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Introduction

Among the conundrums surrounding immunoglobulin A ne-
phropathy (IgAN) are its variable course and which bio-
markers are best for predicting outcomes and need for treat-
ment in potentially progressive patients [1]. The pathogenesis
of IgAN is thought to be due to several factors (“hits”) [2]
which play a permissive role in the development of IgA de-
posits that have an inflammatory potential, leading to glomer-
ular damage. The production of galactose-deficient IgA1 (Gd-
IgAT1) as a result of defective galactosylation of O-linked gly-
cans typical of the IgA 1 molecule is increased in patients with
IgAN, but also in healthy relatives, suggesting the need of
additional hits. Gd-IgA1 binds to soluble CD89 (Fc alphaRl,
myeloid IgA Fc receptor) and forms IgA1-CD89 complexes
which interact with transferrin receptors (CD71/TfR1) and
transglutaminase 2 (TGase2) in mesangial cells, thereby acti-
vating mediators and matrix production [3]. Moreover, Gd-
IgAl induces antiglycan autoantibody synthesis, leading to
macromolecular Gd-IgA1(CD89)/1gG or IgA anti-Gd-IgA1
immune complex formation and renal deposition [2].
However, renal damage and progression towards sclerosis is
highly variable, hence the presence of a crucial additional hit
is envisaged. Complement activation is an attractive candidate
for the pivotal hit in [gAN as the cue for triggering the inflam-
mation and progression that is responsible for the variable
clinical outcome.
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In a recent article in Pediatric Nephrology, Cabral
Gongalves Fabiano et al. reported that a sign of complement
activation, namely the presence of the complement split prod-
uct C4d in mesangial deposits, may predict progression of
renal damage in children with IgAN [4], thus expanding to
pediatric patients what has been reported in adults [5]. This
report adds another brick to the evidence accumulated in re-
cent years on the crucial role of complement in the pathogen-
esis and progresson of IgAN [6, 7]. However, the mystery
which attracts most interest at this moment is how comple-
ment activation leading to C4d deposition is triggered in
IgAN. The answer to this question may be relevant for future
therapeutic choices. In this paper I review some old and some
new data and suggest a number of hypotheses to be tested in
future studies.

Complement activation pathways

Complement component 3 (C3) is activated by the action of
C3 convertase, which cleaves C3 into two elements, C3b and
C3a [6, 7]. Activated C3 interacts with pathogens, immune
complexes and/or cell receptors. After this binding, C3 is de-
graded to iC3b by the inhibitor molecules factor I (FI) and
factor H (FH), which favor the phagocytic process with clear-
ance of the bound material. C3 activation can result from Clq
binding to IgG (IgGl, 1gG2, IgG3) or IgM that contains cir-
culating immune complexes; this process initiates the comple-
ment classical pathway. Activated Clq (Clqrs) cleaves C2
and C4, leading to the formation of the C3 convertase C4b2a.

C3 can be activated by the alternative pathway [8], which is
initiated as a result of a spontaneous and continuous hydroly-
sis of C3 (tickover process). This results in the generation of
C3b which can react with complement-binding surface mole-
cules (e.g. in bacteria) and interact with factor B (FB) and
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factor D, leading to the formation of C3bBb convertase. This
labile convertase is stabilized by properdin which favors the
binding of FB and C3b.

Finally, C3 can be generated via the lectin pathway by
pattern recognition molecules, i.e. carbohydrates expressed
on microorganisms or altered tissues [9]. The lectin pathway
includes two collectins [mannose-binding lectin (MBL) and
collectin-LK] and the three ficolins (ficolin-1, -2 and -3) and
MBL-associated proteases (MASP-1,-2 and -3), which enable
activation of C4 and C2, leading to the formation of C4bC2a,
the same convertase found in the classical complement
pathway.

