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Regulating complement in the kidney: insights from
CFHR5 nephropathy

Daniel P. Gale'* and Matthew C. Pickering?

Complement factor H related protein 5 (CFHR5) nephropathy is a monogenic
disorder of complement regulation that is endemic in Cyprus. The disease is
characterised by haematuria, C3 glomerulonephritis and kidney failure. Its
identification suggests a role for the CFHR5 protein in the regulation of complement
in the kidney. In this review, we discuss how studying CFHR5 nephropathy can
contribute to our understanding of the role of complement in kidney diseases
such as dense deposit disease, C3 glomerulonephritis and atypical haemolytic

uraemic syndrome.

Introduction

Complement factor H related protein 5
(CFHR5) nephropathy is a recently recognised
kidney disease in which a heterozygous
mutation in the CFHRS gene is associated with
autosomal dominant inheritance of glomeru-
lonephritis and kidney failure (Gale et al.,
2010). To date, the disease has only been
reported in individuals from Cyprus, where it
is an endemic cause of renal disease and
accounts for a significant proportion of end-
stage kidney failure on the island (Athanasiou
etal,, 2011). In this review, we first discuss how
the features of CFHR5 nephropathy relate to
our current understanding of complement
regulation and its role in kidney disease. We
next discuss the role of complement in
membranoproliferative glomerulonephritis
(MPGN), dense deposit disease (DDD), C3
glomerulonephritis and atypical haemolytic
uraemic syndrome (aHUS). Finally, we outline
potential avenues for clinical and basic
research that could further expand our
understanding of glomerular disorders.

CFHRS5 nephropathy: clinical and
laboratory features

CFHR5 nephropathy typically presents with
haematuria (blood in the urine), usually in

microscopic amounts, but 25-50% of patients
report episodes in which there is visible
blood in the urine (macroscopic haematuria),
almost always at times of respiratory tract or
other infections. These episodes can be
associated with acute deterioration in renal
function. In more than 80% of male (but only
a small proportion of female) patients, there
is progressive, stepwise deterioration in renal
function leading to end-stage kidney failure
in adulthood (usually between the ages of 30
and 70 years) (Athanasiou et al, 2011).
Proteinuria is mild (usually less than 1 g/day)
and is only present late in the disease when
there is impaired renal function. Kidney
biopsies show histological evidence of
inflammation (in a pattern termed MPGN),
and electron microscopy reveals electron-
dense material deposited in the sub-
endothelial glomerular basement membrane
and in the mesangium. There is positive
immunostaining for complement proteins
C3, C5 and C9 in the glomeruli, but no
evidence of immunoglobulin or Clq
deposition. These histological features are
referred to as C3 glomerulonephritis and
imply that dysregulation of the complement
alternative pathway (Fig. 1) is central to the
pathophysiology of the disease.
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Serum levels of complement proteins C3
and C4 are typically normal, even during
acute episodes of macroscopic haematuria.
Although outcomes following renal trans-
plantation in patients with CFHR5
nephropathy have been generally good, the
disease has been shown to recur following
renal transplantation from an unrelated
donor, proving that a circulating (as opposed
to local) abnormality is responsible for
pathology (Vernon et al., 2011).

The disease is inherited as an autosomal
dominant trait with >90% penetrance, and it
cosegregates with a 6.3 kbp genomic
duplication that includes exons 2 and 3 of the
CFHRS gene (Gale et al, 2010). This
mutation results in the production of an
elongated version of the CFHR5 protein that
is detectable in the circulation of patients.
The mutation is present in ~1 in 6500
Cypriots, and over 100 patients with the
disease have been identified. All patients
have recent Cypriot ancestry and share an
extended haplotype flanking the mutation,
proving that they share a common affected
ancestor (Athanasiou et al,, 2011). Why the
disease is so common in the Cypriot
population is yet to be determined -
possibilities include genetic drift within the
island population or positive selection,
perhaps by the presence of another endemic
disease. The mechanism by which this
CFHRS5 mutation causes the disease is not yet
understood but might have relevance for
more common diseases in  which
complement is deposited in the glomerulus;
for example, similar glomerular pathology
may be observed in patients with systemic
lupus erythematosus (referred to as lupus
nephritis).

