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a b s t r a c t

Dense deposit disease (DDD) is an orphan disease that primarily affects children and young adults with-
out sexual predilection. Studies of its pathophysiology have shown conclusively that it is caused by
fluid-phase dysregulation of the alternative pathway of complement, however the role played by genet-
ics and autoantibodies like C3 nephritic factors must be more thoroughly defined if we are to make an
impact in the clinical management of this disease. There are currently no mechanism-directed therapies
to offer affected patients, half of whom progress to end stage renal failure disease within 10 years of diag-
nosis. Transplant recipients face the dim prospect of disease recurrence in their allografts, half of which
ense deposit disease
ephritic factors
3 convertase

ultimately fail. More detailed genetic and complement studies of DDD patients may make it possible to
identify protective factors prognostic for naïve kidney and transplant survival, or conversely risk factors
associated with progression to renal failure and allograft loss. The pathophysiology of DDD suggests that
a number of different treatments warrant consideration. As advances are made in these areas, there will
be a need to increase healthcare provider awareness of DDD by making resources available to clinicians
to optimize care for DDD patients.
. Introduction

Dense deposit disease is a glomerular pathology characterized
y intramembranous electron-dense change within the glomerular
asement membrane (GBM). Dense deposit disease (DDD) is asso-
iated with deposition of complement C3 within the glomeruli with
ittle or no staining for immunoglobulin. The presence of C3 without
ignificant immunoglobulin suggested to early investigators that
DD was due to abnormal activation of the complement alterna-

ive pathway (AP). There is now strong evidence that DDD is caused
y uncontrolled AP activation (reviewed in Appel et al., 2005;
mith et al., 2007). DDD was renamed membranoproliferative
lomerulonephritis type II (MPGN2), a term that is inappropriate
ecause: (1) it implies a relationship with MPGN1 and MPGN3,
hich unlike DDD are immune complex diseases; and (2) it implies

hat the membrano-proliferative pattern of injury is characteris-
ic when in fact it is present in only 25% of DDD patients (Smith
t al., 2007; Walker et al., 2007). Mild mesangial cell hypercel-

ularity is most common (45%), but crescentic (18%) and acute
roliferative–exudative (12%) patterns of injury also occur (Habib
t al., 1975; Walker et al., 2007).
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The densities in DDD, which are implicit in its name, appear in
the GBM by light microscopy as elongated but brightly eosinophilic,
variably refractile deposits. By electron microscopy, they are
‘sausage-shaped’ homogeneous densities within the lamina densa
(Walker et al., 2007). Mass spectrometry on laser micro-dissected
glomeruli isolated from paraffin-embedded tissue of DDD cases has
confirmed that the diseased glomeruli contain components of the
AP and terminal complement complex (TCC), consist with fluid-
phase AP dysregulation (Sethi et al., 2009).

We will first summarize the clinical manifestations of DDD. We
will then discuss the role of genetic factors and autoantibodies
in DDD with particular emphasis on recent advances. Finally we
will speculate on treatment strategies that are under development
or warrant consideration. Understanding complement biology is
a prerequisite for understanding DDD pathophysiology. Therefore
we will briefly overview complement biology.

1.1. Complement activation and regulation

The complement system is the cornerstone of innate immunity.
As one of the first lines of host defense, it plays a major role in

microbial killing, immune complex handling, apoptotic cell clear-
ance, tissue homeostasis and modulation of adaptive immunity
(Volonakis and Frank, 1998; Walport, 2001a, 2001b). Critical to
these functions is the sequential triggering of a series of cascades
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hat result in the formation of metastable protease complexes
hich can culminate in formation of membrane attack complex

MAC). In the broadest terms, complement activation occurs in five
equential steps the first of which is its initiation by one of three
ndependent pathways – the classical (CP), the lectin (LP) or the
lternative (AP). Once activated, the second step is the formation
f C3 convertase, which exponentially amplifies the initial trigger-
ng pathway (step 3) and provides the protein complex from which
5 convertase is generated (step 4). C5 convertase triggers the TCC
ith generation of MAC and the potent anaphylatoxin, C5a (step 5).

During complement activation, damage to self surfaces may
ccur. This is limited in vivo by a complex group of proteins that
egulate complement activation at many steps in the cascade.
hese proteins modulate the generation and breakdown of the C3
nd C5 convertases both in the circulation (‘fluid-phase’) and on
ell surfaces and extra-cellular membranes (‘surface-phase’). Many
omplement regulatory proteins are also involved in other activi-
ies (e.g. cell adhesion and extracellular matrix interactions) (Zipfel
nd Skerka, 2009). Examples of fluid-phase regulators include:
omplement factor H (CFH) and complement factor I (CFI), which
own regulate the AP; C1 inhibitor (C1INH), which down regulates
he CP and LP; and C4 binding protein (C4BP), which down regu-
ates the CP. Fluid-phase regulators of the TCC include clusterin and
itronectin (Preissner and Seiffert, 1998; Schwarz et al., 2008). Rel-
tively recently, complement factor H-related protein 1 has been
emonstrated to down regulate C5 activation (Fritsche et al., 2010;
einen et al., 2009).

