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Biological function of complement factor H

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.

Keywords: complement, Factor H, glomerulonephritis, thrombosis

iC3b [5,6]. iC3b may then be cleaved into further fragments
(C3dg and C3c) by factor I using the membrane-bound

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
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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, 3¢, 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
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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, 1la, 6a, 9a—j, 10a, 10b, 15) and
nine cases of membranoproliferative glomerulonephritis
(MPGN, 3a, 3b, 3¢, 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 1.

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 L
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
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(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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