At present, there is no treatment of proven
efficacy for CFHR5 nephropathy. Disease
progression seems to correlate with
infectious episodes, and tonsillectomy has
been used with apparently good long-term
results in at least one case (Athanasiou et al.,
2011). Responses to conventional immuno-
suppression (for instance, with
corticosteroid, cytotoxic or antiproliferative
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Fig. 1. Simplified schematic of the complement pathways. The complement system is a network of
proteins that is important in innate immunity. Effector functions of complement include opsonisation
(leading to phagocytosis of pathogens), production of anaphylatoxins (which can cause inflammation,
vasodilation etc.) and cell lysis (which can lead to tissue damage). At the centre of the complement system
is a positive-feedback loop (known as the C3b amplification loop; red arrow) in which the production of
activated C3 (termed C3b), through the generation of an enzyme complex termed a C3 convertase, can
be rapidly increased. C3b can be generated by activation of three pathways, each with different modes of
activation: the classical pathway, the lectin pathway and the alternative pathway. Runaway complement
pathway activation and subsequent damage to host cells is prevented by tight regulation at many levels.
This is achieved by several regulators that act either in the circulation, on host cell surfaces or both.
Regulation of the alternative pathway is particularly important because it is continuously activated by
spontaneous hydrolysis of plasma C3. Importantly, the regulators of the alternative pathway also
downregulate the C3b amplification loop. The key regulators of these pathways are plasma proteins CFH
and CFl. Dysregulation of the alternative pathway is associated with aHUS (renal thrombotic
microangiopathy) and glomerulonephritis (C3 glomerulopathy). Schematic is adapted, with permission,

from Pickering and Cook (Pickering and Cook, 2011).

therapies) have been inconsistent and are
associated with exacerbation of renal injury
in some patients. However, plasma exchange
carried out during episodes of macroscopic
haematuria and acute renal dysfunction has
been associated with good short-term
outcomes in some cases (D.P.G., unpublished
observations). Whether any benefits
observed following this treatment are a result
of supplementation with wild-type CFHR5
protein from donor plasma, removal of the

Clinical terms

mutant CFHR5 protein or some other
mechanism remains to be determined. It is
not known whether eculizumab, a
monoclonal antibody that prevents
complement C5 activation, is of benefit in
treating CFHR5 nephropathy. A better
understanding of the functions of CFHR5
and the mechanism by which the mutation
causes the disease might suggest a role for
the CFHR5 protein itself in the treatment of
the disease.

Anaphylatoxin: a protein that causes stimulation and chemotaxis of immune cells.
Glomerulonephritis: inflammation of the glomeruli (the small blood vessels of the kidneys that are

involved in filtering blood to form urine).

Macroscopic haematuria: red discolouration of the urine owing to the presence of blood (in

amounts greater than in microscopic haematuria).

Microscopic haematuria: blood in the urine detectable using a microscope or dipstick test.
Nephrotic syndrome: clinical triad of proteinuria >3 g/day; swelling of limbs or body due to oedema;

and low blood protein level.
Proteinuria: protein in the urine.