Several of these proteins including CFH, CFHL1, C4BP, CFHR1,
lusterin and vitronectin also attach to cell surfaces and biomem-
ranes (like the GBM and Bruch’s membrane) (Ferreira and
angburn, 2007; Manuelian et al., 2003; Sanchez-Corral et al.,
004). This attachment adds a protective layer known as the

surface zone’ to limit formation of active complement products
Zipfel and Skerka, 2009). Examples of membrane-bound com-
lement regulators include CR1 (complement receptor 1, CD35),
D55 (decay-accelerating factor, DAF), CD46 (membrane cofac-
or protein, MCP), CD59 and the complement receptor of the
mmunoglobulin superfamily (CRIg, also known as VSIG4 (V-set and
g domain-containing 4)) (He et al., 2008; Isaak et al., 2006; Khera
nd Das, 2009; Kimberley et al., 2007; Roozendaal and Carroll,
007; Seya and Atkinson, 1989; Spendlove et al., 2006; Wiesmann
t al., 2006). Their expression and distribution vary from cell type
o cell type, which has important implications for complement-
elated diseases. An important distinction between fluid-phase
nd membrane-bound regulators is that while membrane-bound
onvertase regulators control the three initiating pathways by inac-
ivating both C3 and C4 (CR1 and CD46, for example), fluid-phase
egulators are pathway specific and control the AP, CP or LP by
cting exclusively on either C3 or C4 (Zipfel and Skerka, 2009).

To understand the progress that has been made with respect
o the pathophysiology of DDD it is important to understand the
ctivation and regulation of the complement AP. Essential to the
ctivation of the AP is cleavage of C3 to C3b, a change that is accom-
anied by a dramatic rearrangement of the domains of C3b (Gros
t al., 2008; Janssen et al., 2005, 2006). For example, migration and
otation of the thioester-containing domain (TED) of C3b exposes
he thioester to particles, basement membranes and cell surface,
acilitating the attachment of C3b to these sites (Morgan et al.,
011). Complement factor B (CFB) then complexes with C3b to
orm C3bB, which is cleaved by complement factor D into two fac-
ors, Ba and Bb, the latter remaining bound to C3b. C3bBb is the
P C3 convertase and generates additional C3bBb by cleaving C3.

his self-propagation results in exponential amplification of the AP,
ecessitating tight control in the fluid phase and on self-surfaces.

CFH is the key regulator of C3 activation through the AP
Fig. 1A). Several elegant studies have clarified the mechanism of its
nology 48 (2011) 1604–1610 1605

interaction with C3b and C3 convertase, offering insight into nor-
mal complement region and its perturbation in association with
disease-related mutations (Janssen et al., 2006; Morgan et al., 2011;
Pechtl et al., 2011; Schmidt et al., 2008; Wu et al., 2009). Only the
first four domains (also called short consensus repeats (SCRs) or
complement control protein domains (CCPs)) of CFH are necessary
for fluid-phase AP regulation (Schmidt et al., 2008). These SCRs bind
to C3b in an extended configuration that spans multiple domains of
C3b including the �′NT, MG1, MG2, MG6, MG7, CUB and TED (Wu
et al., 2009). This extensive interface is necessary because binding
affinity of CFH for C3b is low. It also provides an explanation for how
CFH blocks the interaction of CFB and promotes decay-acceleration
activity (DAA) and cofactor activity.

DAA is mediated by SCRs 1 and 2 of CFH. These domains bind
�′NT, MG2, MG6 and MG7 of C3b, and probably dissociate Bb from
C3b by a combination of electrostatic repulsion and steric hindrance
(Wu et al., 2009). Cofactor activity with CFI, another important func-
tion of CFH, is facilitated by the shape of CFH, which provides a
contact interface for CFI to associate with the CFH–C3b complex by
binding to SCRs 1–3 of CFH. CFH also stabilizes C3b so that CFI can
sequentially cleave the scissile bonds C3b to produce iC3b and the
C3f fragment (Wu et al., 2009).

The complex nature of these interactions make CFH, C3b and
C3 convertase prone to functional interference with even small
modifications in amino acid sequence, as has been illustrated by
variations in AP activity associated with common polymorphisms
of CFH and C3 (Abrera-Abeleda et al., in press; Heurich et al., 2011;
Tortajada et al., 2009). These studies also provide a basis for under-
standing how DDD-associated variations and mutations can lead to
dysregulation of the C3 convertase and uncontrolled AP activity. In
addition, the importance of CFH and CFI in AP regulation is evident
from the complement C3 levels seen in these respective deficiency
states (reviewed in Botto et al., 2009). In each case, unregulated AP
activation results in severe secondary C3 depletion.