The complement system is regulated by a series of factors
acting as inhibitors in both fluid phase and solid phase. These
include FH and FI, which regulate the alternative pathway,
and others which regulate all of the complement pathways at
the cellular membrane level, including decay accelerating fac-
tor (CD55), membrane cofactor protein (CD46) and CD59 [6,
7]. The lectin pathway has two specific MASPs (MAp44 and
MAp19) that serve as natural endogenous competitive inhib-
itors [9, 10].

The C3 convertases produced by activation of one of these
three pathways lead to the generation of C3a (anaphylotoxin)
and C3b, which forms the C5 convertase (4bC2aC3b or
C3bBbC3b). The common terminal complement pathway is
then activated, with generation of C5a (anaphylotoxin) and
C5b, followed by the final cascade C5b, C6, C7, C8, C9
(C5b-9 or membrane attack complex). C5b-9 can induce cell
lysis, but low amounts of C5b-9 are also very active in en-
hancing cytokines and chemokines, while C3a and C5a are
highly chemotactic fragments that upregulate adhesion mole-
cules and phagocytic cells. Complement activation is known
to pay a major role in inflammatory reactions in many
immune-mediated diseases.

Complement activation in IgA nephropathy

Complement activation has been suspected to be involved in the
pathogenesis of I[gAN since the detection of C3 co-deposits with
IgA in the mesangial area in up to 90% of cases. Several studies
suggest that C3 bound to IgA confers a particular nephrotoxicity
to the IgA 1-containing immune material, leading to the hypoth-
esis that this step is the crucial hit in the pathogenetic event
cascade of IgAN [8, 9, 11]. A different efficacy of complement
activation may modulate the glomerular inflammatory reaction
and the final tissue damage, driving different renal outcomes.
Hence, several studies have been undertaken to investigate the
origin of C3 in the presence of immune material-containing IgA.

Gd-IgAl or aggregated IgAl can bind to mesangial cells
and directly trigger the secretion of C3, C3a formation and
activation of C3a receptors on mesangial cells [11]. However,
in addition to this in situ activation, a systemic complement
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activation has been suggested by several studies, including a
negative correlation between circulating C3 and mesangial C3
deposition [12]. C3 levels in Caucasian patients with progres-
sive IgAN are not noticeably reduced, while in Chinese and
Japanese patients slightly reduced levels of complement
(<90 mg/dl) have been detected in similar cases [12, 13].
The ratio between IgA levels (frequently increased in patients
with IgAN) and C3 levels (seldom changed and then only
slightly decreased) has been reported to be of prognostic value
in adults and children [14].

In spite of a mild and often undetectable decrease in C3
levels in IgAN, increased breakdown products have been
found in the circulation [15]. Activated C3 generates the ter-
minal end-products iC3b and C3d, and these have been found
to be particularly increased in patients with severe pathology
lesions or with progressive forms of [gAN [15, 16]. Activated
complement factors bound to IgA can be detected by testing
their binding to bovine conglutinin (KIgAIC) [17]. In previous
studies conducted at our institution we detected increased
levels of complement-fixing KIgAIC in patients with active
IgAN, with the levels of KIgAIC being significantly correlat-
ed with C3d levels [18]. Of interest, in a study of patients with
progressive IgAN treated with plasma exchange, the clinical
benefits corresponded with a decrease in KIgAIC and com-
plement breakdown products [19].

What triggers complement activation in IgAN?
Alternative complement pathway and IgAN

Renal co-deposits of properdin and FH are reported in up to
90% of IgAN cases [7, 15]. Complement inhibiting factors
acting in fluid phase according to the hypothesis of systemic
activation have been investigated in patients with I[gAN. In
Asiatic patients an association was reported between C3 and
FH levels, suggesting an active regulation of the alternative
complement pathway even in cases of subclinical activation
[12, 13].