Synpharyngitic: occurring at the same time as an upper respiratory tract infection.
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The CFHR5 gene

The CFHRS gene lies at the telomeric end of
a gene cluster that also contains the
complement factor H (CFH) gene and the
four other CFHR genes (CFHRI1-CFHR4).
These genes are oriented head-to-tail on
chromosome 1q32; this tandem arrangement
of similar genes suggests that they are
homologues that have arisen by successive
genomic duplication events over time. This
view is supported by the presence of frequent
copy number variations (CNVs; duplications
or deletions of genomic regions) reported
within this gene cluster, some of which —
including complete deletions of CFHRI,
CFHR3 or CFHR4 - are common
polymorphisms occurring with combined
allele frequencies of over 20% in healthy
controls (Venables et al.,, 2006; Schmid-
Kubista et al, 2009; Raychaudhuri et al.,
2010). The high frequency of CNVs in this
region might be the result of the many nearby
similar nucleotide sequences predisposing to
non-allelic homologous recombination
events during meiosis (Lupski, 1998).
Importantly, even among closely related
species (such as the human and chimpanzee),
there is seldom one-to-one correspondence
of orthologous CFHR genes. This has made
it difficult to predict whether targeted
deletion of CFHRs in the mouse (in which
there are three Cthr genes) would yield much
useful information in understanding the
function of the CFHRs in humans. This has
probably contributed to the view (which
prevailed over most of the ~2 decades since
CFHRs were first identified) that CFHRs

were unlikely to perform significant
functions.
The CFHR5 protein

CFH and the CFHR proteins are each made
up of between 4 and 20 homologous short
consensus repeat domains (SCRs). Each SCR
comprises approximately 60 amino acids and
folds into a globular structure with a
hydrophobic core and two cysteine-cysteine
disulphide bonds (Janatova et al., 1989;
Norman et al, 1991). CFHR5 was first
identified as a component of glomerular
immune complexes and is consistently found
colocalized with C3 and C5b-9 in glomerular
deposits (McRae et al., 2001; Murphy et al.,
2002). The wild-type CFHR5 protein is
composed of nine SCRs, encoded by each of
exons 2 to 10 of the gene. The mutation
associated with CFHR5 nephropathy results
in the duplication of SCRs 1 and 2 of the
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Case study

A 17-year-old British male of Cypriot descent presented to his family doctor with headaches. He
reported occasional episodes of red discolouration of the urine, which occurred at the same time as
(or even 24 hours before) upper respiratory tract infections (termed synpharyngitic macroscopic
haematuria). Routine clinical and neurological examination was normal with the exception of
microscopic haematuria (blood +++ on urine dipstick test) and a blood pressure of 165/80 mmHg.
Blood tests, including the blood count, biochemical and renal function tests, immunoglobulins,
autoantibodies, viral serology, complement C3, complement C4 and C3NeF were all normal or
negative. The headaches resolved on treatment of the high blood pressure with a single agent, and
he proceeded to have a renal biopsy, which showed C3 glomerulonephritis: there was MPGN with
deposition of complement C3 but not immunoglobulins or C1q in the glomerulus. Electron
microscopy demonstrated mesangial and subendothelial glomerular basement membrane electron-
dense deposits without dense transformation of the glomerular basement membrane. Subsequent
molecular testing demonstrated the presence of a duplication of exons 2 and 3 of CFHR5. Over the
following 10 years, there were further episodes of synpharyngitic macroscopic haematuria associated
with acute stepwise deteriorations in renal function occurring approximately once each year. The
mutation was also detected in DNA from his mother, who exhibited persistent microscopic
haematuria without renal impairment, proteinuria or high blood pressure. A kidney biopsy performed
in the mother some years previously had shown C3 glomerulonephritis.

protein, with the first amino acid of the
duplicated SCR1 changed from glycine to
arginine by the splicing of its encoding exon
(exon 2) downstream of exon 3 (which
encodes SCR2) (Gale et al., 2010).

