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Abstract

The complement pathway is a central part of the innate im-
mune system and also modulates adaptive immunity. It is
implicated in the pathogenesis of glomerular disease by a
number of clinical findings. These include the presence of
complement components in renal biopsy samples, decreas-
esin circulating levels indicating consumption, the presence
of autoantibodies to complement proteins and the associa-
tion of genetic mutations with disease either in individuals
or within families. Further support and mechanistic insights
comes from animal models. This review provides an over-
view of the role of complement in glomerular diseases and
discusses the data from patients and animal models with ref-
erence to specific diseases. These include atypical haemo-
lytic uraemic syndrome, C3 glomerulopathy, anti-neutrophil
cytoplasmic antibody vasculitis, lupus nephritis and mem-
branous nephropathy. The implications for therapy are also
discussed. © 2014 S. Karger AG, Basel

Introduction

Complement is a system of proteins with activities
that include the recruitment of inflammatory cells, cel-
lular activation, cell lysis, antimicrobial defence, clear-

ance of immune complexes and amplification of the hu-
moral immune response. For an overview the reader is
referred to a review such as [1]. The clinical evidence
that complement plays a role in the pathogenesis of glo-
merular disease has several strands. The presence of
complement components, identified in renal biopsy
samples by immunofluorescence or immunohisto-
chemical staining, is consistent with a pathogenic role,
but equally may be incidental. Likewise the presence of
low serum levels of complement components, suggest-
ing activation and consumption, or of autoantibodies
against complement components is suggestive, but not
firm evidence, of a contribution to tissue injury. The as-
sociation of some types of glomerular disease with ge-
netic abnormalities of complement components is
stronger evidence, particularly when this is familial.
Data from animal models provide important evidence
on the mechanisms through which the complement
pathway may contribute to glomerular disease. How-
ever, it is important to appreciate the limitations of the
model being used. In this article we will give an over-
view of the evidence from clinical data and animal mod-
els that complement is important in a number of spe-
cific glomerular diseases, and discuss the therapeutic
implications.
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Haemolytic Uraemic Syndrome

Atypical haemolytic uraemic syndrome (aHUS) and
C3 glomerulopathy are diseases in which the primary
cause is thought to involve uncontrolled activation of the
alternative pathway of complement. Like typical or diar-
rhoea-associated HUS, aHUS is marked by the presence
of thrombocytopenia, haemolytic anaemia and throm-
botic microangiopathy primarily affecting the kidneys.
Mutations in factor H occur in around 25% of cases. Mu-
tations in factor I, membrane cofactor protein and C3
have all been associated with aHUS, though less often
than factor H. Autoantibodies to factor H have also been
found in around 10% of patients with aHUS, and rarely
antibodies against factor I. These cases are reviewed in
detail in [2]. The mutations in factor H are primarily
found at the C terminus in the region associated with
membrane binding. This is consistent with the model in
which dysregulation of the alternative pathway occurs at
the endothelial cell surface rather than in the fluid phase.

An elegant mouse model of aHUS was created by ex-
pressing a mutant factor H lacking the C terminal do-
mains, confirming that these mutations are causative [3].
Breeding of this transgenic mouse with C5-deficient mice
has subsequently shown that C5 and the terminal path-
way of complement is key to tissue injury [4]. This sup-
ports the rationale for the use of eculizumab in aHUS,
which is discussed elsewhere in this issue. The majority of
cases of HUS (typical HUS) are associated with Shiga tox-
in-producing Escherichia coli infection. Even in these cas-
es where endothelial damage is initially caused by the tox-
in, there is evidence that the alternative pathway is acti-
vated and makes a contribution. In an animal model of
Shiga toxin-induced HUS, factor B-deficient mice were
protected [5].