A protective effect against the development of IgAN has
been detected in subjects with deletion of complement factor
H-related protein 1 (CFHR1) and 3 (CFHR3) and a single
nucleotide polymorphism, rs6677604 (Chrlq32), which is a
proxy for the deletion of CFHR1/3; both were found to be
associated with a low risk of [gAN [20]. The lack of CFHR1
and CFHR3 products increases the activity of FH for defective
competition [6], thus limiting alternative complement path-
way activation. In a large Chinese cohort of IgAN patients,
variants of FH were found to be associated with increased C3
mesangial deposits, confirming a role for genetically condi-
tioned FH levels and complement activation [21]. However,
the study failed to detect a predictive value of FH or C3
mesangial deposition on IgAN outcome.
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A positive correlation between C4d and regulatory proteins
(FH, C4-binding protein and C1 inhibitor) has been reported,
suggesting a regulation of in situ complement activation of the
lectin pathway in patients with IgAN [22]. In the event of
complement activated by IgA containing immune material
on the surface of mesangial cells, a defective cell-surface com-
plement regulation by locally acting factors, including CD55,
CD46 and CD59, might be implicated [6, 7]. These regulators
act on activating surfaces of bacterial cell-wall glycans, but
also on IgA macromolecular immune aggregates [11].
Without their inhibitory effect, an amplification loop develops
in the presence of Factor D and properdin, leading to the
accumulation of C3bBb, the alternative pathway C3
convertase. We recently observed defective CD46 expression
in peripheral mononuclear cells of patients with progressive
IgAN (unpublished data), leading to the hypothesis of a mod-
ulation by infiltrating mononuclear cells or resident mesangial
cells favoring harmful inflammatory complement-mediated
pathways in patients with progressive I[gAN.

Lectin pathway in IgAN

Activation of C3 can be the result of activation of the lectin
pathway, which has been supposed to be activated in patients
with I[gAN who show renal deposition of MBL, ficolins,
MASP and C4d, in the absence of Clq [9, 23]. The prognostic
value of the presence and intensity of C3 deposits for outcome
has been reported by some but not all authors [12]. The detection
of glomerular C4d deposits has been proposed by Espinosa et al.
as an early biomarker for progressive IgAN in a cohort of chil-
dren and adults [5]. The new data in children reported by Cabral
Gongalves Fabiano et al. [4] add further relevance to this histo-
logical biomarker along the whole age spectrum. Of interest,
serum proteomic analysis detected increased levels of C4a
desArg (a breakdown product of C4d) in patients with severe
renal pathology and progressive disease [24].

What triggers the lectin pathway leading to C4d
deposits in patients with ISAN?

C4d is the result of C4 cleavage and persists in tissues because
it covalently binds to surrounding molecules. Hence, C4d is a
long-lasting marker of complement activation: it does not rep-
resent active pathway stimulation, but rather a previous acti-
vation which might be associated with permanent tissue dam-
age. In transplanted kidneys, C4d is a good marker of anti-
donor antigen antibodies that reacted with graft endothelium
and activated the classical complement pathway. In several
glomerular diseases, C4d staining is a useful diagnostic factor
because it is a sign of antibody-mediated or immune complex-
induced glomerulonephritis [25]. The coincidence of C4d
with C1q deposits and immunoglobulins is typical of classical

complement pathway activation in lupus nephritis.
Conversely, in patients with IgAN, C4d deposits are not asso-
ciated with C1q and hence are thought to be activated by the
lectin pathway.

Which activator of the lectin pathway leads to C4d de-
posits? Several attempts have been made to specifically iden-
tify factors activating MBL in IgAN. To date, however, no
genetically conditioned modified synthesis of MBL has been
found [7]. It is of interest that low levels of MAp44, a MASP
inhibitor of the lectin pathway, favor increased innate immu-
nity and shorter renal graft survival [10]. However, this mod-
ulating factor has not been tested in IgAN.

