year of publication Complement factors deposits in glomeruli Ref.

Spontaneous ddY strain (mice) 1986 C3 (118)
HIGA (mice) 1997 C3, C5b9, Clq, C4, MBL, MASP2, Factor B, Properdin (118, 119)
Grouped-ddY (mice) 2012 C3, C5b9, Clq, C4, MBL, MASP2, Factor B, Properdin (118)

Transgenic CD89 transgenic (mice) 2000 Not published (28)
o1KICD89Tg (mice) 2012 C3 (29, 121)
Uteroglobin antisense transgenic (mice) 2000 Cc3 (122,123)
Human Bel-2-transgenic (mice) 2004 Not published (130)
Human BAFF-transgenic (mice) 2006 Not published (131)
B1.4-galactosyltransferase-I-KO (mice) 2007 C3 (133)
CD37 deficient (mice) 2018 Not published (132)

Induced Anti DNP IgA immunization (mice) 1979 C3 (35, 134)
Anti DNP monomeric or polymeric IgA immunization (rat) 1983 C3 - No C4 nor Clq. (135, 136)
Gliadin immunization (mice) 1989 Not published (138)
Vomitoxin-exposed (mice) 1989 No C3 deposition (141)
Sendai Virus immunization (mice) 2001 C3 (142)
Streptococcus mutans induced periondontal disease (rat) 2020 C3 (143)
Artificial IgA Fe polymers immunization (rat) 2021 C3 (137)
NALT stimulation of ddY mice with TLR9 ligands 2021 C3 (144)

HIGA : High Immunogloublin A.
Bel-2 : B cell lymphoma 2.
BAFF : B cell activating factor.
DNP : dinitrophenyl.

4.2. Transgenic and humanized mouse models

As CD89 is not expressed in mice, its overexpression by conventional
transgenesis in C57BL/6 or BALB/c strain (CD89Tg mice) results in the
development of haematuria and mild proteinuria associated with
mesangial hyperplasia and mouse IgA deposits but only in old animals
(at 40 weeks of age) (28). Mice express only one type of IgA, different
from human IgAl. Previous studies have shown that mouse IgA or
mouse immune complexes containing IgA lack the capacity to activate
complement compared to human IgA (Pfaffenbach et al., 1982). For this
reason, a humanized mouse model has been established with knock-in
human IgAl at the murine IgM switch locus as well as being CD89
transgenic: a1 KICD89Tg mice. These mice develop haematuria, albu-
minuria and altered renal function at 12 weeks of age and exhibit serum
immune complexes containing human IgA1. Furthermore, histological
examination shows predominant mesangial IgA1 with C3 co-deposition,
glomerular macrophage infiltration and mesangial cell proliferation. In
contrast, mice expressing IgAl alone do not have kidney function
alteration and failed to display mesangial complement deposition (Oruc
etal., 2016). Whether soluble CD89, a highly glycosylated protein, could
contribute to explain complement deposition in the a1 KICD89Tg mice
remains to be demonstrated. Other transgenic models have been
developed, such as the uteroglobin antisense-transgenic mice. Utero-
globin is an anti-inflammatory protein secreted by mucosal epithelia,
with high-affinity for fibronectin, interfering with IgA-fibronectin
spontaneous interaction. This model is characterized by micro-
haematuria, albuminuria and glomerular IgA, C3 and collagen deposits
(Zheng et al., 1999; Zhang et al., 2000). However, uteroglobin does not
seem to be implicated in IgAN pathogenesis in humans (Coppo et al.,
2002).

More recently, a particular interest in the role of B-cells in [gAN led
to the generation of two transgenic models: human Bel-2 (B-cell lym-
phoma 2) and BAFF (B-cell activating factor). Bel-2 is usually overex-
pressed in B cells in autoimmune states, inducing a defect in the
regulation of B-cell apoptosis and enhancing the systemic IgA immune
response (Marquina et al., 2004a). B-cell activating factor (BAFF) is also
a protein of interest in I[gAN, involved in antibody class-switching and B
cell survival. Overexpression of human BAFF has been described in IgAN
(Cao et al., 2020; Zheng et al., 2015, 2017; Sallustio et al., 2021). Both
models exhibit high levels of hypogalactosylated IgA and IgA mesangial
deposition, though no data is available concerning complement activa-
fion (Marquina et al., 2004b; McCarthy et al., 2011). CD37, another key

molecule in B cell function, has been shown to be decreased in B cells
from IgAN patients (Rops et al., 2018). CD37 deficiency in a rodent
model leads to glomerulonephritis with dominant IgA deposition and
mesangial cell proliferation. In contrast, double knock out mouse for
CD37 and IL6 do not display any sign of glomerulonephritis, suggesting
that CD37 may inhibit the IL-6 pathway and thereby protect against
IgAN (Rops et al., 2018)

Finally, galactosylation status of IgA is essential in the pathophysi-
ological process of IgAN. Murine IgA has N-glycans but not O-glycans,
contrary to human IgA1. Recently, Nishie et al. proposed a new murine
model deficient for p-1,4-galactosyltransferase (f4GalT-1), the enzyme
responsible for transferring galactose to the terminal N-acetylglucos-
amine of IgA in mice, resulting in high serum IgA levels with increased
polymeric forms, albuminuria, haematuria, mesangial matrix expan-
sion, glomerulosclerosis, mesangial IgA and mesangio-parietal C3 de-
posits (Nishie et al., 2007).

4.3. Induced models

The first murine model published by Rifai et al. is an IgA immune
complex glomerulonephritis induced by anti DNP (dinitrophenyl) IgA in
BALB/c mice. Mice exhibit haematuria, mild mesangial proliferation,
and mesangial IgA deposits, even after complement depletion by cobra
venom factor. Although complement is not necessary for the develop-
ment of the disease in this model, C3 mesangial deposits are observed in
non-complement depleted mice (Rifai et al., 1987). Moreover, immu-
nization with immune complexes combining DNP, anti DNP IgA and 1gG
containing complement-fixing sites induces hematuria and glomerular
C3 deposits in BALB-c mice. This is not observed with IgG lacking the
ability to fix complement, implying the possible role of complement in
haemarturia (Emancipator et al., 1987; Sevillano et al., 2017). This
experimental procedure was optimized a few years later in a rat model
challenged with DNP-F(ab’2) anti Thy1 followed by systemic adminis-
tration of monomeric or polymeric IgA anti-DNP. Rats immunized with
polymeric IgA, in contrast to monomeric IgA, demonstrate acute pro-
teinuria, mesangial [gA and C3 deposition. No deposits of C1q nor C4 are
observed, suggesting the implication of the alternative pathway (Stad
etal., 1993). Complement depletion in those rats did not prevent the IgA
mesangial deposits but abolished the glomerular inflammation (Stad
et al., 1994).

Recently, a new approach has been proposed, involving adminis-
tration of biotinylated recombinant Fc region of IgA capable of
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polymerisation in the presence of streptavidin. Systemic administration
with these artificial IgA Fe polymers induces very rapid and transient
IgA and C3 mesangial deposition (Xie et al., 2021).