C3 Glomerulopathy

There has recently been an increased awareness that
many cases of mesangiocapillary glomerulonephritis
(MCGN), also referred to as membranoproliferative glo-
merulonephritis, may be immunoglobulin negative, or
have a predominance of C3 immunostaining. These are
now referred to as C3 glomerulonephritis. This has led to
the concept of the immunoglobulin-negative C3 glomer-
ulopathies which may also include type Il MCGN (dense
deposit disease) and complement factor H-related pro-
tein 5 (CFHRS5) nephropathy [6]. These are distinct from
the immunoglobulin-positive MCGN usually associated
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hepatitis B or C, endocarditis, autoimmune disease, or a
monoclonal gammopathy. The genetic basis for C3 glo-
merulopathies is demonstrated most convincingly in fa-
milial reports and also supported by association studies
in individual patients. Here we will outline the main find-
ings from this body of work and the reader is referred to
recent reviews for further detail and references [7]. There
are reports of families in which affected members with C3
glomerulonephritis or dense deposit disease have a muta-
tion leading to uncontrolled alternative pathway activa-
tion. These mutations may be in factor H or C3 (leading
to a factor H-resistant C3 convertase). Although these
comprise a small number of cases, they are important be-
cause they provide strong evidence that abnormal com-
plement activation is causative. CFHR5 nephropathy is a
particular form of C3 glomerulopathy that has recently
been described in Cypriot families [8]. An abnormally
large CFHR5 inhibits the action of factor H, and its histol-
ogy may have a mesangioproliferative or MCGN pattern.
In addition to these reports of familial disease, there are
reports of individual patients with mutations in factor H,
factor I or CD46, and a suggestion that common varia-
tions in factor H, CFHR5, C3 or CD46 may confer an in-
creased risk of C3 glomerulopathy. C3 nephritic factor is
an autoantibody that binds to a neoepitope and stabilises
the C3 convertase. It is found in the majority of patients
with dense deposit disease, and around half of those with
C3 glomerulopathy [9]. Autoantibodies against other
components such as factor H, factor B and C3b have also
been less frequently reported. However, since patients
with C3 glomerulopathy may have mutations in comple-
ment genes in addition to autoantibodies, and autoanti-
bodies may also occur in patients with MCGN type I or
normal subjects, the role of the autoantibodies in patho-
genesis is not clear.

Results from animal models have supported the con-
cept that uncontrolled fluid-phase alternative pathway ac-
tivation may lead to a C3 glomerulopathy. The original
evidence for this came from the observation of MCGN (C3
glomerulopathy) in pigs with a naturally occurring defi-
ciency of factor H [10]. This was later confirmed by the
generation of factor H-deficient mice [11]. One should
note that these mice are deficient in factor H, in contrast to
the mice referred to above expressing mutant factor H that
develop aHUS. The latter mice can regulate fluid-phase
complement activation and have a defect in regulation at
the endothelial surface only. By breeding factor H-defi-
cient mice with mice deficient in factor B, the need for un-
controlled activation of the alternative pathway was dem-
onstrated. Furthermore, the presence of factor I is neces-
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sary in disease induction as mice deficient in both factor
H and factor I did not develop disease [12]. Factor I cleaves
C3b into iC3b and C3dg, and the deposition of these
cleaved C3 fragments is necessary for disease develop-
ment. C5 was also shown to play a role in this model [13].

Anti-Neutrophil Cytoplasmic Antibody Vasculitis

The concept that anti-neutrophil cytoplasmic anti-
body (ANCA) vasculitis was pauci-immune was chal-
lenged by the observation that electron dense deposits oc-
cur in 54% of cases [14]. Following this, data from China
has shown that complement components C3, C4 Clq,
factor B, properdin, mannose-binding lectin (MBL) and
the terminal pathway membrane attack complex are de-
posited in the glomeruli of some patients with ANCA vas-
culitis and focal necrotising glomerulonephritis [14-16].
Mice which were depleted of complement by treatment
with cobra venom factor were protected from disease in-
duced by anti-MPO antibodies, suggesting that comple-
ment deposition has pathological consequences and me-
diates tissue injury [17]. In addition, C5-deficient mice
and factor B-deficient but not C4-deficient mice were
protected. The nature of the factors that are released by
activated neutrophils which cause the initial activation of
the alternative pathway remains a key question.

Subsequent work confirmed that the terminal comple-
ment pathway was important as treatment with an anti-
C5 monoclonal antibody protected mice from disease
[18]. C5a generated from serum by neutrophils activated
by ANCA was shown to mediate further neutrophil prim-
ing for a respiratory burst in response to ANCA [19]. Fur-
thermore, the importance of this priming effect was
shown in vivo as C5a-receptor-deficient mice were pro-
tected from disease. This work has recently been extend-
ed with evidence of therapeutic efficacy for the C5a recep-
tor antagonist CCX168 in mice in which the C5a receptor
has been replaced with the human equivalent [20]. In ad-
dition, disease was exacerbated in mice defective in the
second C5a receptor C5L2. The role of C5L2 is not clear
in some contexts, but in others and in ANCA vasculitis,
it appears to have an anti-inflammatory role.