Serum MBL levels are increased in 30% of IgAN patients,
and MBL is excreted in large amounts in the urine of patients
with progressive I[gAN [15, 22]. These findings may suggest a
role for infections, since bacterial cell-wall glycans with ex-
posed D-mannose or N-acethylglucosamine residues are
known activators of the lectin pathway, and infections trigger
innate immunity in IgAN [26], thereby activating toll-like
receptor signaling in peripheral blood mononuclear cells.
However, the search for specific pathogens in renal biopsies
of patients with IgAN has been inconclusive. Recent studies
have indicated the presence of specific tonsillar and intestinal
microbiota in patients with IgAN, possibly leading to a hy-
pothesis of a selective lectin pathway activation due to altered
host mucosal microbiota.

IgA molecules, particularly polymeric IgA molecules,
which are increased in patients with IgAN, bind in vitro to
MBL by an interaction with sugars, and this interaction is
blocked by pre-incubation with D-mannose or N-
acetylglucosamine [9]. MBL binding to IgA triggers the lectin
pathway, resulting in activation of C4 and C3 [9]. It is tempt-
ing to speculate a role for aberrantly glycosylated IgAl in
these patients. However, galactose deficiency leading to
GdIgA1, which is considered the clue initiating the pathogen-
esis of IgAN, affects O-linked sugars which do not contain
mannose or N-acetylglucosamine, the sugars needed for lectin
pathway activation. Mass spectrometric analysis has revealed
the presence of complex biantennary N-glycans rich in man-
nose and terminal N-acetylglucosamine in [gA molecules. The
IgA1 subclass contains two conserved N-glycosylation sites
per heavy chain: one at residue N263 in the CH2 domain and
the other at N459 in the tailpiece [27]. [gA2 has an additional
two or three conserved N-glycans. Moreover, the joining chain
in the dimeric IgA contains a single N-glycan, and the secre-
tory component in the secretory IgA (sIgA) variant is heavily
N-glycosylated. In patients with IgAN some glomerular stain-
ing of sIgA has been detected in coincidence with MBL and
C4d [7]. However, the sIgA deposits are much less intense
than the IgA1 ones.

No difference between IgAN patients and healthy controls
has been reported for the binding of serum IgA to lectins
specific for N-acethylglucosamine or terminal D-galactose of
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N-linked moieties [28, 29]. To date, ours is the only group to
report a significantly increased binding of IgA isolated in
chromatographic fractions from patients with IgAN to
Canavalia ensiformis (ConA), which is specific for mannose
residues [29], suggesting a possible truncation of N-glycans in
serum IgA of patients. No modification of N-glycans on IgG
was detected. The increased exposure of truncated N-glycans
was found to modify the nitric oxide synthesis and integrin
expression of mesangial cells [30]. Moreover, N-glycans mod-
ulate the hepatic clearance of IgA molecules [31]. It is of
interest that N-glycosylated residues bind to FC alpha receptor
(CD89) and that the binding between Gd-IgAl and soluble
CD89 is supposed to be critical for the development of IgAN
[3]. However, this binding of I[gA 1-CD89 was found not to be
affected by N-glycosylated residues of I[gA1 [27]. Some stud-
ies have investigated a possible role for the N-glycans of [gA1
in complement activation. At variance with O-glycans, N-gly-
can in vitro enzymatic removal does not influence the C3b
alternative pathway activation [32]. The specific role of the
N-glycans of IgA from patients with IgAN in activating the
lectin complement pathway deserves further investigation.

Conclusion

In conclusion, several datasets indicate that C4d is a valuable
biomarker for progressive IgAN, and it is likely to be used in
future pathology classifications of IgAN. In spite of a series of
studies, no consistent results have identified the mechanisms
triggering lectin pathway activation in this disease. The can-
didate factors include selected pathogens with surface sugars
that react with MBL or truncated and mannose-exposing N-
glycans of the IgA1 molecules, as well as defective lectin
pathway regulatory factors. Further studies in this fascinating
area are needed and are likely to provide new therapeutic
approaches for children with IgAN.
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