IgAN is closely related to mucosal immunity, and flares of the disease
are commonly observed after mucosal stimulation by antigens or in-
fectious mucosal-associated diseases. Exposure to food antigens such as
gluten and ovalbumin may contribute to the pathogenesis of [gAN.
Interestingly, gliadin, a component of gluten, induces mesangial IgA
deposits in BALB-C mice (Coppo et al., 1989). Moreover, we previously
reported that a gluten-free diet in a1 KICD89Tg mice is associated with a
decrease in mesangial IgA1 deposits and a significant decline in C3
glomerular staining (Papista, 2015). Further studies revealed the ability
of gliadin, exhibiting lectin function, to bind IgA1 (Coppo et al., 1992)
and sCD89 (Papista, 2015). Exposure to vomitoxin, a fungal contami-
nant of cereals, induces an increase in serum IgA levels in a rodent
model, as well as IgA mesangial deposition (Pestka et al., 1989), though
no complement co-deposits have been observed.

Oro-pharyngeal mucosal challenge may also be interesting in
experimental models of IgAN. Tnoculation of Sendai virus in mice leads
to hyperactivation of Th2 cells and induction of microhaematuria,
glomerular IgA and less intense C3 deposits in BALB/c mice (Chinta-
lacharuvu et al., 2001). More recently, rat models of periodontal disease
and dental caries induced by specific strains of streptococcus, such as
Streptococcus mutans, have been developed. These rats develop an
IgA-like glomerulonephritis, characterized by IgA and C3 mesangial
deposition (Naka et al., 2021). The role of the environment in IgAN
pathogenesis is essential. Early onset-ddY mice housed in germ-free
conditions do not develop IgAN. Notwithstanding, nasal-associated
lymphoid tissue (NALT) stimulation of these mice by TLRO ligands re-
constitutes IgAN, characterized by IgA and C3 mesangial co-deposits
(Kano et al., 2021).

Renal deposition of complement factors has been observed in most of
these rodent models, but none have been used to publish a complement
inhibition strategy. Evaluating which complement pathways is involved
in each model according to serum and histological parameters would be
interesting, as the impact of this activation on phenotype and kidney
prognosis. Drug induced inhibition of the LP and AP seems the more
practical way to test our hypothesis rather than inducing IgAN in com-
plement deficient mice. Currently, there is an increased race towards the
generation of therapeutic humanized monoclonal antibodies: efficacy
assessnient of such drugs in experimental IgAN models is limited by the
need for mice expressing humanized complement proteins. Interest-
ingly, an humanized C3 mouse model has been recently developed
(Devalaraja-Narashimha et al., 2021). Modification of therapeutic hu-
manized antibodies to improve inhibition in rodents is also possible, as
already described (Orsini et al., 2016). Some drugs as LNP023 (Schubart
et al, 2019) and RNAi ALN-CC5 (Kusner et al., 2019) are fully
compatible for complement inhibition in mice and humans and would
be good candidates for investigating complement role in this disease.
Novel studies assessing complement blockade in these rodent strains are
eagerly expected.

5. Discussion and treatment options (Fig. 3)

Despite significant research in IgAN pathogenesis since 1968, there is
still no immunosuppressive treatment specific for IgAN. Currently, in
“classical IgAN” (ie non-rapidly progressive IgA glomerulonephritis), the
first line of treatment consists of 6-months supportive treatment
including renin-angiotensin-aldosterone system blockade and second
line use of corticosteroids when there is persistent proteinuria > 1 g/day
(KDIGO, 2021). Delay in finding specific drugs can be explained by the
heterogeneous clinical and histological presentation of IgAN, ranging
from asymptomatic IgA mesangial deposition to rapidly progressive
glomerulonephritis, with an evolution towards end-stage renal disease
in approximatively 30% of cases. When considering treatment options, a
‘lear estimation of individualised patient’s risk of disease progression is
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therefore mandatory. Proteinuria and GFR are the only prognostic bio-
markers used currently (KDIGO, 2021). Results of the VALIGA study
showed that there was a variability in outcome that was not explained
by either histological MEST-C score, nor by clinico-biological parame-
ters (proteinuria, GFR, blood pressure), indicating that other prognostic
elements are to be found. Of note, circulating GdIgA1 is not considered
as a prognostic marker, due to conflicting published results (Suzuki
et al., 2014; Wada et al., 2018; Camilla et al., 2011). The IgAN Predic-
tion Tool has been recently proposed (Barbour et al., 2019), and its use
recommended for prognostication of primary IgAN. This score includes
already-known risk factors of bad prognosis such as reduced GFR, hy-
pertension, protein excretion above 1 g/day at diagnosis, and the his-
tological MEST-C score (M1, S1, T1/2). However, this tool cannot be
used for immunosuppressive treatment decisions (KDIGO, 2021).

An important factor is therefore whether the magnitude of comple-
ment activation by AP or LP might be another prognostic element that
could improve the risk prediction models and be a tangible biomarker on
which a specific treatment could be proposed. Presently, answers to this
major question cannot be drawn.

Large-scale observational international prospective studies with
thorough follow-up analysis of new markers, such as IgA/C3 ratios,
circulating C3 degradation products, CFHR levels, IgA isoforms, glyco-
forms and immune complexes, genetic variants of CFH-CFHR genes, and
initial in situ kidney complement deposition pattern of the LP and AP
pathways, in addition to the markers already validated, will improve our
knowledge and address the place of complement blocking therapies in
IgAN.

So far, complement inhibition in IgAN has only been tested as
salvage therapy. Use of Eculizumab, a selective C5 inhibitor, has been
reported in a few published cases of [gAN or IgAN vasculitis patients
with extracapillary proliferation and acute kidney failure (Rosenblad
et al., 2014; Ring et al., 2015). Despite initial improvement in kidney
function, it did not prevent end stage renal disease developing in both
cases. This treatment also failed in a patient with relapsing rapidly
progressive IgA nephropathy shortly after kidney transplantation (Her-
zog et al,, 2017). Timing of treatment was sporadic and duration of
therapy was short in these case reports.

A significant number of new drugs targeting AP, LP or common
pathways have been developed recently. Indeed, complement inhibitors
targeting the AP are now under investigations in IgAN, using Iptacopan
(LNP023), a selective factor B inhibitor (NCT04578834). Complement
blocking therapies targeting common factors of the 3 pathways are also
under evaluation: Ravulizumab, a long-acting C5 inhibitor engineered
from Eculizumab (NCT04564339), Cemdisiran (ALN—CC5), a GalNAc-
conjugated RNA{, inhibiting liver production of C5 (NCT03841448),
and APL-2, a C3 inhibitor peptide (NCT03453619) are being assessed in
phase 2 trials. C5a receptor antagonist, as Avacopan, could also be a
valuable drug in [gAN (Bruchfeld et al., 2017) and has proven its efficacy
in other complement-mediated diseases such as ANCA vasculitis (Jayne
et al., 2021). Recently, the safety of Narsoplimab (OMS721), a fully
human monoclonal antibody inhibiting Mannan-binding lectin-asso-
ciated serine proteinase 2 (MASP-2) has been confirmed in a phase 2
trial including IgAN patients (Lafayette et al., 2020), and a phase 3 trial
is ongoing (NCT03308033).

These trials currently enrol patients with GFR > 30 mL/min and
urine protein:creatinine ratio > 1 g/g, regardless of complement acti-
vation parameters. We hope that analysis of such elements and out-
comes will allow identification of which IgAN patients will benefit from
these therapies.