The functions of CFHR5 are not well
understood. Similar to CFH, it is produced
in the liver and circulates in the blood,
although at approximately 100-fold lower
concentrations. It shares some of the
biochemical properties of CFH, including
affinity for C3b and for glycosaminoglycans
on host cell surfaces (this can be estimated
in the laboratory by measuring affinity for the

Normal

Regulation of plasma C3 activation by CFH;
regulation of GBM C3 metabolites by CFHR5
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glycosaminoglycan heparin). In addition,
CFHR5 can inhibit the C3 convertase and
can act as a cofactor for the cleavage of C3b.
Although the affinity of CFHR5 for heparin
seems greater than that of CFH, its cofactor
and C3 convertase inhibitory activities are
lower compared with CFH (McRae et al.,
2005). Together with its much lower
circulating abundance, this argues against a
non-redundant role for CFHR5 in the
regulation of complement activation in the
circulation, because CFH would be predicted
to be in massive excess — in both quantity
and relative activity. The presence of CFHR5

CFH deficiency

Defective regulation of
plasma C3 activation by CFH
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within glomerular immune deposits and its
high affinity for heparin suggests a particular
role for CFHR5 in regulating complement
within the glomerulus.

The mutant CFHR5 protein associated
with CFHRS5 nephropathy is detectable in the
circulation of patients and, when compared
with the wild-type protein, has reduced
affinity for heparin and for complement-
coated surfaces. This suggests a mechanism
whereby the impaired ability of the mutant
protein to localise to glomerular surfaces is
important in the pathophysiology of the
disease. The situation might be more
complex than this, however, because the
mutant protein also has enhanced factor I
cofactor activity compared with the wild-
type protein (although still substantially
reduced compared with that of CFH) (Gale
et al,, 2010). Although the issue of whether
CFHR5 nephropathy results from a loss-of-
function or a gain-of-function change in the
CFHR5 protein remains unresolved, the
normal circulating C3 levels in patients with
the disease suggest that CFHR5 nephropathy
results from complement dysregulation
specifically at glomerular surfaces, as
opposed to systemic activation of
complement in the fluid phase (see Fig. 2).
This is in contrast to DDD, in which
complement activation in the circulation
causes glomerulonephritis. Understanding
why, in CFHR5 nephropathy, complement

CFHRS5 nephropathy

Defective regulation of
GBM C3 metabolites by CFHR5
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Fig. 2. Proposed model whereby both CFH and CFHR5 are needed to prevent C3 accumulation along the glomerular basement membrane. CFH
deficiency (represented by white CFH protein) leads to C3 consumption and the production of C3 metabolites in plasma; these C3 metabolites then accumulate
along the glomerular basement membrane (GBM). In CFHR5 nephropathy, abnormal CFHR5 (represented by white CFHR5 protein) results in defective regulation
of C3 metabolites within the GBM. In this hypothetical model, we assume that CFHR5 but not CFH interacts directly with C3 metabolites in the kidney.
Consequently, where C3 metabolites accumulate in the setting of CFH deficiency, we depict increased binding of CFHR5 in the kidney.
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dysregulation at a surface causes glomeru-
lonephritis rather than thrombotic microan-
giopathy (the pattern of injury seen in aHUS;
discussed below) requires a more detailed
understanding of the biochemical properties
and functions of CFHRS5 itself.

Complement and
membranoproliferative
glomerulonephritis

The typical pathological lesion in the kidney
of patients with CFHR5 nephropathy is
MPGN. MPGN describes a histological
pattern of renal injury in which there is
expansion and hypercellularity of the
glomerular mesangial regions, together with
thickening of glomerular capillary walls.
These features are most commonly observed
in association with systemic diseases in
which there is an increase in antibody
production, such as  monoclonal
immunoglobulin production disorders,
systemic lupus erythematosus and chronic
infections; in these disorders, MPGN is
usually associated with deposition of
immunoglobulin and complement within the
glomeruli. In many such cases, circulating
levels of complement C3 and C4 are reduced,
reflecting systemic activation of the classical
and alternative complement pathways. It is
not known why some individuals with these
autoimmune or infectious diseases develop
glomerulonephritis whereas other people
with the same underlying diseases have no
renal involvement. The invariable deposition
of complement components at sites of renal
injury has led to the view that complement
plays a central role in the pathophysiology of
MPGN (Alchi and Jayne, 2010). Moreover,
the idea that variation in the complement
pathway itself might be important in
determining the severity of glomerulo-
nephritis has been supported by recent
evidence indicating that common genetic
variation in the genes encoding complement
regulators can affect susceptibility to these
diseases in the general population (Gharavi
et al,, 2011; Zhao et al.,, 2011). Additional
evidence of the role of complement in
glomerular disease has come from the
identification of rare disorders in which
glomerulonephritis is associated with
complement deposition in the absence of
glomerular immunoglobulin. These rare but
informative glomerular disorders include:
DDD, C3 glomerulonephritis and CFHR5
nephropathy. Collectively these disorders are
referred to as C3 glomerulopathies (Fakhouri
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et al, 2010), which we describe in the
following sections. aHUS is also briefly
discussed; although this condition is a
thrombotic microangiopathy and not a
glomerulonephritis, it is associated with
complement dysregulation.