2. Clinical manifestations

DDD primarily affects children and young adults without sexual
predilection (Lu et al., 2007; Smith et al., 2007). A recent review by
Lu et al. of 98 DDD patients reported a median age-at-diagnosis of
14 years. At presentation, 90% of these patients had proteinuria, 84%
had hematuria and over 50% were hypertensive (Lu et al., submitted
for publication).

DDD patients also develop drusen – electron-dense deposits in
the retina between the collagenous layer of Bruch’s membrane and
the retinal pigmented epithelial cells – which carries a ∼10% risk
for long-term visual problems (Chadha and Wright, 2009; Ritter
et al., 2010). In some patients (less than 5% of cases in our series),
DDD is seen with acquired partial lipodystrophy (APL), a disease
characterized by the loss of fat from the face, extending to involve
the neck, shoulders, arms, forearms and thorax. Renal disease can
either precede or follow the loss of fat (Appel et al., 2005; Smith
et al., 2007).

Although few families report multiple affected persons, which
is consistent with DDD being a complex disease, it is striking that in
16% of DDD families there is at least one family member with type 1
diabetes (T1D) (Lu et al., submitted for publication). This occurrence
is far greater than expected based on the 1.4:1000 familial preva-
lence of T1D in the general US population as reported by the Centers
for Disease Control (2008) (Lu et al., submitted for publication).

Once diagnosed, DDD interminably progresses to end-stage

renal failure (ESRF) with a mean renal survival time of 10.24 years
(Lu et al., submitted for publication). ESRF is the more likely out-
come if DDD is diagnosed in childhood, and of children, females
have a more aggressive disease course. Transplantation is asso-
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Fig. 1. A. Schematic showing cleavage of C3 by C3 convertase (C3bBb) to generate C3b. The generation of C3b is controlled by tight regulation of C3 convertase activity by a
number of different proteins. In the fluid phase, the most important controlling protein is CFH (Factor H). C3b can be inactivated (iC3b) by CFI (Factor I). B. DDD is caused by
fluid-phase dysregulation of the C3 convertase. The dysregulation can be caused by a number of different mechanisms. Illustrated are: C3 nephritic factors, which bind to and
stabilize the C3 convertase, increasing its half-life from a few seconds to minutes or hours; CFH autoantibodies, which bind to the N-terminal SCRs of this protein and prevent
CFH-mediated fluid-phase regulation of C3 convertase; gain-of-function mutations in C3, which render the mutant C3 convertase resistant to normal regulatory mechanisms;
and genetic deficiency of CFH, which results in deficiency of CFH and C3 convertase control. The functional consequence of these different pathologies is consumption of
plasma C3 and generation of vast amounts of C3 breakdown products, which are deposited in the GBMs and appear as the dense deposits. This observation suggests that
therapies to prevent C3 convertase activity or to sequester iC3b in plasma should be evaluated as treatment possibilities for DDD.
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iated with histological disease recurrence in virtually all cases,
esulting in a 5-year graft failure rate of 50% (Braun et al., 2005;
u et al., submitted for publication).

Unfortunately we are currently unable to predict who will
rogress to ESRF. Neither can we determine which DDD transplant
ecipients will lose their grafts. A focused effort to identify these
ersons is an important goal to improve disease management.

. Genetics

Genetic dysregulation of the complement AP is associated with
he development of DDD (reviewed in Smith et al., 2007). An
xtreme example of such dysregulation is homozygous deficiency
f CFH, as described by Levy et al. in two Algerian siblings who
ad electron microscopic evidence of DDD in association with
ndetectable CFH levels (Levy et al., 1986). The affected individ-
als also had undetectable complement hemolytic activity and
arkedly reduced plasma C3 and terminal pathway components.

he genetic defect was characterized as a homozygous cysteine-to-
erine change in SCR7 of CFH (Dragon-Durey et al., 2004).

In another family reported by Licht et al., two DDD-affected
iblings of consanguineous parentage were homozygous for CFH
elLys224 (Licht et al., 2006). This lysine is in SCR4. Its amide
roup forms a hydrogen bond with the carboxylate of C3b Glu1138
n TED, while its lysine side chain forms a salt bridge with CFH
lu213. Deletion of this residue is therefore predicted to alter the

ocal structure of SCR4, with diminished binding of CFH to C3b
nd loss of its regulatory function (Wu et al., 2009). Consistent
ith these predictions, both siblings had markedly reduced com-
lement hemolytic activity and plasma C3 levels. Circulating C3d

evels (consistent with uncontrolled plasma C3 activation) were
aised.