Interestingly, other promising molecules specifically inhibiting LP
pathways, like small heparin and heparan-sulfate derived oligosaccha-
rides have been recently discovered (Talsma et al., 2020), paving the
way to the future of complement-blockade therapy.
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Fig. 3. Current Complement blocking therapies in phase II or III trials in IgAN.
MBL (Mannose-Binding-Lectin), MASP (MBL-Associated Serine Protease), FH (Factor H), FHR (Factor H Related protein), FB (Factor B)

6. Conclusion

This review summarizes the historic and current understanding of
the implication of complement in IgAN pathophysiology. It highlights
the potential contribution of IgA isoforms, glycoforms and immune-
complexes to this process, both in systemic and renal compartments.
Elucidating the mechanisms behind heterogenous LP and AP activation
will open the way to a better understanding of disease pathogenesis and
to individualised, complement-targeted treatment in IgAN.

Author statement

Le Stang MB : writing original draft, figures, review and editing
Gleeson JP : review and editing

Monteiro RC : supervision, review and editing

Daha MR : supervision, review and editing

Van Kooten C : conceptualization, supervision, review and editing

Declaration of Competing Interest
The authors declare no conflict of interest.

References

Abe, K., Miyazaki, M., Koji, T., Furusu, A., Ozono, Y., Harada, T., et al., 1998. Expression
of decay accelerating factor mRNA and complement C3 mRNA in human diseased
kidney. Kidney Int. 54 (July(1)), 120-130.

Amore, A., Cirina, P., Conti, G., Brusa, P., Peruzzi, L., Coppo, R., 2001. Glycosylation of
circulating IgA in patients with IgA nephropathy modulates proliferation and
apoptosis of mesangial cells. J Am Soc Nephrol. 12 (September (9)), 1862-1871.

Banda, N.K., Wood, A.K., Takahashi, K., Levitt, B., Rudd, P.M., Royle, L., et al., 2008.
Initiation of the alternative pathway of murine complement by immune complexes is
dependent on N-glycans in IgG antibodies. Arthritis Rheum. 58 (October (10)),
308-309.

Barbour, S.J., Coppo, R., Zhang, H., Liu, Z.-H., Suzuki, Y., Matsuzaki, K., et al., 2019.
Evaluating a new international risk-prediction tool in IgA nephropathy. JAMA
Intern. Med. 179 (July (7)), 942-952, 1.

Bene, M.C., Faure, G.C., 1987. Composition of mesangial deposits in IgA nephropathy:
complement factors. Nephron. 46 (2), 219.

Berger, Stefan P. Clq and the glomerulonephritides: therapeutic approaches for the
treatment of complement-mediated kidney diseases. In: complement in kidney
diseases. pp 37-47.

Berger, J., Hinglais, N., 1968. [Intercapillary deposits of IgA-IgG]. J. Urol. Nephrol.
(Paris) 74 (September (9)), 694-695.

Berger, J., Noél, L.H., Nabarra, B., 1984. Recurrence of mesangial IgA nephropathy after
renal transplantation. Contrib. Nephrol. 40, 195-197.

Berthelot, L., 2012. Transglutaminase is essential for IgA nephropathy development
acting through IgA receptors. J. Exp. Med. 209, 793-806.

Boackle, R.J., Pruitt, K.M., Mestecky, J., 1974. The interactions of human complement
with interfacially aggregated preparations of human secretory IgA.
Immunochemistry 11 (September (9)), 543-548.

Bruchfeld, A., Nachman, P., Parikh, S., Lafayette, R., Potarca, A., Diehl, J., et al., 2017.
TO012C5A Receptor inhibitor avacopan in iga nephropathy study. Nephrol. Dial.
Transplant. 1 (May(suppl_3)), 32iii82-iii82.

Cai, Q., Shi, S., Wang, S., Ren, Y., Hou, W., Liu, L., et al., 2019. Microangiopathic lesions
in IgA nephropathy: a cohort study. Am. J. Kidney Dis. 74 (November (5)), 629-639.

Camilla, R., Suzuki, H., Dapra, V., Loiacono, E., Peruzzi, L., Amore, A., et al.,, 2011.
Oxidative stress and galactose-deficient IgAl as markers of progression in IgA
nephropathy. Clin. J. Am. Soc. Nephrol. 6 (August (8)), 1903-1911.

Cao, Y., Lu, G., Chen, X., Chen, X., Guo, N., Li, W., 2020. BAFF is involved in the
pathogenesis of IgA nephropathy by activating the TRAF6/NF-kB signaling pathway
in glomerular mesangial cells. Mol. Med. Rep. 21 (February (2)), 795-805.

Chan, H., Tang, Y.-L., Lv, X.-H., Zhang, G.-F., Wang, M., Yang, H.-P., et al., 2016. Risk
factors associated with renal involvement in childhood Henoch-Schénlein Purpura: a
meta-analysis. PLoS One 11 (11), e0167346.

Chen, M., Daha, M.R., Kallenberg, C.G.M., 2010. The complement system in systemic
autoimmune disease. J Autoimmun. 34 (May (3)), J276-286.

Chintalacharuvu, S.R., Nagy, N.U., Sigmund, N., Nedrud, J.G., Amm, M.E.,
Emancipator, S.N., 2001. T cell cytokines determine the severity of experimental [gA
nephropathy by regulating IgA glycosylation. Clin. Exp. Immunol. 126 (November
(2)), 326-333.

Chiu, Y.-L., Lin, W.-C., Shu, K.-H., Fang, Y.-W., Chang, F.-C., Chou, Y.-H., et al., 2021.
Alternative complement pathway is activated and associated with galactose-
deficient IgA1l antibody in IgA nephropathy patients. Front. Immunol. 12, 638309.

Chua, J.S., Zandbergen, M., Wolterbeek, R., Baelde, H.J., van Es, L.A., de Fijter, J.W.,
et al., 2019. Complement-mediated microangiopathy in IgA nephropathy and IgA
vasculitis with nephritis. Mod. Pathol. 32 (July (8)), 1147-1157.



M.-B. Le Stang et al.

Coppo, R., 2017. C4d deposits in IgA nephropathy: where does complement activation
come from? Pediatr. Nephrol. 32 (July (7)), 1097-1101.

Coppo, R., Mazzucco, G., Martina, G., Roccatello, D., Amore, A., Novara, R., et al., 1989.
Gluten-induced experimental IgA glomerulopathy. Lab. Invest. 60 (April(4)),
499-506.

Coppo, R., Amore, A., Roccatello, D., 1992. Dietary antigens and primary
immunoglobulin A nephropathy. J. Am. Soc. Nephrol. 2 (April (10 Suppl)),
S$173-180.

Coppo, R., Chiesa, M., Cirina, P., Peruzzi, L., Amore, A., European IgACE Study Group,
2002. In human IgA nephropathy uteroglobin does not play the role inferred from
transgenic mice. Am. J. Kidney Dis. 40 (September (3)), 495-503.

Cosio, F.G., Shibata, T., Rovin, B.H., Birmingham, D.J., 1994. Effects of complement
activation products on the synthesis of decay accelerating factor and membrane
cofactor protein by human mesangial cells. Kidney Int. 46 (October (4)), 986-992.