Dense deposit disease

DDD (formerly known as MPGN type 2) is
a rare disorder affecting approximately two
to three people per million in the population
(Smith et al., 2007). It is most common in
childhood and affects females and males at
a ratio of 3:2 (Lu et al., 2007). Presentation
is typically with nephrotic-range proteinuria
with or without microscopic haematuria.
There is gradual deterioration of renal
function, with 50% of patients reaching end-
stage renal failure 10 years from diagnosis.
The disease is associated with ocular drusen
(deposits of electron-dense material in
Bruchs membrane, which lies beneath the
retinal pigment epithelium of the eye), and
visual impairment is a late complication
(Colville et al., 2003). DDD is diagnosed by
renal biopsy, which shows dense
transformation of the glomerular basement
membrane, often with MPGN.
Immunostaining usually demonstrates C3
but not immunoglobulin deposition in the
glomerulus, and approximately 80% of
patients exhibit depletion of serum
complement C3 (Schwertz et al., 2001).
These clinicopathological features suggest
that systemic activation of complement in the
circulation underlies the disease.

DDD is most commonly associated with
the presence of an antibody (termed C3
nephritic factor or C3NeF) that stabilises the
alternative pathway C3 convertase (C3bBb)
in the circulation, leading to runaway
complement activation and depletion of C3.
C4 levels are typically normal, reflecting the
fact that the classical pathway is not activated
(Schwertz et al.,, 2001). In addition to the
presence of C3NeF, rare genetic defects of
complement regulators have been reported
that lead to uncontrolled activation of the
alternative pathway in the circulation.
Examples include the genetic deficiency of
CFH and an activating mutation of C3 that
causes defective fluid-phase regulation of C3
(Martinez-Barricarte et al., 2010; Smith et al.,
2011). A spontaneously occurring breed of
pigs that develops plasma C3 depletion and
glomerulonephritis with histological features
of MPGN was found to harbour genetic
deficiency of circulating CFH (Hogasen et al.,

CFHR5 nephropathy

1995). In addition, targeted deletion of the
Cfh gene in mice leads to C3 depletion and
glomerulonephritis with histological features
of MPGN (Pickering et al, 2002). These
animal studies illustrate the relationship
between complement regulation and MPGN.
However, the typical intramembranous
changes seen in human DDD differ from
those seen in CFH-deficient mice and pigs,
suggesting that the full range of functions of
CFH and its related proteins differ in
different species.

C3 glomerulonephritis

Rarely, acquired C3NeF or genetic
abnormalities of complement regulatory
proteins are associated with glomerular C3
(but not immunoglobulin) deposition in the
absence of dense transformation of the
glomerular basement membrane. These
features are referred to as C3 glomerulo-
nephritis and are similar to the characteristic
renal biopsy findings in CFHR5 nephropathy.
The clinical spectrum of C3 glomeru-
lonephritis is broad, with one series reporting
haematuria in 63% of patients at diagnosis
and proteinuria ranging from 0 to >5 g/day,
with 11% of patients exhibiting nephrotic
syndrome (Servais et al., 2007). Some of the
genetic abnormalities found in this cohort of
patients had previously been identified in
patients with aHUS. These rare cases
illustrate that abnormalities of complement
regulation can lead to an overlapping
spectrum of clinicopathological features.