Systemic Lupus Erythematosus
A “full house’ of complement and immunoglobulin

components is a characteristic finding in lupus nephritis
renal biopsies. A low serum C3 or C4 correlates with dis-
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ease activity in some patients, and anti-C1q antibodies
are associated with lupus nephritis. A genetic deficiency
of classical pathway complement components predispos-
es to SLE as reviewed in [21]. A number of mechanisms
may be responsible including the defective clearance of
both apoptotic cells and immune complexes. Alternative-
ly or in addition, complement deficiency may promote a
loss of tolerance to autoantigens. Although a genetic de-
ficiency occurs in a small number of patients, an acquired
hypocomplementaemia, due to active lupus, may serve to
exacerbate disease by similar mechanisms.

The clinical observations described above suggest that
complement is important in lupus nephritis. Mice with
triple deficiency of Clq, C2 and factor B, develop sponta-
neous autoantibody production and glomerulonephritis
[22], showing that complement activation is not required
for lupus-like glomerulonephritis. Data in the C3-defi-
cient MRLIpr lupus-prone mice also support this sugges-
tion [23]. In contrast, other findings suggest complement
can play a proinflammatory role in lupus. MRLIpr mice
deficient in the complement regulator DAF have acceler-
ated disease [24] and antibodies to C5 ameliorate disease
[25]. Although the C3a receptor appears to promote a
degree of protection (by mechanisms that are not clear)
[26], the C5a receptor can stimulate disease through T
cell-mediated effects [27]. Anti-Clq antibodies were
shown to exacerbate immune complex-mediated glomer-
ulonephritis in mice, suggesting that in patients anti-Clq
antibodies may contribute to pathogenesis [28]. Overall
the data from animal models are conflicting and the role
of complement in causing tissue injury is not clear.

Membranous Nephropathy

In idiopathic membranous nephropathy, subepithelial
deposits cause thickening of the glomerular basement
membrane without an inflammatory component. Immu-
nostaining shows predominantly IgG and C3 deposition.
IgG is predominantly IgG4, which is a poor activator of
the classical pathway, and there is usually an absence of
classical pathway complement components on immu-
nostaining. The terminal pathway membrane attack
complex has also been found, though this is not tested
routinely in clinical practice. These observations suggest
that the alternative and terminal pathways may play a
role. Heyman nephritis is a rat model in which an im-
mune response against a podocyte protein called megalin
is induced. The histological changes are similar to mem-
branous nephropathy and so this is a plausible model of
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the human disease. Data derived from this model has
shown that C6-deficient rats are protected, suggesting a
role for terminal complement components in pathogen-
esis [29].

Implications for Therapy

In the preceding sections we have given an overview of
the current understanding of the role of complement in
aHUS, C3 glomerulopathy, ANCA vasculitis, SLE and
membranous nephropathy.

In patients with aHUS, replacement with normal com-
plement components by plasma exchange has been effec-
tive in some cases. Eculizumab, a humanised monoclonal
antibody against C5, is effective in aHUS and has recently
gained FDA approval [30]. There are also reports of its use
in patients with typical HUS and in C3 glomerulopathy.
A detailed discussion of eculizumab for these conditions
is presented in other chapters of this issue. There is also a
strong rationale for the use of eculizumab in membranous
nephropathy, and arandomised controlled trial of 200 pa-
tients was performed and presented in 2002 that did not
show a benefit [31]. In this study, however, complement
inhibition was incomplete and therefore the role of termi-
nal complement pathway inhibition as a therapeutic op-

tion in membranous nephropathy remains unresolved.
Rituximab is now an alternative to cyclophosphamide in
patients with ANCA vasculitis. However, there remains a
need for new anti-inflammatory therapies to replace or
reduce the need for corticosteroids which lead to signifi-
cant adverse effects. Anti-C5 therapy and C5a inhibition
have both shown benefit in animal models of anti-MPO
vasculitis as mentioned above. As a result of this, phase II
trials in ANCA vasculitis are underway with both eculi-
zumab and CCX168, an orally available small molecule
C5aR antagonist. As we have illustrated, the role of com-
plement in lupus is complex and the outcomes of comple-
ment inhibition in patients would be difficult to predict.
Consequently, there are no clinical trials of eculizumab or
other complement inhibitors in lupus.
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