Daha, N.A., Banda, N.K., Roos, A., Beurskens, F.J., Bakker, J.M., Daha, M.R., et al., 2011.
Complement activation by (auto-) antibodies. Mol Immunol. aofit 48 (14),
1656-1665.

Dembic, S. The immune system — Definition and Development of Immunity, Chapter 2.
The cytokines of the Immune System.

Devalaraja-Narashimha, K., Meagher, K., Luo, Y., Huang, C., Kaplan, T.,

Muthuswamy, A., et al., 2021. Humanized C3 mouse: a novel accelerated model of
C3 glomerulopathy. J. Am. Soc. Nephrol. 32 (January (1)), 99-114.

Dobd, J., Szakdcs, D., Oroszldn, G., Kortvely, E., Kiss, B., Boros, E., et al., 2016. MASP-3 is
the exclusive pro-factor D activator in resting blood: the lectin and the alternative
complement pathways are fundamentally linked. Sci. Rep. 18 (August 6), 31877.

Dotz, V., Visconti, A., Lomax-Browne, H.J., Clerc, F., Hipgrave Ederveen, A.L., Medjeral-
Thomas, N.R., et al., 2021. O- and N-Glycosylation of serum immunoglobulin a is
associated with IgA nephropathy and glomerular function. J. Am. Soc. Nephrol. 14
(june). ASN.2020081208.

Eijgenraam, J.W., Oortwijn, B.D., Kamerling, S.W.A., de Fijter, J.W., van den Wall
Bake, A.W.L., Daha, M.R,, et al., 2008. Secretory immunoglobulin A (IgA) responses
in IgA nephropathy patients after mucosal immunization, as part of a polymeric [gA
response. Clin Exp Immunol. 152 (May (2)), 227-232.

Ekdahl, K.N., Persson, B., Mohlin, C., Sandholm, K., Skattum, L., Nilsson, B., 2018.
Interpretation of serological complement biomarkers in disease. Front. Immunol. 9,
2237.

El Karoui, K., Hill, G.S., Karras, A., Jacquot, C., Moulonguet, L., Kourilsky, O., et al.,
2012. A clinicopathologic study of thrombotic microangiopathy in IgA nephropathy.
J. Am. Soc. Nephrol. 23 (January (1)), 137-148.

Emancipator, S.N., Ovary, Z., Lamm, M.E., 1987. The role of mesangial complement in
the hematuria of experimental IgA nephropathy. Lab Invest. 57 (September (3)),
269-276.

Endo, M., Ohi, H., Ohsawa, 1., Fujita, T., Matsushita, M., Fujita, T., 1998. Glomerular
deposition of mannose-binding lectin (MBL) indicates a novel mechanism of
complement activation in IgA nephropathy. Nephrol Dial Transplant. 13 (August
(8)), 1984-1990.

Endo, M., Ohi, H., Ohsawa, 1., Fujita, T., Matsushita, M., 2000. Complement activation
through the lectin pathway in patients with Henoch-Schénlein purpura nephritis.
Am J Kidney Dis. 35 (March (3)), 401-407.

Espinosa, M., Ortega, R., Gémez-Carrasco, J.M., Lépez-Rubio, F., Lépez-Andreu, M.,
Lépez-Oliva, M.O., et al., 2009. Mesangial C4d deposition: a new prognostic factor in
IgA nephropathy. Nephrol. Dial. Transplant. 24 (March (3)), 886-891.

Espinosa, M., Ortega, R., Sanchez, M., Segarra, A., Salcedo, M.T., Gonzdlez, F., et al.,
2014. Association of C4d deposition with clinical outcomes in [gA nephropathy. Clin.
J. Am. Soc. Nephrol. 9 (May (5)), 897-904.

Fabiano, R.C.G., de Almeida Aradjo, S., Bambirra, E.A., Oliveira, E.A., Simoes E Silva, A.
C., Pinheiro, 5.V.B., 2017. Mesangial C4d deposition may predict progression of
kidney disease in pediatric patients with IgA nephropathy. Pediatr. Nephrol. 32 (7),
1211-1220.

Faria, B., Henriques, C., Matos, A.C., Daha, M.R., Pestana, M., Seelen, M., 2015.
Combined C4d and CD3 immunostaining predicts immunoglobulin (Ig)A
nephropathy progression. Clin. Exp. Immunol. 179 (February (2)), 354-361.

Gharavi, A.G., Kiryluk, K., Choi, M., Li, Y., Hou, P., Xie, J., et al., 2011. Genome-wide
association study identifies susceptibility loci for IgA nephropathy. Nat. Genet. 13
(March (4)), 321-327, 43.

Grey, H.M., Sher, A., Shalitin, N., 1970. The subunit structure of mouse IgA. J Immunol.
105 (July (1)), 75-84.

Guo, W.-Y., Zhu, L., Meng, S.-J., Shi, S.-F., Liu, L.-J., Lv, J.-C., et al., 2017. Mannose-
binding lectin levels could predict prognosis in IgA nephropathy. J. Am. Soc.
Nephrol. 28 (November (11)), 3175-3181.

Harboe, M., Ulvund, G., Vien, L., Fung, M., Mollnes, T.E., 2004. The quantitative role of
alternative pathway amplification in classical pathway induced terminal
complement activation. Clin Exp Immunol. 138 (December (3)), 439-446.

Hashimoto, A., Suzuki, Y., Suzuki, H., Ohsawa, L., Brown, R., Hall, S., et al., 2012.
Determination of severity of murine IgA nephropathy by glomerular complement
activation by aberrantly glycosylated IgA and immune complexes. Am. J. Pathol.
181 (October (4)), 1338-1347.

Haurum, J.S., Thiel, S., Haagsman, H.P., Laursen, S.B., Larsen, B., Jensenius, J.C., 1993.
Studies on the carbohydrate-binding characteristics of human pulmonary surfactant-
associated protein A and comparison with two other collectins: mannan-binding
protein and conglutinin. Biochem. J. (1 August), 873-878, 293 (Pt 3).

Herzog, A.L., Wanner, C., Amann, K., Lopau, K., 2017. First treatment of relapsing
rapidly progressive IgA nephropathy with eculizumab after living kidney donation: a
case report. Transplant Proc. sept 49 (7), 1574-1577.

Molecular Immunology 140 (2021) 1-11

Hiemstra, P.S., Gorter, A., Stuurman, M.E., Van Es, L.A., Daha, M.R., 1987. Activation of
the alternative pathway of complement by human serum IgA. Eur. J. Inmunol. 17
(3), 321-326.

Hiemstra, P.S., Biewenga, J., Gorter, A., Stuurman, M.E., Faber, A., van Es, L.A., et al.,
1988. Activation of complement by human serum IgA, secretory IgA and IgAl
fragments. Mol. Immunol. 25 (June (6)), 527-533.

Hiki, Y., Tanaka, A., Kokubo, T., Iwase, H., Nishikido, J., Hotta, K., et al., 1998. Analyses
of IgA1 hinge glycopeptides in IgA nephropathy by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry. J Am Soc Nephrol. 9 (April (4)),
577-582.

Hiki, Y., Odani, H., Takahashi, M., Yasuda, Y., Nishimoto, A., Iwase, H., etal., 2001. Mass
spectrometry proves under-O-glycosylation of glomerular IgA1l in IgA nephropathy.
Kidney Int. 59 (March (3)), 1077-1085.