Although genetic deficiency of CFH is also associated with
on-DDD renal pathologies such as thrombotic microangiopathy
Thompson and Winterborn, 1981), collagen type III glomerulopa-
hy (Vogt et al., 1995) and fibrillary glomerulopathy (Bircan et al.,
004), the association between CFH deficiency and DDD has been
orroborated by animal studies. A serendipitous event was the
dentification of a strain of pigs with spontaneous renal disease
ue to complete CFH deficiency. The Norwegian Yorkshire piglets
ere healthy at birth but developed rapidly progressive glomeru-

onephritis that inevitably lead to death at about 1 month of life
Jansen et al., 1998). The molecular basis for this outcome was a
oint mutation in CFH (Ile1166Arg), which prevented extracellu-

ar release of CFH effectively resulting in a CFH null phenotype
Hegasy et al., 2002). The renal lesion was analogous to human
DD. Consistent with the studies in this pig strain, gene-targeted
FH-deficient mice also develop spontaneous renal disease char-
cterized by abnormal accumulation of C3 fragments within the
lomeruli and the development of electron-dense deposits within
he glomerular basement membrane (Pickering et al., 2002).

The association between DDD and CFH is further strengthened
y the description of DDD in individuals with autoantibodies to
FH (discussed below), and demonstrates that both genetic and
cquired CFH ‘loss-of-function’ is linked to DDD. From these data
nd the longstanding association between C3 nephritic factors
C3Nefs) and DDD (discussed below), the paradigm that DDD was
ue to uncontrolled AP C3 activation emerged.

Martínez-Barricarte et al. recently characterized a highly infor-
ative DDD pedigree (Martínez-Barricarte et al., 2010). The

isease-segregating mutation was a two amino-acid deletion in
G7 of C3 (�923-924AspGly) that was the predominant C3 protein
n the plasma of mutation carriers. It circulated as non-activated
3 and was resistant to activation to C3b. Interaction with CFH
as also impaired, although a mutant C3�923DG convertase was

ormed by normal ‘tickover’ hydrolysis. The net consequence of
nology 48 (2011) 1604–1610 1607

these functional changes was a mutant fluid-phase C3 convertase
(C3�923DG convertase) that, unlike a normal C3 convertase, could
not be regulated by CFH. The mutation also disrupted the binding
of C3�923DG to C3Bb, preventing cleavage of C3�923DG by the C3
convertase, explaining why serum C3 levels in affected persons in
this family were reduced by only ∼50% (C3�923DG remained in the
serum while C3 (wild-type) was consumed) (Martínez-Barricarte
et al., 2010). Because both accelerated decay of the C3�923DG con-
vertase by CD55 (DAF) and CD46 (MCP) cofactor activity for CFI
were unaffected, cell-surface control of the AP was not impaired.

The demonstration by Martínez-Barricarte et al. that a ‘gain-of-
function’ in the AP activating protein, C3, is associated with DDD
further supports the paradigm that DDD is associated with uncon-
trolled C3 activation in the fluid phase. This result is also consistent
with an earlier report that described C3 convertases resistant to
inactivation by CFH in familial DDD (Linshaw et al., 1987). Criti-
cally, normal inhibition of the mutant C3 convertase by the cell
surface regulators, CD55 (DAF) and CD46 (MCP), provides conclu-
sive evidence that DDD in the Martínez-Barricarte pedigree results
exclusively from fluid-phase AP dysregulation (Martínez-Barricarte
et al., 2010).

Additional studies have searched for mutations in other com-
plement genes in DDD patients. To our knowledge, there have not
been reports of gain-of-function mutations in factor B in DDD or
mutations in CFI, the enzyme responsible for the conversion of C3b
to iC3b. The latter is of interest since CFI deficiency is associated
with secondary C3 deficiency due to uncontrolled AP activation.
Mutations have been reported in C3aR1, CR1 and ADAM19 genes
but the functional significance of these findings remains unclear
(Abrera-Abeleda et al., in press).

An interesting aspect of these genetic studies has been the
identification of polymorphic variants in complement genes that
associate with DDD (DDD ‘at risk’ alleles). Four SNPs in CFH and C3
– namely CFH p.Tyr402His, CFH p.Val62Ile, C3 p.Arg102Gly and C3
p.Pro314Leu – are associated with DDD (Abrera-Abeleda et al., in
press). The presence of two or more of these risk alleles increases
the odds ratio of developing disease and defines a DDD complement
haplotype or complotype (Abrera-Abeleda et al., in press). The best
studied of these variants is the CFH Tyr402His polymorphism: CFH
His402 is preferentially found in DDD patients. This polymorphism
may determine differential binding to glycosaminoglycans (GAGs)
and as a consequence differential protection of surfaces (Holz et al.,
2004; Laine et al., 2007; Skerka et al., 2007).

The finding of a DDD complotype is consistent with the concept
that variants in multiple interacting complement proteins have a
combinatorial effect on AP control (Abrera-Abeleda et al., in press;
Heurich et al., 2011). Abrera-Abeleda et al. confirmed this hypoth-
esis by showing that AP activity is increased in normal controls
carrying DDD-associated genetic variants. In further support of this
finding, functional analyses of the age-related macular degener-
ation (AMD)-associated polymorphisms in C3 (p.Arg102Gly), CFB
(p.Arg32Gln) and CFH (p.Val61Ile) have shown that these variants
also directly influence AP activity and that their effects are additive
(Montes et al., 2009; Tortajada et al., 2009; Heurich et al., 2011).
These data illustrate how an individual’s complotype can influence
susceptibility to diseases driven by dysregulation of the AP.

Copy number variations (CNVs) are an extremely important
cause of complex disease and have not been adequately studied
in DDD patients. We have looked at CNVs over the CFH–CFHR5
genomic interval using multiplex-ligation probe amplification
(MLPA) in a large cohort of DDD patients. While homozygosis for
del(CFHR3–CFHR1) was present in about 3% of controls and 15% of

atypical hemolytic uremic (aHUS) patients, it was not seen in any of
68 DDD patients. This finding warrants further study as it suggests
that deletion of both copies of CFHR3–CFHR1 is protective against
DDD, a finding consistent with data demonstrating a protective role
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or this same genotype against AMD (Fritsche et al., 2010; Hageman
t al., 2006; Zipfel et al., 2010).

At this time our understanding of the genetics of DDD is not
atisfactory. Detailed studies must be completed in a large DDD
opulation targeting for sequence analysis either the entire exome
r all complement and complement-related genes (and genes in
athways that interact with complement), and for CNV analysis
he entire genome. These data should be carefully correlated with
linical course to identify, if possible, genetic predictors of disease
utcome in patients with native kidneys and following transplan-
ation.

. Autoantibodies and DDD

In 1969, Spitzer et al. described in serum of patients with
lomerulonephritis “a substance that combines with a normal
erum cofactor in the presence of magnesium ions to specifically
leave the third component of complement” (Spitzer et al., 1969).
his substance was later characterized as an autoantibody to the AP
3 convertase that caused loss of control by stabilization of C3bBb
Davis et al., 1977; Daha and van Es, 1979, 1981). These autoanti-
odies, generically termed C3 nephritic factors (C3NeF), have been
xtensively studied over nearly four decades and have been shown
o be associated with various glomerular nephropathies and some
ther diseases.

C3NeF are detected in approximately 80% of DDD patients and
re also described in patients with APL, many of whom develop
DD (Misra et al., 2004). However, a fundamental unanswered
uestion is whether the associated NeF itself triggers disease, or
hether NeF is a consequence of the disease process that then acts

o exacerbate disease pathology. While NeFs are strongly associated
ith DDD, they are also occasionally found in normal individuals;

ndeed, it has been suggested that NeF is part of the normal immune
epertoire based upon the observation that artificially activated
ononuclear cells can produce high affinity NeF perhaps held in

heck by anti-idiotypic antibodies (Spitzer et al., 1990, 1992). For
his reason, and also because levels of NeF do not always correlate
ith plasma C3 consumption and disease severity (Schena et al.,

982; Cameron et al., 1983; Schwertz et al., 2001), NeF is consid-
red by some investigators to be an epiphenomenon. Hence their
recise role in disease pathogenesis remains unclear.

In most cases, binding of NeF stabilizes the C3 convertase,
ncreasing its half-life from a few seconds to minutes or even hours
Daha and van Es, 1981; Daha et al., 1976). NeF may also prevent
ecay accelerators, including CFH, CR1 and CD55 (DAF), from bind-

ng to C3 convertase to accelerate its disruption (Fischer et al., 1984;
to et al., 1989; Weiler et al., 1976). Either mechanism results in
uid-phase dysregulation of the AP producing activated C3 frag-
ents. Some NeFs appear to be dependent on the presence of

roperdin bound to the convertase and also cause marked termi-
al pathway activation (C3Nef:P) (Tanuma et al., 1990). While most
eFs bind to neoepitopes on C3b, Bb or epitopes shared between
3b and Bb in the C3bBb complex (Daha and van Es, 1981), there
re reports that some autoantibodies can also bind native protein.
n autoantibody which binds to native CFB and Bb has recently
een described in a DDD patient (Strobel et al., 2010). This autoan-
ibody stabilized the C3 convertase and enhanced C3 consumption,
ut had an inhibitory effect on the C5 convertase, decreasing TCC
ormation and target cell lysis. Autoantibodies to CFH that bind to
he four amino-terminal SCRs essential for CFH–C3b interaction
lso cause fluid-phase dysregulation by preventing control of AP
tickover’ (Jokiranta et al., 1999). The relationship between uncon-
rolled AP activation and C3NeFs, ‘gain-of-function’ C3 mutations,
FH autoantibodies and CFH deficiency is illustrated schematically

n Fig. 1B.
nology 48 (2011) 1604–1610

5. Treatment

Disease-specific therapy for DDD is not currently available.
About 80% of patients are placed on angiotensin II type 1
receptor blockers (ARBs) or angiotensin-converting enzyme (ACE)
inhibitors, both first line agents used to improve renal dynamics,
decrease proteinuria, control blood pressure and limit glomerular
leukocyte infiltration. Over 50% of patients also self-report treat-
ment with steroids, the efficiency of which is questionable (Appel
et al., 2005; Lu et al., submitted for publication; Smith et al., 2007).
Concerted efforts to develop effective therapies are needed as 50%
of patients progress to ESRF and face the dismal reality that DDD
recurs in nearly all allografts and leads to graft failure in half (Smith
et al., 2007).

The pathophysiology of DDD suggests that a number of differ-
ent treatments warrant consideration. In the CFH-deficient mouse
the abnormal accumulation of C3 fragments within the glomeruli
is the first pathological abnormality to develop – it precedes
the development of GBM abnormalities and glomerular inflam-
mation. Importantly, renal C3 deposition and its depletion in
plasma are rapidly reversed when either mouse or human CFH is
administered to the CFH-deficient animals (Fakhouri et al., 2010;
Paixao-Cavalcante et al., 2009). This outcome suggests that in DDD
patients with CFH mutations resulting in either intracellular CFH
retention or non-functional but excreted CFH, CFH replacement
therapy would be expected to restore the underlying defect and
correct the disease. Importantly CFH preparations may be available
for therapeutic use in the future (Büttner-Mainik et al., in press;
Schmidt et al., 2011). Whether administration of exogenous CFH to
DDD patients without CFH mutations would be therapeutically suc-
cessful is not clear. Certainly this type of treatment would not be an
appropriate approach in DDD patients with the C3�923DG mutation
(or functionally analogous C3 mutations) reported by Martínez-
Barricarte et al. since this mutant C3 protein formed a C3 convertase
that was CFH resistant (Martínez-Barricarte et al., 2010). However,
demonstration of differential regulation of dysfunctional conver-
tases by CFH and other regulators (as is the case with the C3�923DG
convertase) may enable treatment with non-CFH therapies, such as
soluble forms of CD55 (DAF).

In the CFH-deficient mouse model, spontaneous renal disease
did not occur when AP activation was prevented. In this animal,
the AP was controlled by introducing genetic deficiency of CFB
to prevent formation of C3 convertase (Pickering et al., 2002). If
this observation is relevant to human DDD then one theoretical
approach would be to inhibit AP activation by targeting CFB or CFD.
An unexpected insight from murine studies was that the introduc-
tion of CFI deficiency prevented the accumulation of C3 along the
glomerular basement membrane in the CFH-deficient mouse (Rose
et al., 2008). The absence of CFI prevented the conversion of C3b to
iC3b in this model, suggesting that it is the production of excessive
amounts of iC3b in plasma, which then accumulates along the GBM,
that triggers the renal pathology in CFH deficiency. This observa-
tion leads to the hypothesis that therapies that sequester iC3b in
plasma may be beneficial in DDD.

In DDD patients with autoantibodies to CFH or CFB or with the
C3NeFs, one can speculate that removal of the antibody (or reducing
its titer in plasma) might ameliorate C3 dysregulation and renal
pathology. B-cell depletion with agents such as rituximab could be
considered although we are unaware of informative data on this
type of approach.

In summary, DDD-specific treatment options that should be
considered would restore C3 convertase control, impair C3 conver-

tase activity or remove C3 breakdown products from the circulation
(Smith et al., 2007). The benefit of targeting MAC is more difficult to
assess. Presently, eculizumab, a monoclonal antibody that blocks
C5 activation, is licensed for the treatment of anemia in patients
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ith paroxysmal nocturnal hemoglobinuria. The role of C5 activa-
ion in the pathogenesis of DDD is unclear. In the CFH-deficient

ouse model, the introduction of genetic C5 deficiency prevented
either the abnormal accumulation of C3 fragments along the GBM
r the abnormal electron dense changes within it (Pickering et al.,
006). However, the spontaneous glomerular inflammation was
educed. Furthermore, CFH-deficient animals are hypersensitive
o experimentally induced renal disease including heterologous
erum nephrotoxic nephritis (Pickering et al., 2006). This hypersen-
itivity is dependent on the ability to activate C5 suggesting that,
hile eculizumab would not be expected to influence either plasma
3 activation or the abnormal deposition of C3 within the GBM,

t may be a beneficial intervention during episodes of glomerular
nflammation. Its use in DDD needs to be considered carefully. It
eems unlikely that patients with stable disease with little evidence
f glomerular inflammation on renal biopsy would gain much ben-
fit from C5 inhibiting strategies. However during episodes of renal
ecline associated with glomerular inflammation, C5 inhibition
ay be very beneficial.

. Conclusion

DDD is an orphan disease. While our understanding of its patho-
hysiology has improved, its genetics and the role of autoantibodies

n its progression must be explored more thoroughly to understand
heir association with clinical outcome. Integrating these data may

ake it possible to identify protective factors prognostic for naïve
idney and transplant survival, or conversely risk factors associated
ith progression to ESRF and allograft loss. There is also an oppor-

unity for the development of mechanism-directed therapies for
ffected patients. As advances are made in these areas, there will
e a need to increase healthcare provider awareness of DDD by
aking resources available to clinicians to optimize care for DDD

atients.
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E., Montes, T., Tortajada, A., Pinto, S., Lopez-Trascasa, M., Morgan, B.P., Llorca,
O., Harris, C.L., Rodríguez de Córdoba, S., 2010. Human C3 mutation reveals a
mechanism of dense deposit disease pathogenesis and provides insights into
complement activation and regulation. J. Clin. Invest. 120, 3702–3712.

isra, A., Peethambaram, A., Garg, A., 2004. Clinical features and metabolic and
autoimmune derangements in acquired partial lipodystrophy: report of 35 cases
and review of the literature. Medicine (Baltimore) 83, 18–34.

ontes, T., Tortajada, A., Morgan, B.P., de Cordoba, S.R., Harris, C.L., 2009. Func-
tional basis of protection against age-related macular degeneration conferred
by a common polymorphism in complement factor B. Proc. Natl. Acad. Sci. U.S.A.
106, 4366–4371.

organ, H.P., Schmidt, C.Q., Guariento, M., Blaum, B.S., Gillespie, D., Herbert, A.P.,
Kavanagh, D., Mertens, H.D., Svergun, D.I., Johansson, C.M., Uhrín, D., Barlow,
P.N., Hannan, J.P., 2011. Structural basis for engagement by complement factor
H of C3b on a self surface. Nat. Struct. Mol. Biol. 18, 463–470 [Epub 2011 Feb 13].

aixao-Cavalcante, D., Hanson, S., Botto, M., Cook, H.T., Pickering, M.C., 2009. Factor
H facilitates the clearance of GBM bound iC3b by controlling C3 activation in
fluid phase. Mol. Immunol. 46, 1942–1950.

echtl, I.C., Kavanagh, D., McIntosh, N., Harris, C.L., Barlow, P.N., 2011. Disease-
associated N-terminal complement factor H mutations perturb cofactor and
decay-accelerating activities. J. Biol. Chem. 286, 11082–11090.

ickering, M.C., Cook, H.T., Warren, J., Bygrave, A.E., Moss, J., Walport, M.J., Botto,
M., 2002. Uncontrolled C3 activation causes membranoproliferative glomeru-
lonephritis in mice deficient in complement factor H. Nat. Genet. 31, 424–428.

ickering, M.C., Warren, J., Rose, K.L., Carlucci, F., Wang, Y., Walport, M.J., Cook, H.T.,
Botto, M., 2006. Prevention of C5 activation ameliorates spontaneous and experi-
mental glomerulonephritis in factor H-deficient mice. Proc. Natl. Acad. Sci. U.S.A.
103, 9649–9654.

reissner, K.T., Seiffert, D., 1998. Role of vitronectin and its receptors in haemostasis
and vascular remodeling. Thromb. Res. 89, 1–21.

itter, M., Bolz, M., Haidinger, M., Deák, G., Sacu, S., Säemann, M., Schmidt-Erfurth, U.,
2010. Functional and morphological macular abnormalities in membranopro-
liferative glomerulonephritis type II. Br. J. Ophthalmol. 94, 1112–1114.

oozendaal, R., Carroll, M.C., 2007. Complement receptors CD21 and CD35 in
humoral immunity. Immunol. Rev. 219, 157–166.

ose, K.L., Paixao-Cavalcante, D., Fish, J., Manderson, A.P., Malik, T.H., Bygrave, A.E.,
Lin, T., Sacks, S.H., Walport, M.J., Cook, H.T., Botto, M., Pickering, M.C., 2008. Factor
I is required for the development of membranoproliferative glomerulonephritis
in factor H-deficient mice. J. Clin. Invest. 118, 608–618.

anchez-Corral, P., Gonzalez-Rubio, C., Rodriguez de Cordoba, S., Lopez-Trascasa, M.,
2004. Functional analysis in serum from atypical hemolytic uremic syndrome
patients reveals impaired protection of host cells associated with mutations in
factor H. Mol. Immunol. 41, 81–84.

chena, F.P., Pertosa, G., Stanziale, P., Vox, E., Pecoraro, C., Andreucci, V.E., 1982.
Biological significance of the C3 nephritic factor in membranoproliferative
glomerulonephritis. Clin. Nephrol. 18, 240–246.

chmidt, C.Q., Herbert, A.P., Hocking, H.G., Uhrín, D., Barlow, P.N., 2008. Transla-
tional mini-review series on complement factor H: structural and functional
correlations for factor H. Clin. Exp. Immunol. 151, 14–24.
chmidt, C.Q., Slingsby, F.C., Richards, A., Barlow, P.N., 2011. Production of biolog-
ically active complement factor H in therapeutically useful quantities. Protein
Expr. Purif. 76, 254–263.

chwarz, M., Spath, L., Lux, C.A., Paprotka, K., Torzewski, M., Dersch, K., Koch-
Brandt, C., Husmann, M., Bhakdi, S., 2008. Potential protective role of apoprotein
nology 48 (2011) 1604–1610

J (clusterin) in atherogenesis: binding to enzymatically modified low-density
lipoprotein reduces fatty acid-mediated cytotoxicity. Thromb. Haemost. 100,
110–118.

Schwertz, R., Rother, U., Anders, D., Gretz, N., Scharer, K., Kirschfink, M., 2001.
Complement analysis in children with idiopathic membranoproliferative
glomerulonephritis: a long-term follow-up. Pediatr. Allergy Immunol. 12,
166–172.

Sethi, S., Gamez, J.D., Vrana, J.A., Theis, J.D., Bergen, R., Zipfel, P.F., Dogan, A., Smith,
R.J.H., 2009. Glumeruli of dense deposit disease contain components of the alter-
native and terminal complement pathway. Kidney Int. 75, 952–960.

Seya, T., Atkinson, J.P., 1989. Functional properties of membrane cofactor protein of
complement. Biochem. J. 264, 581–588.

Skerka, C., Lauer, N., Weinberger, A.W., Keilhamer, C.N., Smith, R.J.H., Schlotzer-
Schrehardt, U., Heinen, S., Hartmann, A., Weber, B.H., Zipfel, P.F., 2007. Defective
complement control of factor H (Y402H) and FHL-1 in age-related macular
degeneration. Mol. Immunol. 44, 3398–3406.

Smith, R.J.H., Alexander, J., Barlow, P.N., Botto, M., Cassavant, T.L., Cook, T., Rodriguez
de Córdoba, S., Hageman, G.S., Jokiranta, T.S., Kimberling, W.J., Lambris, J.D., Lan-
ning, L.D., Levidiotis, V., Licht, C., Lutz, H.U., Meri, S., Pickering, M.C., Quigg, R.J.,
Rops, A.L., Salant, D.J., Sethi, S., Thurman, J.M., Tully, H.F., Tully, S.P., van der Vlag,
J., Walker, P.D., Würzner, R., Zipfel, P.F., 2007. New approaches to the treatment
of dense deposit disease. J. Am. Soc. Nephrol. 18, 2447–2456.

Spendlove, I., Ramage, J.M., Bradley, R., Harris, C., Durrant, L.G., 2006. Complement
decay accelerating factor (DAF)/CD55 in cancer. Cancer Immunol. Immunother.
55, 987–995.

Spitzer, R.E., Stitzel, A.E., Tsokos, G.C., 1990. Evidence that production of autoanti-
body to the alternative pathway C3 convertase is a normal physiologic event. J.
Pediatr. 116, S103–S108.

Spitzer, R.E., Stitzel, A.E., Tsokos, G.C., 1992. On the origin of C3 nephritic factor
(antibody to the alternative pathway C3 convertase): evidence for the Adam
and Eve concept of autoantibody production. Clin. Immunol. Immunopathol.
64, 177–183.

Spitzer, R.E., Vallota, E.H., Forristal, J., Sudora, E., Stitzel, A., Davis, N.C., West, C.D.,
1969. Serum C’3 lytic system in patients with glomerulonephritis. Science 164,
436–437.

Strobel, S., Zimmering, M., Papp, K., Prechl, J., Józsi, M., 2010. Anti-factor B autoanti-
body in dense deposit disease. Mol. Immunol. 47, 1476–1483.

Tanuma, Y., Ohi, H., Hatano, M., 1990. Two types of C3 nephritic factor:
properdin-dependent C3NeF and properdin-independent C3NeF. Clin. Immunol.
Immunopathol. 56, 226–238.

Thompson, R.A., Winterborn, M.H., 1981. Hypocomplementaemia due to a genetic
deficiency of beta 1H globulin. Clin. Exp. Immunol. 46, 110–119.

Tortajada, A., Montes, T., Martínez-Barricarte, R., Morgan, B.P., Harris, C.L., de Cór-
doba, S.R., 2009. The disease-protective complement factor H allotypic variant
Ile62 shows increased binding affinity for C3b and enhanced cofactor activity.
Hum. