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Summary

Factor H is the major regulatory protein of the alternative pathway of comple-
ment activation. Abnormalities in factor H have been associated with renal
disease, namely glomerulonephritis with C3 deposition including membra-
noproliferative glomerulonephritis (MPGN) and the atypical haemolytic
uraemic syndrome (aHUS). Furthermore, a common factor H polymorphism
has been identified as a risk factor for the development of age-related macular
degeneration. These associations suggest that alternative pathway dysregula-
tion is a common feature in the pathogenesis of these conditions. However,
with respect to factor H-associated renal disease, it is now clear that distinct
molecular defects in the protein underlie the pathogenesis of glomerulone-
phritis and HUS. In this paper we review the associations between human
factor H dysfunction and renal disease and explore how observations in both
spontaneous and engineered animal models of factor H dysfunction have
contributed to our understanding of the pathogenesis of factor H-related
renal disease.
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Biological function of complement factor H

Complement factor H was first described in 1965 [1]. It is an
abundant, single chain glycoprotein circulating at a concen-
tration of approximately 400 mg/l. The major source of
factor H is the liver, but extra-hepatic synthesis has been
demonstrated in a variety of tissues including endothelial
cells [2], glomerular mesangial cells [3] and in rodents,
podocytes [4]. The protein is composed of 20 short consen-
sus repeat (SCR) domains, also known as complement
control protein domains, or Sushi repeats. Each SCR domain
is composed of approximately 60 amino acids based on a
framework of four conserved cysteine residues.

The principle function of factor H is to down-regulate
alternative pathway complement activation, which it
achieves in three ways. It acts as an essential co-factor in the
factor I-mediated proteolytic conversion of plasma C3b to

iC3b [5,6]. iC3b may then be cleaved into further fragments
(C3dg and C3c) by factor I using the membrane-bound
co-factor CR1 (complement receptor 1, CD35). Factor H is
also able to block the formation of the alternative pathway
C3 convertases by binding to C3b, thereby inhibiting the
interaction between C3b and factor B [7–10]. Factor H also
possesses decay acceleration activity, i.e. promotes the disso-
ciation of these C3 convertases once they have formed [8].
It is also able to distinguish between activator and non-
activator surfaces in vivo, an effect mediated partly by its
ability to bind sialic acid [11–13].

Deletion mutagenesis studies have demonstrated that
regulation of fluid-phase C3 activation requires the N-
terminal five SCR domains [14–16]. In contrast, targeting of
the protein to cell surfaces (surface recognition function) is
mediated by C-terminal domains [17]. That the complement
regulatory and surface recognition functions reside in
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distinct locations of the protein is of major importance in
the understanding of the molecular pathogenesis of factor
H-associated renal disease.

Age-related macular degeneration (AMD) [18–21], atypi-
cal haemolytic uraemic syndrome (HUS) (reviewed in [22])
and membranoproliferative glomerulonephritis (MPGN)
[20,23–27] are associated with polymorphisms or mutations
in the factor H gene. This suggested the existence of a
genotype–phenotype relationship [28].

In the first section of this review we will discuss the renal
pathology associated with factor H dysfunction and explore
its similarities to the renal pathology described in other situ-
ations where alternative pathway dysregulation occurs. We
start by reviewing the pathology described in individuals
with homozygous factor H deficiency.

Human factor H deficiency associated with very low
or absent factor H levels

The phenotypic analysis of individuals with inherited com-
plete deficiency of factor H has provided important insights
into the biological role of factor H in vivo. However, such
cases are extremely rare; in Table 1 we summarize the clinical
and laboratory investigations of 33 factor H-deficient indi-
viduals from 15 families [23,25–27,29–38]. In all these indi-
viduals factor H levels were absent or markedly reduced.

That factor H is the major regulator of alternative pathway
activation in vivo is evident from the complement profile
described in this deficiency state. Typically, complete factor
H deficiency is associated with secondary severe depletion of
circulating C3 together with reduction in the alternative
pathway activation protein, factor B (Table 1). As a conse-
quence of the reduced C3 levels, functional assays of comple-
ment haemolytic activity, whether triggered by alternative
(AP50) or classical (CH50) pathway activation, are reduced
or even absent.

Properdin levels are also usually reduced (cases 1a, 1b, 4a,
4b, 4c, 5, 8, 13, 14, two cases from family 9), although two
factor H-deficient individuals from one family had normal
values (cases 6a, 6b) as did two of the factor H-deficient
individuals from family 9. Where reported, terminal pathway
components are usually low. Thus, in the 17 factor H-
deficient individuals in whom C5 levels were measured they
were reduced in 14 (cases 2a, 2b, 3a, 3b, 3c, 4a, 4b, 4c, 5, 6a,
6b, 8, 9, 13, 14) and normal in only two individuals (cases 1a
and 1b).

Plasma factor I levels remain normal in complete factor H
deficiency. Notably, this is not the case in the converse
situation. Thus, individuals with homozygous factor I defi-
ciency develop secondary reduction in factor H, thought to
be the result of binding of factor H to C3b [45].

The majority of factor H-deficient individuals have devel-
oped clinical disease, with only three individuals healthy at
the time of reporting (cases 1b, 4b, 6b). As a consequence of
secondary C3 deficiency there is a relatively high incidence of

bacterial infection including Neisserial meningitis (cases 3a,
3b, 5, 8). However, the striking manifestation is that of renal
disease. Renal disease has been reported in 28 of the 33
individuals that we have summarized in Table 1.

The renal manifestations include 15 cases of haemolytic
uraemic syndrome (HUS, 1a, 6a, 9a–j, 10a, 10b, 15) and
nine cases of membranoproliferative glomerulonephritis
(MPGN, 3a, 3b, 3c, 11a, 11b, 2a, 2b, 12, 14). Furthermore,
one individual was reported as type III collagen glomerul-
opathy (case 7) and another fibrillary glomerulopathy
(case 13). A factor H-deficient individual with systemic
lupus erythematosus (SLE) and lupus nephritis (case 4a) has
also been reported, although it is important to note that
this individual was also thought to have heterozygous C2
deficiency. Interestingly, one individual who presented with
nephritic syndrome and renal biopsy showed MPGN type I
[27]. However, this patient also had a history of hepatitis B
infection, which is associated with MPGN type I indepen-
dently of factor H dysfunction. Subsequently, the patient
developed clinical features of HUS (progressive renal failure
with thrombocytopenia and non-immune haemolytic
anaemia), but no further renal biopsy was performed.
Finally, we include one individual (case 4c) from the same
family who was noted to have to have microscopic haema-
turia, although no renal biopsy was reported.

Clearly, factor H deficiency is associated with a markedly
increased incidence of renal disease. However, an obvious
question is why is this deficiency state associated with both
MPGN and HUS? Before we attempt to answer this we will
first define the renal histopathological features of both
MPGN and HUS and secondly review the renal histopatho-
logical features reported in factor H-deficient individuals.

Renal histopathological features of MPGN and HUS

MPGN (also termed mesangiocapillary glomerulonephritis)
refers to the morphological appearance of a glomerular
lesion characterized by thickening of the glomerular capil-
lary wall together with hypercellularity in mesangial areas,
changes readily identified by light microscopy. As thus
defined, the lesion is non-specific, occurring in a diverse
range of conditions. These conditions have been placed
into three categories, namely (i) associated with deposition
of immunoglobulins and/or complement. This includes
immune complex-associated MPGN type I, which may be
primary or secondary (e.g. SLE, chronic infections including
hepatitis C infection and subacute bacterial endocarditis);
(ii) chronic thrombotic microangiopathies including late
stages of acute HUS and thrombotic thrombocytopenia
purpura; and (iii) paraprotein ‘deposition’ diseases which
include type I cryoglobulinaemia, immunotactoid glomeru-
lopathy and fibrillary glomerulopathy [46]. In the present
context, this classification serves to emphasize the fact that
the morphological appearance of MPGN can develop in
chronic HUS. Distinguishing the underlying cause of MPGN
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requires ultrastructural assessment of the glomerulus using
electron microscopy together with immunofluorescent
studies assessing the presence of immunoglobulin and
complement components.

In association with immune-complex diseases, MPGN is
characterized typically by the presence of both complement
and immunoglobulin within the glomerulus, together with
the presence of subendothelial electron-dense deposits along
the glomerular basement membrane (GBM). This subtype is
referred to as MPGN type I.

Much less commonly, MPGN may be associated with the
presence of glomerular C3 deposition in the absence of
immunoglobulin. In this situation the electron microscopic
appearance of the GBM commonly shows the characteristic
changes described as dense deposit disease (DDD). The
defining abnormality in DDD is the highly characteristic
electron microscopic appearance of the GBM where there is
striking transformation of the central part of the GBM
(termed the lamina densa) by linear electron-dense material
[47]. Electron-dense deposits may also be seen within the
tubular basement membrane and mesangium. The light
microscopic features of DDD include MPGN [48,49]. This
latter observation led to the proposal that DDD should be
considered a variant of MPGN [49], and DDD was referred
to subsequently as MPGN type II. However, subsequent
studies have emphasized the fact that MPGN is only one of
the light microscopic features of DDD. For example, mesan-
gial proliferative and necrotizing glomerulonephritis may be
seen [50]. Moreover, in a recent study of 69 cases of DDD, an
MPGN pattern was seen in only 17 (25%) of the biopsies
[51]. The most common pattern was a mesangial prolifera-
tive lesion (n = 30, 45%). Crescentic (n = 12, 18%) and acute
proliferative and exudative lesions (n = 8, 12%) were also
noted. Irrespective of the glomerular morphology, DDD is
associated with glomerular C3 deposition with little, if any,
immunoglobulin [51]. In view of this, we do not think it is
accurate to refer to DDD as a subtype of MPGN and hence
will use the term ‘DDD’ in preference to ‘MPGN type II’
further in this review. The pathogenesis and therapy of DDD
has recently been reviewed comprehensively [52].

A further subtype of idiopathic MPGN was described by
Strife and colleagues [53]. In their report of seven individu-
als with MPGN they described GBM ultrastructural changes
that were consistent with neither DDD nor MPGN type I.
These biopsies demonstrated contiguous subepithelial and
subendothelial deposits associated with basement mem-
brane disruption. Granular deposition of C3 and properdin
was present in these biopsies. Unlike DDD, immunoglobu-
lins and Clq were variably present. This variant was termed
MPGN type III.

HUS refers to the triad of renal failure, thrombocytopenia
and non-immune microangiopathic haemolytic anaemia.
The latter is demonstrated usually by the finding of red cell
fragments (schistocytes) on peripheral blood smears. The
acute renal lesion in HUS is thrombotic microangiopathy

(TMA). Thrombotic microangiopathy may affect glomeruli,
arterioles and arteries. In acute disease glomeruli show
capillary loop thrombosis often with accumulation of
fragmented red blood cells within capillary lumens. Ultra-
structurally, there is damage to the endothelium with lifting
of the endothelium from the basement membrane and the
accumulation of flocculent material, sometimes contain-
ing fibrin and fragmented red blood cells, beneath the
endothelium. Arterioles show thrombosis and fibrin, with
their walls and arteries, may show marked loose myxoid
expansion of the intima. With chronic injury the glomeruli
develop laminated subendothelial thickening of the base-
ment membrane.

In summary, the characteristic renal lesion associated with
acute HUS is thrombotic microangiopathy. MPGN is a non-
specific glomerular lesion. Clues to the aetiology of MPGN
derive from a combination of immunofluorescence and
ultrastructural studies. Hence, in DDD there is characteristic
deposition of glomerular C3 without immunoglobulin
together with electron-dense deposits within the central part
of the GBM. In contrast, in MPGN associated with immune-
complex disease, both immunoglobulin and C3 are present
together with subendothelial electron-dense GBM deposits.
An MPGN pattern associated with chronic thrombotic
microangiopathy is associated with detachment of the
endothelium from the GBM and the presence of sub-
endothelial laminated thickening of the GBM without
electron-dense deposits.

Renal biopsy findings in homozygous human factor
H deficiency

We have summarized the reported renal biopsy findings in
homozygous factor H-deficient humans in Table 2. In four
reports of HUS and factor H deficiency renal biopsy findings
were reported (Table 2). These biopsies showed convincing
ultrastructural evidence of thrombotic microangiopathy,
and included the presence of subendothelial deposits of floc-
culent material (cases 1a, 6a). Notably, there was no evidence
of GBM electron-dense deposits and the clinical data indi-
cated the presence of red cell fragments in all of these
patients.

Conversely, in the cases reported by Levy et al. (cases 2a, b)
the renal biopsies showed changes that had some features of
DDD [23]. These included intramembranous electron-dense
GBM changes together with glomerular C3 staining in the
absence of immunoglobulin (case 2b). However, there were a
number of pathological features that were not typical of
DDD. First, electron-dense deposits were not seen in the
basement membrane of Bowman’s capsule or the tubular
basement membranes which may be seen in DDD, albeit
infrequently [51]. Secondly, deposits were also seen along the
subendothelial part of the GBM (lamina rara interna, cases
2a and b). While subepithelial deposits have been noted
in DDD in addition to the intramembranous change,
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subendothelial deposits appear to be unusual [48]. Thirdly,
the GBM deposits stained directly for C3. This is not seen
typically in DDD where, using immunofluorescence tech-
niques, C3 staining appeared to localize along the margins of
the intramembranous deposits giving rise to the appearance
of ‘rail-road tracks’ [54]. Similarly, deposits within the
mesangium stained for C3 circumferentially, resulting in
the appearance of mesangial ‘rings’ on immunofluorescent
staining. A similar staining pattern for both C3 and C9 has
been noted in DDD with immuno-electron microscopic
techniques using peroxidase-conjugated antibodies [55].
However, in one case of DDD the deposits did stain directly
for C9 and, to a lesser extent, C3 with immuno-electron
microscopy using gold-conjugated antibodies (Dr Jill Moss,
personal communication).

The biopsy findings reported in case 14 were consistent
with MPGN type I, with the presence of subendothelial
GBM deposits noted in the setting of MPGN [27]. However,
as noted above, this individual also had a history of hepatitis
B infection which in itself is associated with this type of renal
lesion.

The biopsy findings reported in the individual with ‘type
III collagen glomerulopathy’ are, in our view, consistent
with primary thrombotic microangiopathy with subsequent
accumulation of collagen [34]. The first and second biopsies
showed ultrastructural features in keeping with endothelial
injury, i.e. subendothelial widening by granular material,
together with the absence of GBM deposits. The final biopsy,
where type III collagen glomerular staining was demon-
strated, showed flocculent material in both the mesangium
and the subendothelial space together with light microscopic
features of MPGN. It seems likely that the changes on this
final biopsy represent a chronic healing phase of HUS.
Similarly, the changes in the biopsy of the individual with
‘fibrillary glomerulopathy’ are difficult to interpret from
the published figures, but could represent a variant of
chronic HUS [29].

In summary, homozygous factor H deficiency is associated
with two distinct renal pathologies, namely thrombotic
microangiopathy and glomerulonephritis with C3 deposi-
tion. This suggests that alternative pathway dysregulation is
important in the pathogenesis of these two renal diseases. We
now review, under separate headings, the additional evidence
from human and animal studies that support this.

Alternative pathway dysregulation and
MPGN - human studies

There are several distinct situations in which an association
between alternative pathway dysregulation and the develop-
ment of MPGN has been reported.

MPGN and C3 nephritic factor

Uncontrolled alternative pathway C3 activation is also
associated with C3 nephritic factor (C3NeF). Spitzer firstTa
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reported the presence of a serum ‘factor’ responsible for the
breakdown of C3 in a patient with MPGN [56]. C3NeF is
now known to be an IgG autoantibody directed against a
neo-epitope on the alternative pathway C3 convertase [57].
The binding of C3NeF to the C3 convertase renders it resis-
tant to inactivation by factor H. The consequent uncon-
trolled alternative pathway activation results in increased
plasma C3 activation with reduction in C3 levels and eleva-
tion of circulating C3 fragments, predominantly C3d. The
clinical associations of the C3NeF include MPGN. It is
detected in approximately 30% of patients with MPGN type
I, but this association rises to 70% for DDD [58,59]. It is also
found in a significant proportion of patients with partial
lipodystrophy (PLD), many of whom develop DDD [60].
These observations provided circumstantial evidence to
support the hypothesis that uncontrolled plasma C3 activa-
tion is important in the pathogenesis of DDD. However,
there are lines of evidence that challenge this. Thus, C3NeF
may be detected in individuals without any evidence of ill
health [61], may be absent in up to one-third of individuals
with DDD [62] and does not appear to correlate with the
clinical course of the nephritis [58,59]. Plasma C3 levels do
not correlate with the clinical course of the associated
MPGN [49] and have no predicative value in identifying
recurrence of DDD in renal transplants [63,64]. However,
perhaps the strongest challenge, and certainly the most
counterintuitive, derives from sequential histological studies
of DDD recurrence in renal transplant kidneys [65]. It has
been known for many years that DDD recurs almost invari-
ably in renal transplants [48,66,67]. However, in this study
the evolution of the pathology was assessed by studying
sequential renal biopsies of transplanted kidneys [65].
Eleven patients with an original diagnosis of DDD under-
went renal transplantation. In nine patients the disease
recurred in the transplant kidney and in three of these
patients the initial post-transplant biopsies showed evidence
of capillary wall electron-dense deposits in the absence of
significant capillary wall staining for C3. In two of these
patients further renal biopsies were performed which dem-
onstrated progression of the capillary wall electron-dense
deposits. However, in only one patient could significant cap-
illary wall C3 deposition be detected. The authors concluded
that the morphological change in the GBM in DDD precedes
the appearance of glomerular C3, implying that the activa-
tion of C3 in DDD represents either an epiphenomenon
or occurs subsequent to the development of the GBM
deposits [65].

Association between DDD and dysfunctional factor
H protein

DDD has been reported in a family in which a mutant factor
H molecule was identified [24]. In this consanguineous
Turkish family, two individuals developed biopsy-proven
DDD which was associated with both the presence of

C3NeF and a homozygous factor H mutation. The mutation
resulted in the deletion of a single lysine residue within
SCR4 of the protein (Lys224del). Antigenic levels of factor H
within plasma were normal in the affected individuals, but
both C3 and factor B levels were reduced. Furthermore,
increased levels of C3d, a C3 breakdown product, were also
noted. Functional studies demonstrated that the mutant
protein had impaired C3 regulatory capacity in plasma while
the surface recognition domains of the mutant protein were
normal. In contrast to the atypical features noted in the renal
biopsies of the factor H-deficient individuals reported by
Levy et al. [23], the renal biopsies in this family were consis-
tent with DDD, all showing thickening of the GBM by light
microscopy, C3c deposition along the GBM and segmental
osmiophilic transformation of the lamina densa [24]. The
mother of the affected individuals, who was heterozygous for
the factor H mutation, was also C3NeF-positive. However,
she had not developed renal disease, suggesting that the pres-
ence of the C3NeF alone was insufficient for renal disease to
develop.

MPGN and an autoantibody to factor H

An individual with MPGN who had a circulating 46 kDa l
light chain dimer that inhibited factor H has also been
described [68]. The patient presented at age 57 years with
renal impairment, haematuria and proteinuria. Renal biopsy
showed mesangial hypercellularity, mesangial matrix expan-
sion and thickening of peripheral capillary loops with GBM
‘splitting’ evident on silver stains. Immunofluorescence
using anti-C3c anti-sera showed coarse granular C3 deposits
within the mesangium and capillary walls. A similar appear-
ance, although with weaker intensity, was seen using anti-
sera specific for iC3b. Using anti-C3dg anti-sera extensive
linear staining was noted along the capillary walls. Staining
for properdin, C5, C7 and C9 was similar in distribution to
that for C3. Factor H was detected in a linear staining pattern
along the basement membrane, but not as coarse granular
deposits. Immunoglobulins were not detected. Electron
microscopic analysis showed subendothelial and intramem-
branous electron-dense GBM deposits. It is notable that the
presence of subendothelial GBM deposits in addition to
intramembranous changes are similar to the ultrastructural
changes reported in the factor H-deficient individuals
described as atypical DDD (cases 2a, b) [23]. The patient also
had low levels of C3 and factor B and incubation of the
patient’s sera with normal human sera resulted in rapid con-
version of C3. Factor H and I levels were normal. The cause
of this conversion was not C3NeF but an immunoglobulin l
light chain dimer. It has now been shown that this abnormal
protein binds to SCR3 of factor H, thereby blocking one of
the C3b interaction sites on the factor H molecule [69]. It
appears, therefore, that functional blocking of factor H by
this light chain dimer had initiated the development of
MPGN in this individual.
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Familial dysfunctional C3 molecules and MPGN

MPGN has also been reported in families in which dysfunc-
tional C3 molecules are present [70,71]. These C3 molecules
are able to bind factor B and generate a functional alternative
pathway C3 convertase. However, the C3 molecules have
reduced affinity for factor H and hence the generated C3
convertase is resistant to physiological inhibition by factor H.
The defect was reversed partially by the addition of normal
C3 but not with the addition of C3 isolated from the affected
individuals. The net result is that this inherited defect results
in alternative pathway C3 dysregulation.

In the ‘P’ family, five individuals were identified with low
serum C3 levels and modest reductions in factor B levels [71].
Two of these individuals developed renal disease. One devel-
oped haematuria and proteinuria at the age of 10 years. Renal
biopsy, at the age of 12 years, showed both subendothelial and
subepithelial electron-dense GBM deposits. C3 was present
along the capillary walls in association with properdin. This
biopsy description is thus consistent with MPGN type III
[53]. Although the aetiology of this histological pattern is not
known, the description of this variant in this family, together
with the observation that in the original reports all patients
showed reduced plasma C3 with normal C4 levels at some
stage, suggests that MPGN type III is one of the renal injury
patterns that may occur in C3 dysregulation states. The
second affected sibling presented with proteinuria and recur-
rent respiratory tract infections at the age of 6 years. Renal
biopsy showed glomerular hypercellularity and immunofluo-
rescence demonstrated mesangial staining for C3, C5 and
properdin but no immunoglobulin. Subepithelial electron-
dense GBM deposits were present on electron microscopy. In
all five cases factor H and factor I levels were normal and C3
nephritic factor was not detected.

In the other family, termed the ‘D’ family, a mother devel-
oped haematuria during pregnancy and her son developed
haematuria at the age of 3·5 months [70]. Both had C3 and
factor B levels of 50% normal, but normal levels of factor
H and I and no C3 nephritic factor. The mother’s renal
biopsy showed mesangial hypercellularity and matrix
expansion. Immunofluorescence staining showed glomeru-
lar deposition of C3, C5, C6, C8 and properdin but no
immunoglobulin. Numerous intramembranous and suben-
dothelial GBM electron-dense deposits were seen. Again, this
biopsy has similar ultrastructural GBM changes to those
seen in the factor H-deficient individuals with atypical DDD
(cases 2a, b) [23] and in the individual with MPGN in asso-
ciation with an anti-factor H antibody [68]. Similar findings
were seen in the son’s renal biopsy, except that subepithelial
GBM electron-dense deposits were also seen.

Glomerulonephritis C3 with and without MPGN

Recently, a report of 19 patients with a distinct renal lesion
described as glomerulonephritis C3 has been published

[72]. This glomerular lesion was characterized histologi-
cally by the presence of isolated deposits of C3 without
immunoglobulins. This lesion was then subdivided further
into biopsies in which there was evidence of MPGN (referred
to as glomerulonephritis C3 with MPGN, n = 13) and those
where there was no evidence of MPGN (glomerulonephritis
C3 without MPGN, n = 6). Interestingly, the incidence of C3
dysregulation (assessed by the presence of C3NeF and/or low
plasma C3 levels) was higher in the patients with MPGN
compared to those without. In contrast, although the
numbers were small, the incidence of a mutation in a
complement regulatory protein, including factor H, was
higher in the group without MPGN. Electron microscopic
analysis was available in only one individual from each
subgroup. However, in neither case did it show evidence of
intramembranous deposits. In these two cases mesangial
and epimembranous deposits were noted in the absence of
GBM deposits. Thus, glomerulonephritis C3 with or without
MPGN appears distinct from DDD, MPGN type I and
MPGN type III.

Summary

These data provide strong evidence that alternative pathway
dysregulation due to factor H dysfunction is associated with
glomerulonephritis. The most universal feature in this setting
is the presence of glomerular deposition of C3 in the absence
of immunoglobulin. The C3 deposits are found commonly in
the mesangium and on the capillary wall. The morphological
response of the glomerulus is predominantly that of MPGN,
but this is not invariable. At the ultrastructural level the C3
deposition may be associated with the presence of mesangial
and subendothelial deposits of electron-dense material or
may show the characteristic electron-dense transformation of
the basement membrane known as DDD. In some cases there
may also be subepithelial deposits. Situations in which factor
H dysfunction is present, i.e. deficiency, anti-factor H anti-
body and ‘resistant’ C3 convertases result in GBM ultrastruc-
tural changes that have similarities with, but are not typical of,
DDD which we refer to as atypical DDD (Table 3). In this
respect it is of interest that the classical features of DDD were
clearly present in the family with a circulating mutant factor
H protein together with C3NeF [24]. The situation is com-
plicated further by the observation that C3NeF may be
associated with a lesion distinct from DDD, namely glomeru-
lonephritis C3 [72]. It might be better to classify all the lesions
we have described here as C3 glomerulopathy and then sub-
classify them further depending on the morphological
pattern of glomerular change and whether or not there is
electron-dense transformation of the basement membrane
(Fig. 1).

Despite this complexity, data from animal studies, which
we discuss next, have led to important mechanistic insights
into the pathogenesis of renal disease associated with factor
H dysfunction.
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Alternative pathway dysregulation and
MPGN - animal studies

Early animal studies

Following the description of the strong association between
C3NeF and DDD, attempts to induce this lesion in both
rabbits and mice were performed by inducing chronic C3
activation in the hope of mimicking the action of C3NeF
[73,74]. However, despite achieving prolonged periods of
hypocomplementaemia these strategies were unsuccessful.
Verroust and colleagues could not induce glomerular
damage in rabbits by repeated injections of alternative
pathway activators such as zymosan [74]. Prolonged hypo-
complementaemia was achieved in mice by repeated injec-
tions of cobra venom factor (CVF) over a period of
3 months [73]. The mice were thymectomized neonatally,
irradiated lethally and bone marrow reconstituted in order
to prevent antibody formation to and neutralization of the
effects of CVF. Despite achieving serum C3 levels of < 10%

of wild-type control levels no evidence of renal damage was
seen, as assessed by both light microscopy and at the ultra-
structural level using electron microscopy. No deposition of
C3 was observed within the glomeruli of the CVF-treated
mice. Within the limitations of these experimental models,
the observation that induction of chronic C3 activation in
animals did not result in spontaneous renal injury argued
against a pathogenic role for C3NeF in DDD. There remains
no animal model of C3NeF associated DDD. However, clear
evidence that spontaneous renal injury developed in the
setting of C3 dysregulation subsequently became evident
from studies of a factor H-deficient pig strain and gene-
targeted factor H-deficient mice.

Porcine factor H deficiency

Lethal MPGN has been described in a strain of pigs [75,76].
Affected piglets appeared healthy at birth but soon
developed a rapidly progressive glomerulonephritis with a
median survival of 37 days. All affected piglets were deficient

Table 3. Atypical versus typical DDD

Typical DDD Atypical DDD

Examples DDD associated with C3NeF Human, porcine and murine factor H deficiency

GBM pathology Defined by linear intramembranous

electron-dense deposits

Intramembranous electron-dense deposits variable

Subendothelial deposits uncommon Subendothelial deposits reported

Tubular and Bowman’s capsule

basement membrane deposits

Reported Not reported

Staining of GBM deposits Direct staining not demonstrated

Margins of both GBM deposits (‘rail-road tracks’)

and mesangial deposits (‘rings’) stain for C3

GBM deposits stain directly for C3

Temporal relationship of glomerular

C3 staining and GBM deposits

GBM deposits have developed in transplant kidneys

prior to appearance of glomerular C3 staining

GBM C3 staining precedes appearance of GBM

deposits in factor H-deficient pig and mouse strain

C3 glomerulopathy MPGN pattern

includes MPGN type I [46] 
and type III [53]

includes glomerulonephritis C3
without MPGN [72]

DDD

DDD with MPGN (‘MPGN type II’[49])
with MPGN [72]

DDD without MPGN [51] includes:

•Mesangial proliferative lesions
•Crescentic lesions
•Exudative and proliferative lesions 

HUS

includes chronic HUS [46]includes glomerulonephritis C3

Fig. 1. The spectrum of renal pathology associated with alternative pathway dysregulation. Factor H dysfunction is associated with haemolytic

uraemic syndrome and glomerulonephritis with deposition of C3. The pathological manifestations of glomerulonephritis with deposition of C3 are

heterogeneous and can be encompassed by the term C3 glomerulopathy. Numbers in parentheses refer to references.
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in factor H [77,78] due to a mutation in SCR20 which pre-
vents secretion of the mutant protein [79]. The disease was
100% penetrant in homozygous factor H-deficient pigs,
while no heterozygous carriers developed disease.

The renal lesion in affected piglets was characterized by
MPGN [75,76]. Positive glomerular staining for C3 and the
membrane attack complex (MAC) in association with
vitronectin was present, while immunoglobulin and factor
B staining was negative. Ultrastructural changes included
subendothelial and intramembranous electron-dense
deposits. In older lesions subepithelial and mesangial
electron-dense deposits were also present [76]. Unlike
human DDD, electron-dense deposits were not seen in the
basement membranes of either tubules or Bowman’s capsule
[76]. Furthermore, immune electron microscopic studies
showed that the GBM deposits stained strongly for both C3
and MAC. Notably, no pathology was evident in any of the
other tissues examined (synovium, lungs, spleen, choroid
plexus and ciliary body).

The chronology of the glomerulonephritis has been docu-
mented extensively [76]. Massive glomerular deposits of C3
and the MAC were present in factor H-deficient fetuses before
the onset of mesangial hypercellularity or GBM deposits. In
fetuses, the C3 and MAC staining was initially linear, along
capillary walls, without mesangial staining. However, mesan-
gial staining became evident from 1 week and, after 3 weeks,
abundant and granular mesangial C3 staining developed with
increasingly coarse linear capillary staining. The earliest light
microscopic changes were evident in piglets aged 4 days and
showed mild mesangial hypercellularity and expansion
together with increased glomerular neutrophil numbers. By
3 weeks these changes were marked and mesangial interposi-
tioning was evident from 4 weeks. GBM electron-dense
deposits developed initially on the subendothelial side of the
lamina densa (earliest changes evident at 4 days) and pro-
gressed gradually to occupy more of the GBM, including the
subepithelial side. After the age of 4 weeks laminar disinte-
gration of the dense deposits created the effect of intramem-
branous lucencies with double contours.