Hisano, S., Matsushita, M., Fujita, T., Endo, Y., Takebayashi, S., 2001. Mesangial IgA2
deposits and lectin pathway-mediated complement activation in IgA
glomerulonephritis. Am. J. Kidney Dis. 38 (November (5)), 1082-1088.

Hisano, S., Matsushita, M., Fujita, T., Iwasaki, H., 2005. Activation of the lectin
complement pathway in Henoch-Schénlein purpura nephritis. Am. J. Kidney Dis. 45
(February (2)), 295-302.

Itami, H., Hara, S., Samejima, K., Tsushima, H., Morimoto, K., Okamoto, K., et al., 2020.
Complement activation is associated with crescent formation in IgA nephropathy.
Virchows Arch. 477 (October (4)), 565-572.

Jalal, D., Renner, B., Laskowski, J., Stites, E., Cooper, J., Valente, K., et al., 2018.
Endothelial microparticles and systemic complement activation in patients with
chronic kidney disease. J. Am. Heart Assoc. 13 (July (14)), e007818, 7.

Janssen, U., Bahlmann, F., Kohl, J., Zwirner, J., Haubitz, M., Floege, J., 2000. Activation
of the acute phase response and complement C3 in patients with IgA nephropathy.
Am J Kidney Dis. 35 (January (1)), 21-28.

Jayne, D.R.W., Merkel, P.A., Schall, T.J., Bekker, P., 2021. ADVOCATE study group.
Avacopan for the treatment of ANCA-Associated vasculitis. N. Engl. J. Med. 18
(February (7)), 599-609, 384.

Jennette, J.C., 1988. The immunochistology of IgA nephropathy. Am. J. Kidney Dis. 12
(November (5)), 348-352.

Jennette, J.C., Hipp, C.G., 1985. Immunchistopathologic evaluation of Clq in 800 renal
biopsy specimens. Am. J. Clin. Pathol. 83 (April (4)), 415-420.

Julian, B.A., Wyatt, R.J., McMorrow, R.G., Galla, J.H., 1983. Serum complement proteins
in IgA nephropathy. Clin. Nephrol. 20 (November (5)), 251-258.

Jullien, P., Laurent, B., Claisse, G., Masson, L., Dinic, M., Thibaudin, D., et al., 2018a.
Deletion variants of CFHR1 and CFHR3 associate with mesangial immune deposits
but not with progression of IgA nephropathy. J. Am. Soc. Nephrol. 29 (February (2)),
661-669.

Jullien, P., Laurent, B., Claisse, G., Masson, L., Dinic, M., Thibaudin, D., et al., 2018b.
Deletion variants of CFHR1 and CFHR3 associate with mesangial immune deposits
but not with progression of IgA nephropathy. J. Am. Soc. Nephrol. 29 (February(2)),
661-669.

Kano, T., Suzuki, H., Makita, Y., Fukao, Y., Suzuki, Y., 2021. Nasal-associated lymphoid
tissue is the major induction site for nephritogenic IgA in murine IgA nephropathy.
Kidney Int. 100 (August (2)), 364-376.

Kawasaki, Y., Maeda, R., Ohara, S., Suyama, K., Hosoya, M., 2018. Serum IgA/C3 and
glomerular C3 staining predict severity of IgA nephropathy. Pediatr Int. févr 60 (2),
162-167.

https://kdigo.org/guidelines/gd/. KDIGO.

Kirschfink, M., The clinical laboratory : testing the complement study, Chapter 5. In.

Komatsu, H., Fujimoto, S., Hara, S., Sato, Y., Yamada, K., Eto, T., 2004. Relationship
between serum IgA/C3 ratio and progression of IgA nephropathy. Intern. Med. 43
(November (11)), 1023-1028.

Kusner, L.L., Yucius, K., Sengupta, M., Sprague, A.G., Desai, D., Nguyen, T., et al., 2019.
Investigational RNAI therapeutic targeting C5 is efficacious in pre-clinical models of
myasthenia gravis. Mol. Ther. Methods Clin. Dev. 14 (June), 484-492, 13.

Lafayette, R.A., Rovin, B.H., Reich, H.N., Tumlin, J.A., Floege, J., Safety, Barratt J., 2020.
Tolerability and efficacy of Narsoplimab, a novel MASP-2 inhibitor for the treatment
of IgA nephropathy. Kidney Int. Rep. 5 (November (11)), 2032-2041.

Laufer, J., Katz, Y., Passwell, J.H., 2001. Extrahepatic synthesis of complement proteins
in inflammation. Mol. Immunol. 38 (August (2-3)), 221-229.

Launay, P., Grossetéte, B., Arcos-Fajardo, M., Gaudin, E., Torres, S.P., Beaudoin, L., et al.,
2000. Fealpha receptor (CD89) mediates the development of immunoglobulin A
(IgA) nephropathy (Berger’s disease). Evidence for pathogenic soluble receptor-Iga
complexes in patients and CD89 transgenic mice. J. Exp. Med. 5 (June (11)),
1999-2009, 191.

Lin, X., Ding, J., Zhu, L., Shi, S., Jiang, L., Zhao, M., et al., 2009. Aberrant galactosylation
of IgA1l is involved in the genetic susceptibility of Chinese patients with IgA
nephropathy. Nephrol. Dial. Transplant. 24 (November (11)), 3372-3375.

Liu, L.-L., Jiang, Y., Wang, L.-N., Liu, N., 2012. Urinary mannose-binding lectin is a
biomarker for predicting the progression of immunoglobulin (Ig)A nephropathy.
Clin. Exp. Immunol. 169 (August (2)), 148-155.

Liu, L.-L., Liu, N., Chen, Y., Wang, L.-N., Jiang, Y., Wang, J., et al., 2013. Glomerular
mannose-binding lectin deposition is a useful prognostic predictor in
immunoglobulin A nephropathy. Clin. Exp. Immunol. 174 (October (1)), 152-160.

Lucisano Valim, Y.M., Lachmann, P.J., 1991. The effect of antibody isotype and antigenic
epitope density on the complement-fixing activity of immune complexes: a
systematic study using chimaeric anti-NIP antibodies with human Fc regions. Clin
Exp Immunol. avr 84 (1), 1-8.

Malhotra, R., Wormald, M.R., Rudd, P.M., Fischer, P.B., Dwek, R.A., Sim, R.B., 1995.
Glycosylation changes of IgG associated with rheumatoid arthritis can activate
complement via the mannose-binding protein. Nat Med. mars 1 (3), 237-243.



M.-B. Le Stang et al.

Marquina, R., Diez, M.A., Lopez-Hoyos, M., Buelta, L., Kuroki, A., Kikuchi, S., et al.,
2004a. Inhibition of B cell death causes the development of an IgA nephropathy in
(New Zealand white x C57BL/6)F(1)-bcl-2 transgenic mice. J. Immunol. 172 (June
(11)), 7177-7185, 1.

Marquina, R., Diez, M.A., Lopez-Hoyos, M., Buelta, L., Kuroki, A., Kikuchi, S., et al.,
2004b. Inhibition of B cell death causes the development of an IgA nephropathy in
(New Zealand white x C57BL/6)F(1)-bcl-2 transgenic mice. J. Immunol. 172 (June
(11)), 7177-7185, 1.