Atypical haemolytic uraemic
syndrome

Complement alternative pathway
dysregulation can also occur at cell surfaces,
resulting in aHUS. In patients with this
disorder, haemolysis and complement-
mediated disruption of endothelial surfaces
occurs, leading to microthrombosis and
organ damage. In many cases of aHUS,
abnormalities in genes encoding complement
regulators have been identified — most
common are mutations in CFH that disrupt
the ability of the protein to bind to
glomerular endothelium (reviewed in
Kavanagh and Goodship, 2010). Circulating
C3 levels are frequently normal in these
patients, reflecting the fact that regulation of
the alternative pathway in the fluid phase
need not be disrupted to cause the disease.
Eculizumab seems to be a very potent
therapy in this condition (e.g. Gruppo and
Rother, 2009), and the final results of global
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Clinical and basic research

opportunities

® To determine why end-stage renal failure
develops more frequently in males with
CFHR5 nephropathy than in females with the
disease.

® To determine whether CFHR5 is important in
the pathogenesis of IgA nephropathy.

® To investigate the role of complement
inhibitors in CFHR5 nephropathy.

® To develop animal models of CFHR5
nephropathy.

trials in plasma-resistant and plasma-
sensitive aHUS are awaited.

Unanswered clinical questions

There are many outstanding questions
regarding CFHR5 nephropathy that can be
addressed through additional clinical studies
and research in biological models. First, one
of the most striking features of CFHR5
nephropathy is the different clinical course in
men and women. In contrast to aHUS, in
which the disease is generally more aggressive
in females, almost all males with CFHR5
nephropathy require renal replacement
therapy by the time they reach old age,
whereas the majority of women are
asymptomatic for their entire lives, with
microscopic haematuria being the only clinical
finding (Athanasiou et al., 2011). Possibilities
to explain this sexual dimorphism include
differences in expression of complement
regulators or the known differences in the
behaviour of the innate or adaptive immune
systems between males and females: in
general, females mount a more robust humoral
and cell-mediated response to immunological
stimulation, whereas, in males, innate
inflammatory responses are more aggressive
(for a review, see Marriott and Huet-Hudson,
2006). At least some of these differences can
be attributed to the effects of sex hormones
on lymphocytes (Weinstein et al., 1984), and
there is epidemiological evidence suggesting
that, although autoimmune diseases such as
systemic lupus erythematosus and rheumatoid
arthritis are more common in women, men
are more susceptible to severe bacterial
infections (Schroder et al., 1998; Offner et al.,
1999; Eaton et al., 2007). A further possibility
is that there are intrinsic properties of the male
kidney that render it more susceptible to
complement-mediated injury. Understanding
this phenomenon might yield insights that aid
the development of a treatment for CFHR5
nephropathy.

Disease Models & Mechanisms

Second, whereas patients with DDD and
C3 glomerulonephritis not caused by CFHRS
mutation exhibit a wide variety of clinical
features, often including nephrotic range
proteinuria (Servais et al., 2007; Licht and
Fremeaux-Bacchi, 2009), the clinical and
histological features of CFHR5 nephropathy
bear a remarkable and consistent similarity
to those of IgA nephropathy. In fact, the only
distinguishing  features of CFHR5
nephropathy are its familial nature and the
absence of glomerular immunoglobulin A
deposition. That a mutation in the CFHRS
gene can reliably recapitulate so many clinical
and pathological features of IgA nephropathy
raises the question of whether the CFHR5
protein could be important in the patho-
physiology of this disorder.

The exciting possibility exists that devising
a successful treatment strategy for CFHR5
nephropathy will open up a new avenue for
the treatment of not only C3 glomeru-
lopathies but also more common glomerular
disorders, such as IgA nephropathy and lupus
nephritis, in which complement plays a
significant role.
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