Finally, it was stated that a renal transplant experiment
where a normal pig kidney was transplanted into a factor
H-deficient pig resulted in appearance of complement
deposits in the transplant kidney within 24 h without the
appearance of GBM deposits [76]. This contrasts with the
human study of DDD, where GBM deposits appeared in
the absence of complement deposition [65].

The factor H-deficient pig strain has now been eradicated
[80], but its elegant characterization has provided important
insights into the sequential pathological changes that occur
in MPGN associated with factor H deficiency.

Murine factor H deficiency

Further insights into the pathogenesis of MPGN associated
with factor H deficiency have derived from studies in factor

H-deficient mice [81]. These animals were developed by tar-
geted gene deletion of exon 3 of the murine factor H gene
in embryonic stem cells. Similar to homozygous factor
H-deficient humans, these animals have extremely low levels
of plasma C3 as a result of uncontrolled alternative pathway
activation [81].

Spontaneous renal disease in factor H-deficient mice. At
8 months all the homozygous factor H-deficient mice had
developed light microscopic features of MPGN [81]. Hence,
like homozygous factor H-deficient pigs, MPGN in factor-
deficient mice was fully penetrant. Similarly, no evidence of
spontaneous renal disease was evident in heterozygous factor
H-deficient mice. However, in contrast to the uniform lethal-
ity seen in the factor H-deficient pigs, mortality in murine
factor H deficiency was 23% [81].

Although the MPGN in the factor H-deficient mice
had many similarities with human DDD, particularly the
presence of hypocomplementaemia, deposition of C3 and
electron-dense material along the GBM there are, like factor
H-deficient pigs, some important differences. The GBM
electron-dense deposits in the factor H-deficient mice are
located predominantly in a subendothelial location and
linear transformation of the laminar dense is not seen.
Deposits were seen infrequently in the mesangium and did
not develop in the basement membrane of the tubules and
Bowman’s capsule. Similar to factor H-deficient pigs and
humans, the GBM deposits stain directly for C3 and C9 but
not immunoglobulin using immune electron microscopy
[81].

Sequential analysis of the renal histopathology in these
mice showed an identical evolution to that described in the
factor H-deficient pigs. Hence, glomerular C3 deposition
preceded the appearance of GBM-dense deposits which, in
turn, preceded the histological light microscopic appear-
ances of MPGN. Glomerular C3 deposition was evident as
early as the first week of life, a time when both the light and
electron microscopic appearance of the glomerulus was
normal [81].

Novel mechanistic insights that derived from the factor
H-deficient mouse model include the observation that
MPGN in this animal was totally dependent on C3
activation. Hence, preventing C3 activation (achieved by
crossing factor H-deficient mice with factor B-deficient
animals) completely prevented the development of MPGN
[81]. Furthermore, preventing C5 activation (achieved by
crossing factor H-deficient mice with C5-deficient animals)
did not prevent the development of the GBM deposits
(Fig. 2) [82]. However, the inability to activate C5 was asso-
ciated with a reduction in glomerular cellularity, serum crea-
tinine levels and mortality [82]. This suggests that while it
would not be expected to prevent the development of GBM
deposits, chronic inhibition of C5 activation in humans with
MPGN associated with factor H dysfunction may be benefi-
cial by reducing the glomerular inflammatory response.
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Whether this would also be applicable to factor H-sufficient
individuals with DDD and C3NeF is not clear.

A novel observation has come recently from studies of
animals with combined deficiency of both factor I and factor
H [83]. Factor I-deficient mice develop uncontrolled C3 acti-
vation through the alternative pathway together with renal
abnormalities characterized by mesangial C3 deposits with
nodular mesangial expansion, but importantly no evidence
of GBM abnormalities. Human factor I deficiency is associ-
ated similarly with uncontrolled C3 activation through the
alternative pathway and renal disease is uncommon and no
association with DDD has been described [84–87]. Remark-
ably, factor H-deficient mice with deficiency of factor I do
not develop MPGN. In these animals the glomerular lesion is
identical to that seen in mice deficient in factor I alone
(Fig. 3). Administration of a source of factor I to mice with
combined deficiency of H and I resulted in the appearance of
glomerular C3 staining in a pattern identical to that seen in
mice with deficiency of factor H alone. These data show that
in the setting of factor H deficiency, factor I is required for
both GBM C3 deposition and the morphological changes of
MPGN to develop. Furthermore, renal transplant studies
demonstrated that the GBM C3 in factor H-deficient
animals is derived principally from the circulation. In the
absence of factor I uncontrolled generation of C3b occurs,
but further metabolism of C3b cannot occur. In contrast, in
factor H deficiency C3b metabolites are seen. Taken together
these animal data suggest that plasma C3b targets the
mesangium while plasma C3b metabolites target the GBM.
The implication, therefore, is that in situations where GBM
C3 is present, strategies that sequester C3b metabolites in the
circulation will be therapeutically beneficial.

Experimentally triggered renal disease in factor H-deficient
mice. Homozygous factor H-deficient mice have been
shown to have an increased susceptibility to renal injury
following the induction of experimental nephritis [81,82].
This exaggerated response was evident in young animals
prior to the development of light microscopic changes of
MPGN, suggesting that it is the complement dysregulation

rather than pre-existing renal disease that renders these
animals susceptible to nephrotoxic agents. Experimental het-
erologous nephrotoxic nephritis develops following the
intravenous injection of heterologous (derived from sheep)
anti-mouse GBM antibody. Binding of the heterologous
antibody along the GBM results typically in a transient
glomerular neutrophil influx in wild-type animals which
resolves within 24 h. However, in homozygous factor
H-deficient animals increased glomerular neutrophils
remained present at 24 h and were still detectable 6 days after
administration of the nephrotoxic antibody [82]. This was
also associated with evidence of increased glomerular C3
deposition indicating that, despite profound fluid-phase

(b)

Factor H deficiency

(a)

C5 deficiency 

(c)

Combined C5 and Factor H deficiency

Fig. 2. Electron micrographs of glomeruli from 12-month-old (a) C5-deficient mice, (b) factor H-deficient mice and (c) mice with combined

deficiency of H and C5. The ultrastructural appearances of the glomeruli in the C5-deficient mice are normal. In contrast, in both the factor

H-deficient and combined factor H and C5-deficient animals, subendothelial electron-dense glomerular basement membrane deposits are present

(arrows indicate examples).

(a)

(b)

Combined factor H and I deficiency

Factor I deficiency 

Fig. 3. Electron micrographs of glomeruli from 8-month-old (a)

factor I-deficient and (b) mice with combined deficient of H and I.

The ultrastructural appearances of the glomerular basement

membrane are normal in both cases. In contrast, in both groups of

mice the glomeruli contained mesangial electron-dense material

corresponding to areas of nodular mesangial expansion seen by light

microscopy (arrows indicate examples).
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consumption of complement, factor H-deficient mice
retained the ability to deposit further C3 within the kidney
following the binding of antibody along the GBM. This
‘additional’ C3 deposition may derive from local C3 produc-
tion, as it is known that human glomerular epithelial cells
and mesangial cells synthesize C3 [88,89].

The abnormal response to heterologous nephrotoxic
nephritis was absent in factor H-deficient mice with defi-
ciency of C5 but persisted in animals with combined defi-
ciency of factor H and C6 [82]. This demonstrated that it
was the production of C5a not the formation of the MAC
that was responsible for enhanced glomerular neutrophil
response in this model. Furthermore, administration of an
anti-mouse C5 antibody to factor H-deficient mice prior to
the induction of heterologous nephrotoxic nephritis pre-
vented both glomerular neutrophil accumulation and pro-
teinuria [82]. These data indicate that, in the setting of factor
H dysfunction, (i) the threshold for renal injury is lowered
significantly following exposure to a complement-activating
nephrotoxic insult; and (ii) C5a production is a major
mediator of renal injury in this setting.

What is the relevance of these observations to human
DDD? It is known that patients with DDD may remain
stable clinically for long periods. However, relapses associ-
ated with acute inflammatory changes within the kidney
often result in significant decline in renal function or
threaten transplant kidney survival. Increased glomerular
neutrophil numbers, often with crescent formation, can
occur in human DDD [49,51,62] and in DDD lesions
developing in transplant kidneys in the absence of
transplant-related pathology [67]. Moreover, during rapidly
progressive disease all glomerular deposits, including
paramesangial deposits, react strongly with anti-C5 anti-
bodies [90], suggesting C5 activation is a particularly
important component of renal injury during acute inflam-
matory episodes. These observations suggest that anti-C5
therapy could be effective in preserving renal function
during disease flares in human DDD.

Summary

The factor H-deficient mouse has demonstrated that MPGN
associated with factor H deficiency is absolutely dependent
on both the ability to activate C3 and to cleave C3b. There
also appears to be an important role for C5 activation in the
development of glomerular inflammation in this type of
MPGN. Studies using experimental models of nephritis in
these animals have shown that factor H dysfunction is
associated with an increased susceptibility to complement-
activating nephrotoxic insults. In these scenarios C5 activa-
tion appears to play a major role in mediating glomerular
injury.

What is clear from the published reports in both the factor
H-deficient pig and mouse is that neither animal developed
HUS. In contrast, as discussed above, there are at least 15

reports in the literature of human factor H deficiency and
HUS. It has now become evident that factor H-associated
HUS is associated much more commonly with heterozygous
mutations in the protein that result in normal plasma levels
of both factor H and C3 [22]. Insights from these human
studies had direct relevance on the development of a murine
model of factor H-associated HUS and are therefore dis-
cussed next.

Alternative pathway dysregulation and
HUS - human studies

There is now overwhelming evidence that atypical HUS is
associated with defective regulation of the alternative
pathway of complement activation. Atypical HUS (also
termed non-diarrhoea-associated HUS) refers to HUS that
is not related to infection with verocytotoxin-producing
Escherichia coli or Shigella bacterial strains (diarrhoea-
associated HUS). In atypical HUS mutations have been
identified in factor H [42,91–94], factor I [95] and mem-
brane co-factor protein (MCP, CD46) [96,97]. Further-
more, ‘gain-of-function’ mutations in the alternative
pathway activation protein, factor B, have also been associ-
ated with atypical HUS [98]. Thus, impaired regulation of
the alternative pathway is central to the pathogenesis of
atypical HUS.

A detailed overview of the genetics of factor H-associated
aHUS has been reported in a separate section of this review
series [28]. In summary, such mutations are typically het-
erozygous and associated frequently with normal antigenic
levels of both C3 and factor H [22]. Importantly, these muta-
tions tend to cluster at the C-terminus of the protein, pre-
dominantly within SCR domains 16–20. In vitro studies have
demonstrated that such mutant proteins display impaired
binding to heparin, surface-bound C3b and endothelium,
which is critical for regulation of complement activation on
cellular surfaces [99–101]. These were key observations
because it had been described previously that the plasma
complement regulatory activity of factor H (decay-
accelerating and factor I cofactor activities) were localized to
the opposite end of the protein, within the N-terminal four
SCR domains [22]. It therefore appeared that, in the majority
of cases, factor H-associated HUS mutations impaired spe-
cifically the surface recognition functions of the protein,
leaving plasma C3 regulatory function intact. This was sup-
ported by the frequent finding that these mutations were
associated with normal plasma C3 levels in contrast to low
C3 levels which typically accompany factor H-associated
MPGN. This, together with the observations that complete
absence of this protein in pigs and mice led to the develop-
ment of MPGN and not HUS, led to the hypothesis that
atypical HUS required not only defective regulation of
complement activation along the renal endothelium but also
some degree of plasma C3 regulation. This hypothesis was
tested recently in mice, which we discuss next.
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Alternative pathway dysregulation and
HUS - animal studies

Factor H-deficient mice expressing mutant factor H
protein and HUS

To establish that a combination of plasma C3 regulation and
defective C3 regulation along the renal endothelium was
required for factor H-associated HUS to develop, factor
H-deficient mice that expressed a mutant murine factor H
protein, functionally equivalent to those described in
humans, was generated [102]. This mutant mouse factor H
protein lacked the carboxyl-terminal five SCR domains
(denoted as FHD16-20). Analogous to atypical HUS-
associated factor H mutant proteins, FHD16-20 demon-
strated impaired binding to heparin and endothelial cells
[human umbilical vascular endothelial cells (HUVEC)] but
retained normal factor I co-factor activity in vitro. Factor
H-deficient mice expressing FHD16-20 at approximately
30% of pooled wild-type mouse levels (denoted as
Cfh–/–FHD16-20high) had significantly increased plasma C3
levels compared to unmanipulated factor H-deficient
animals demonstrating that the FHD16-20 protein was able
to regulate plasma C3 activation in vivo.

Supporting the original hypothesis was the demonstration
that these animals developed spontaneous thrombotic
microangiopathy. The renal histopathology in these animals
was characteristic of HUS [102]. Ultrastructural abnormali-
ties did not show any evidence of GBM deposits. Thus the
introduction of the FHD16-20 mutant protein had resulted
in not only the development of HUS but also the prevention
of MPGN. In other words, the phenotype of the factor
H-deficient animals had switched from that of MPGN to
HUS.

While this supported the observation that plasma C3
regulation was required for HUS to develop the question
remained: to what degree? In a separate line of transgenic
animals the FHD16-20 protein was found to be circulating at
very low levels (approximately 2% of wild-type levels) and,
as would be expected, the degree of plasma C3 regulation
was significantly lower than that seen in the Cfh–/–FHD16-
20high animals although greater than that seen in the factor
H-deficient animals [102]. In a cohort of 8-month-old
Cfh–/–FHD16-20low animals no evidence of HUS developed.
Renal histology in these Cfh–/–FHD16-20low animals showed
less prominent capillary wall C3 staining and less frequent
subendothelial GBM deposits compared to factor H-
deficient mice. Thus, it appeared that the expression of even
very low levels of the FHD16-20 protein was sufficient to
ameliorate the MPGN phenotype but insufficient to allow
HUS to develop.

In summary, the similarities between the surface recog-
nition domains of murine and human factor H [103]
allowed the generation of a mutant mouse factor H protein
that functionally mimicked HUS-associated human factor H

mutations. Factor H-deficient mice expressing the mutant
protein spontaneously developed HUS, not MPGN, provid-
ing the first in vivo proof of principle evidence that factor H
mutations specifically impairing surface recognition result in
spontaneous HUS.

Heterozygous factor H-deficient mice expressing
mutant factor H protein and HUS

It is important to note that the majority of HUS-associated
mutations in complement genes are found normally in
heterozygosis in HUS patients. In this respect, it is notable
that heterozygous factor H-deficient mice expressing the
FHD16-20 protein (denoted as Cfh+/–FHD16-20high) did not
develop HUS spontaneously. Similarly, unmanipulated het-
erozygous factor H-deficient mice also do not develop spon-
taneous renal disease. However, in humans HUS-associated
factor H mutations show incomplete penetrance. Further-
more, most episodes of HUS in these individuals are pre-
ceded by some identifiable environmental trigger. Infection,
immunosuppressive drugs, cancer therapies, oral contracep-
tive agents and pregnancy or postpartum period are all
factors that may trigger aHUS in individuals carrying CFH
mutations in heterozygosis and the syndrome has developed
in the native kidney of live-related kidney donors who had
previously unidentified FH mutations [104,105]. It is also
clear that in many individuals multiple genetic triggers are
also required for HUS to develop [106,107]. Therefore, both
heterozygous factor H-deficient mice and Cfh+/–FHD16-20
animals may only develop aHUS following an additional
insult, either genetic, or environmental, or both. Alterna-
tively it could, of course, be possible that interspecies differ-
ences in the regulation of C3 on cell surfaces by factor H and
other complement regulators contributes to the apparent
resistance of Cfh+/–FHD16-20 mice to aHUS.

Unanswered questions

While there is no doubt that there has been significant
progress in understanding many aspects of factor H-
associated renal disease, certain key questions remain
unanswered. Perhaps the most obvious is why the renal
endothelium is specifically targeted in individuals with
aHUS-associated factor H mutations? Currently there is no
clear explanation for this. Recently, a genomic deletion
affecting two members of the factor H-related protein family
has been associated with HUS [108]. The biological role,
if any, of factor H-related proteins remains unclear. This
deletion is associated with the presence of anti-factor H
antibodies [109] and these antibodies appear to affect the
recognition functions of factor H [109,110]. However, how
this deletion predisposes to the formation of anti-factor H
antibodies is unknown.

We have also elucidated the pathological disparities in the
literature between human DDD associated with C3NeF and
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the glomerular lesions described in association with factor H
deficiency (Table 3). Particularly problematic is the observa-
tion that in human DDD, GBM lesions are reported to
precede the appearance of glomerular C3 staining. More-
over, direct staining of GBM deposits for C3, while demon-
strated in factor H-deficient humans, pigs and mice, is not
typical in human DDD. The importance of these pathologi-
cal distinctions is not clear.

Finally, while data from the factor H-deficient and factor
H-transgenic mice indicate that some degree of plasma C3
regulation is required for atypical HUS to develop, it is
evident that some factor H-deficient humans with very low
plasma C3 levels develop HUS and not MPGN (Table 1).
This suggests that additional factors may influence the
phenotypic outcome in human factor H deficiency.

Concluding remarks

We have reviewed the renal pathology associated with factor
H dysfunction. Both HUS and glomerulonephritis with C3
deposition have been associated with abnormal factor H
function, suggesting that alternative pathway dysregulation
is important in the pathogenesis of both lesions.

The pathological features of glomerulonephritis associ-
ated with C3 deposition are heterogeneous and might be
described most clearly by the term C3 glomerulopathy. Dis-
tinct defects within the factor H protein that impair surface
recognition activity appear to underlie the majority of factor
H-associated human HUS. In contrast, MPGN is associated
with factor H deficiency states. Animal models mimicking
these factor H defects have provided us with important
insights into the molecular pathogenesis of these conditions
and provide tools in which therapeutic strategies can be
explored.
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