Maruoka, T., Nagata, T., Kasahara, M., 2004. Identification of the rat IgA Fc receptor
encoded in the leukocyte receptor complex. Immunogenetics 55 (January (10)),
712-716.

McCarthy, D.D., Kujawa, J., Wilson, C., Papandile, A., Poreci, U., Potfilio, E.A., et al.,
2011. Mice overexpressing BAFF develop a commensal flora-dependent, IgA-
associated nephropathy. J. Clin. Invest. 121 (October (10)), 3991-4002.

McCoy, R.C., Abramowsky, C.R., Tisher, C.C., 1974. IgA nephropathy. Am. J. Pathol. 76
(July (1)), 123-144.

Medjeral-Thomas, N.R., Troldborg, A., Constantinou, N., Lomax-Browne, H.J.,

Hansen, A.G., Willicombe, M., et al., 2018. Progressive IgA nephropathy is
associated with low circulating mannan-binding lectin-associated serine Protease-3
(MASP-3) and increased glomerular factor H-Related Protein-5 (FHR5) deposition.
Kidney Int Rep. 3 (March (2)), 426-438.

Medrano, A.S., Muijsemberg, A., Wimbury, D., Martin, M., Jatem, E., Gonzélez, J., et al.,
2020. Relationship between IgA1 lectin-binding specificities, mesangial C4d deposits
and clinical phenotypes in IgA nephropathy. Nephrol. Dial. Transplant. (14
December).

Merle, N.S., Church, S.E., Fremeaux-Bacchi, V., Roumenina, L.T., 2015. Complement
system part I - molecular mechanisms of activation and regulation. Front. Immunol.
6, 262.

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

Miyamoto, H., Yoshioka, K., Takemura, T., Akano, N., Maki, S., 1988.
Immunohistochemical study of the membrane attack complex of complement in [gA
nephropathy. Virchows Arch. A Pathol. Anat. Histopathol. 413 (1), 77-86.

Miyazaki, R., Kuroda, M., Akiyama, T., Otani, L., Tofuku, Y., Takeda, R., 1984.
Glomerular deposition and serum levels of complement control proteins in patients
with IgA nephropathy. Clin Nephrol. 21 (June (6)), 335-340.

Mizerska-Wasiak, M., Matdyk, J., Rybi-Szuminska, A., Wasilewska, A., Miklaszewska, M.,
Pietrzyk, J., et al., 2015. Relationship between serum IgA/C3 ratio and severity of
histological lesions using the Oxford classification in children with IgA nephropathy.
Pediatr Nephrol. 30 (July (7)), 1113-1120.

Moldoveanu, Z., Wyatt, R.J., Lee, J.Y., Tomana, M., Julian, B.A., Mestecky, J., et al.,
2007, Patients with IgA nephropathy have increased serum galactose-deficient I[gAl
levels. Kidney Int. 71 (July (11)), 1148-1154.

Monteiro, R.C., 1985. Charge and size of mesangial IgA in IgA nephropathy. Kidney Int.
28, 666-671.

Monteiro, R.C., 2018. Recent advances in the physiopathology of IgA nephropathy.
Nephrol Ther. (April Suppl 1), 51-8, 14.

Monteiro, R.C., Van De Winkel, J.G.J., 2003. IgA fe receptors. Annu. Rev. Immunol. 21,
177-204.

Montinaro, V., Gesualdo, L., Ranieri, E., Monno, R., Grandaliano, G., Schena, F.P., 1997.
Renal cortical complement C3 gene expression in IgA nephropathy. J. Am. Soc.
Nephrol. 8 (March (3)), 415-425.

Murphy, B., Georgiou, T., Machet, D., Hill, P., McRae, J., 2002. Factor H-related protein-
5: a novel component of human glomerular immune deposits. Am J Kidney Dis. 39
(January (1)), 24-27.

Naka, S., Wato, K., Misaki, T., Ito, S., Matsuoka, D., Nagasawa, Y., et al., 2021.
Streptococcus mutans induces IgA nephropathy-like glomerulonephritis in rats with
severe dental caries. Sci. Rep. 11 (March (1)), 5784, 11.

Nakagawa, H., Suzuki, S., Haneda, M., Gejyo, F., Kikkawa, R., 2000. Significance of
glomerular deposition of C3c and C3d in IgA nephropathy. Am J Nephrol. 20 (April
(2)), 122-128.

Nishie, T., Miyaishi, O., Azuma, H., Kameyama, A., Naruse, C., Hashimoto, N., et al.,
2007. Development of immunoglobulin A nephropathy- like disease in beta-1,4-
galactosyltransferase-I-deficient mice. Am. J. Pathol. 170 (February (2)), 447-456.

Oh, H.J., Ahn, 8.V., Yoo, D.E., Kim, §.J., Shin, D.H., Lee, M.J., et al., 2012. Clinical
outcomes, when matched at presentation, do not vary between adult-onset Hendch-
Schénlein purpura nephritis and IgA nephropathy. Kidney Int. 82 (Décember (12)),
1304-1312.

Ohyama, Y., Yamaguchi, H., Nakajima, K., Mizuno, T., Fukamachi, Y., Yokoi, Y., et al.,
2020. Analysis of O-glycoforms of the IgAl hinge region by sequential
deglycosylation. Sci. Rep. 10 (January (1)), 671, 20.

Okazaki, K., Suzuki, Y., Otsuji, M., Suzuki, H., Kihara, M., Kajiyama, T., et al., 2012.
Development of a model of early-onset IgA nephropathy. J Am Soc Nephrol 23
(August (8)), 1364-1374.

Oortwijn, B.D., van der Boog, P.J.M., Roos, A., van der Geest, R.N., de Fijter, J.JW.,
Daha, M.R., et al., 2006. A pathogenic role for secretory IgA in IgA nephropathy.
Kidney Int. 69 (April (7)), 1131-1138.

Orsini, F., Chrysanthou, E., Dudler, T., Cummings, W.J., Takahashi, M., Fujita, T., et al.,
2016. Mannan binding lectin-associated serine protease-2 (MASP-2) critically
contributes to post-ischemic brain injury independent of MASP-1.

J. Neuroinflammation 13 (August (1)), 213, 30.

Oruc, Z., Oblet, C., Boumediene, A., Druilhe, A., Pascal, V., Le Rumeur, E., et al., 2016.
IgA structure variations associate with immune stimulations and IgA mesangial
deposition. J. Am. Soc. Nephrol. 27 (9), 2748-2761.

10

Molecular Immunology 140 (2021) 1-11

Ouyang, Y., Zhu, L., Shi, M., Yu, S., Jin, Y., Wang, Z., et al., 2019. A rare genetic defect of
MBL2 increased the risk for progression of IgA nephropathy. Front. Immunol. 10,
537.

Pabst, 0., 2012. New concepts in the generation and functions of IgA. Nat Rev Immunol.
(December (12)), 821-832, 12.

Papista, C., 2015. Gluten exacerbates IgA nephropathy in humanized mice through
gliadin-CD89 interaction. Kidney Int. 88, 276-285.

Pestka, J.J., Moorman, M.A., Warner, R.L., 1989. Dysregulation of IgA production and
IgA nephropathy induced by the trichothecene vomitoxin. Food Chem. Toxicol. 27
(June (6)), 361-368.

Peterman, J.H., Julian, B.A., Kirk, K.A., Jackson, S., 1991. Selective elevation of
monomeric IgAl in [gA nephropathy patients with normal renal function. Am J
Kidney Dis. sept 18 (3), 313-319.

Pfaffenbach, G., Lamm, M.E., Gigli, I., 1982. Activation of the guinea pig alternative
complement pathway by mouse IgA immune complexes. J. Exp. Med. 155 (January
(1)), 231-247, 1.

Pillebout, E., 2021. IgA Vasculitis and IgA Nephropathy: Same Disease? J. Clin. Med. 10
(May (11)), 2310, 25.

Rauterberg, E.W., Lieberknecht, H.M., Wingen, A.M., Ritz, E., 1987. Complement
membrane attack (MAC) in idiopathic IgA-glomerulonephritis. Kidney Int. 31
(March (3)), 820-829.

Rifai, A., Chen, A., Imai, H., 1987. Complement activation in experimental IgA
nephropathy: an antigen-mediated process. Kidney Int. 32 (December(6)), 838-844.

Ring, T., Pedersen, B.B., Salkus, G., Goodship, T.H.J., 2015. Use of eculizumab in
crescentic IgA nephropathy: proof of principle and conundrum? Clin. Kidney J. 8
(October (5)), 489-491.

Rizk, D.V., Saha, M.K., Hall, S., Novak, L., Brown, R., Huang, Z.-Q., et al., 2019.
Glomerular immunodeposits of patients with IgA nephropathy are enriched for IgG
autoantibodies specific for galactose-deficient IgAl. J. Am. Soc. Nephrol. 30
(October (10)), 2017-2026,

Roos, A., Bouwman, L.H., van Gijlswijk-Janssen, D.J., Faber-Krol, M.C,, Stahl, G.L.,
Daha, M.R., 2001. Human IgA activates the complement system via the mannan-
binding lectin pathway. J. Inmunol. 167 (september(5)), 2861-2868, 1.

Roos, A., Rastaldi, M.P., Calvaresi, N., Oortwijn, B.D., Schlagwein, N., van Gijlswijk-
Janssen, D.J., et al., 2006. Glomerular activation of the lectin pathway of
complement in IgA nephropathy is associated with more severe renal disease. J. Am.
Soc. Nephrol. 17 (6)June), 1724-1734.

Rops, A.L.LW.M.M., Jansen, E., van der Schaaf, A., Pieterse, E., Rother, N., Hofstra, J.,
et al., 2018. Interleukin-6 is essential for glomerular immunoglobulin A deposition
and the development of renal pathology in Cd37-deficient mice. Kidney Int. juin 93
(6), 1356-1366.

Rosenblad, T., Rebetz, J., Johansson, M., Békassy, Z., Sartz, L., Karpman, D., 2014.
Eculizumab treatment for rescue of renal function in IgA nephropathy. Pediatr.
Nephrol. 29 (November (11)), 2225-2228.

Royle, L., Roos, A., Harvey, D.J., Wormald, M.R., van Gijlswijk-Janssen, D., Redwan, E.-
R.M.,, et al., 2003. Secretory IgA N- and O-glycans provide a link between the innate
and adaptive immune systems. J. Biol. Chem. 278 (22), 20140-20153, 30 march.

Russell, M.W., Reinholdt, J., Kilian, M., 1989. Anti-inflammatory activity of human IgA
antibodies and their Fab alpha fragments: inhibition of [gG-mediated complement
activation. Eur J Immunol. 19 (December(12)), 2243-2249,

Sacks, S.H., Zhou, W., Pani, A., Campbell, R.D., Martin, J., 1993a. Complement C3 gene
expression and regulation in human glomerular epithelial cells. Immunology. 79
(July(3)), 348-354.

Sacks, S., Zhou, W., Campbell, R.D., Martin, J., 1993b. C3 and C4 gene expression and
interferon-gamma-mediated regulation in human glomerular mesangial cells. Clin.
Exp. Immunol. 93 (September (3)), 411-417.

Sallustio, F., Curci, C., Chaoul, N., Fontd, G., Lauriero, G., Picerno, A., et al., 2021. High
levels of gut-homing immunoglobulin A+ B lymphocytes support the pathogenic role
of intestinal mucosal hyperresponsiveness in immunoglobulin A nephropathy
patients. Nephrol. Dial. Transplant. 20 (February (3)), 452-464, 36.

Schmitt, R., Sthl, A.-L., Olin, A.L, Kristoffersson, A.-C., Rebetz, J., Novak, J., et al., 2014.
The combined role of galactose-deficient IgAl and streptococcal IgA-binding M
Protein in inducing IL-6 and C3 secretion from human mesangial cells: implications
for IgA nephropathy. J. Immuncl. 193 (July (1)), 317-326, 1.

Schubart, A., Anderson, K., Mainolfi, N., Sellner, H., Ehara, T., Adams, C.M., et al., 2019.
Small-molecule factor B inhibitor for the treatment of complement-mediated
diseases. Proc Natl Acad Sci U S A. 116 (April (16)), 7926-7931, 16.

Segarra, A., Romero, K., Agraz, 1., Ramos, N., Madrid, A., Carnicer, C., et al., 2018.
Mesangial C4d deposits in early IgA nephropathy. Clin. J. Am. Soc. Nephrol. 13
(February(2)), 258-264.

Sevillano, A.M., Gutiérrez, E., Yuste, C., Cavero, T., Mérida, E., Rodriguez, P., et al.,
2017. Remission of hematuria improves renal survival in IgA nephropathy. J. Am.
Soc. Nephrol. 28 (October (10)), 3089-3099.

Shibata, T., Cosio, F.G., Birmingham, D.J., 1991. Complement activation induces the
expression of decay-accelerating factor on human mesangial cells. J. Immunol. 147
(December (11)), 3901-3908, 1.

Shin, J.I, Park, J.M., Shin, Y.H., Lee, J.S., Jeong, H.J., Kim, H.S., 2005. Serum IgA/C3
ratio may be a useful marker of disease activity in severe Henoch-Schonlein
nephritis. Nephron Clin. Pract. 101 (2), ¢72-78.

Stad, R.K., Bruijn, J.A., van Gijlswijk-Janssen, D.J., van Es, L.A., Daha, M.R., 1993. An
acute model for [gA-mediated glomerular inflammation in rats induced by
monoclonal polymeric rat IgA antibodies. Clin. Exp. Immunol. 92 (June (3)),
514-521.

Stad, R.K., van Gijlswijk-Janssen, D.J., van Es, L.A., Daha, M.R., 1994. Complement
depletion abolishes IgA-mediated glomerular inflammation in rats. Exp. Nephrol. 2
(June (3)), 182-189.



M.-B. Le Stang et al.

Steffen, U., Koeleman, C.A., Sokolova, M.V., Bang, H., Kleyer, A., Rech, J., et al., 2020.
IgA subclasses have different effector functions associated with distinct glycosylation
profiles. Nat. Commun. 11 (January (1)), 120, 8.

Suzuki, S., Kobayashi, H., Sato, H., Arakawa, M., 1990. [Immunochistochemical
characterization of glomerular IgA deposits in IgA nephropathy. Clin Nephrol. févr
33 (2), 66-71.

Suzuki, H., Moldoveanu, Z., Hall, S., Brown, R., Vu, H.L., Novak, L., et al., 2008. IgAl-
secreting cell lines from patients with IgA nephropathy produce aberrantly
glycosylated IgAl. J Clin Invest. 118 (February (2)), 629-639.

Suzuki, Y., Matsuzaki, K., Suzuki, H., Okazaki, K., Yanagawa, H., leiri, N., et al., 2014.
Serum levels of galactose-deficient immunoglobulin (Ig) Al and related immune
complex are associated with disease activity of IgA nephropathy. Clin. Exp. Nephrol.
18 (October (5)), 770-777.

Talsma, D.T., Poppelaars, F., Dam, W., Meter-Arkema, A.H., Viveés, R.R., Gal, P., et al.,
2020. MASP-2 is a heparin-binding protease; identification of blocking
oligosaccharides. Front. Immunol. 11, 732.

Tan, L., Tang, Y., Pei, G., Zhong, Z., Tan, J., Zhou, L., et al., 2021. A multicenter,
prospective, observational study to determine association of mesangial Clq
deposition with renal outcomes in IgA nephropathy. Sci. Rep. 9 (March (1)), 5467,
11.

Terai, 1., Kobayashi, K., Vaerman, J.-P., Mafune, N., 2006. Degalactosylated and/or
denatured IgA, but not native IgA in any form, bind to mannose-binding lectin.

J. Immunol. 177 (3), 1737-1745, 1 aoiit.

Tomana, M., Novak, J., Julian, B.A., Matousovic, K., Konecny, K., Mestecky, J., 1999.
Circulating immune complexes in IgA nephropathy consist of IgAl with galactose-
deficient hinge region and antiglycan antibedies. J Clin Invest. juill 104 (1), 73-81.

Trimarchi, H., Barratt, J., Cattran, D.C., Cook, H.T., Coppo, R., Haas, M., et al., 2017.
Oxford classification of IgA nephropathy 2016: an update from the IgA nephropathy
classification working group. Kidney Int. mai 91 (5), 1014-1021.

V Holmes, L., Strain, L., Staniforth, S.J., Moore, 1., Marchbank, K., Kavanagd, D., et al.,
2013. Determining the population frequency of the CFHR3/CFHR1 deletion at 1q32.
PlosOne. 16 (April (4)), 379-387, 8.

van den Dobbelsteen, M.E., Verhasselt, V., Kaashoek, J.G., Timmerman, J.J.,
Schroeijers, W.E., Verweij, C.L., et al., 1994. Regulation of C3 and factor H synthesis
of human glomerular mesangial cells by IL-1 and interferon-gamma. Clin. Exp.
Immunol. 95 (January (1)), 173-180.

van der Boog, P.J., de Fijter, J.W., Bruijn, J.A,, van Es, L.A., 1999. Recurrence of IgA
nephropathy after renal transplantation. Ann Med Interne (Paris). 150 (February
(2)), 137-142.

van der Boog, P.J.M., van Kooten, C., de Fijter, J.W., Daha, M.R., 2005. Role of
macromolecular IgA in IgA nephropathy. Kidney Int. 67 (March (3)), 813-821.

Wada, Y., Matsumoto, K., Suzuki, T., Saito, T., Kanazawa, N., Tachibana, S., et al., 2018.
Clinical significance of serum and mesangial galactose-deficient IgAl in patients
with IgA nephropathy. PLoS One 13 (11), e0206865.

11

Molecular Immunology 140 (2021) 1-11

Wouters, D., Wiessenberg, H.D., Hart, M., Bruins, P., Voskuyl, A., Daha, M.R., et al.,
2005. Complexes between Clq and C3 or C4: novel and specific markers for classical
complement pathway activation. J. Immunol. Methods 298 (March (1-2)), 35-45.

Wryatt, R.J., Kanayama, Y., Julian, B.A., Negoro, N., Sugimoto, S., Hudson, E.C., et al.,
1987. Complement activation in IgA nephropathy. Kidney Int. 31 (April (4)),
1019-1023.

Xie, X., Liu, P., Gao, L., Zhang, X., Lan, P., Bijol, V., et al., 2021. Renal deposition and
clearance of recombinant poly-IgA complexes in a model of IgA nephropathy.

J. Pathol. 3 (March).

Zagkotsis, G., Vourlakou, C., Paraskevopoulos, A., Apostolou, T., 2018. Recurrence of
crescentic IgA nephropathy after renal transplantation. CEN Case Rep. 7 (November
(2)), 268-273.

Zhang, Z., Kundu, G.C., Zheng, F., Yuan, C.J., Lee, E., Westphal, H., et al., 2000. Insight
into the physiological function(s) of uteroglobin by gene-knockout and antisense-
transgenic approaches. Ann. N. Y. Acad. Sci. 923, 210-233.

Zhang, Y., Yan, X., Zhao, T., Xu, Q., Peng, Q., Hu, R., et al., 2017. Targeting C3a/C5a
receptors inhibits human mesangial cell proliferation and alleviates immunoglobulin
A nephropathy in mice. Clin. Exp. Immunol. 189 (July (1)), 60-70.

Zheng, F., Kundu, G.C., Zhang, Z., Ward, J., DeMayo, F., Mukherjee, A.B., 1999.
Uteroglobin is essential in preventing immunoglobulin A nephropathy in mice. Nat
Med. sept 5 (9), 1018-1025.

Zheng, N., Wang, D., Ming, H., Zhang, H., Yu, X., 2015. BAFF promotes proliferation of
human mesangial cells through interaction with BAFF-R. BMC Nephrol. 16 (15 May),
72.

Zheng, N., Fan, J., Wang, B., Wang, D., Feng, P., Yang, Q., et al., 2017. Expression profile
of BAFF in peripheral blood from patients of IgA nephropathy: correlation with
clinical features and Streptococcus pyogenes infection. Mol. Med. Rep. 15 (April
(4)), 1925-1935.

Zhou, X., Motta, F., Selmi, C., Ridgway, W.M., Gershwin, M.E., Zhang, W., 2021.
Antibody glycosylation in autoimmune diseases. Autoimmun. Rev. 20 (May (5)),
102804.

Zhu, L., Zhai, Y.-L., Wang, F.-M., Hou, P., Lv, J.-C., Xu, D.-M., et al., 2015. Variants in
complement factor H and complement factor H-Related protein genes, CFHR3 and
CFHR1, affect complement activation in IgA nephropathy. J Am Soc Nephrol. mai 26
(5), 1195-1204.

Zhu, L., Guo, W.-Y., Shi, S.-F., Liu, L.-J., Lv, J.-C., Medjeral-Thomas, N.R., et al., 2018.
Circulating complement factor H-related protein 5 levels contribute to development
and progression of IgA nephropathy. Kidney Int. 94 (July (1)), 150-158.

Zwirner, J., Burg, M., Schulze, M., Brunkhorst, R., Gdtze, O., Koch, K.M., et al., 1997.
Activated complement C3: a potentially novel predictor of progressive IgA
nephropathy. Kidney Int. avr 51 (4), 1257-1264.



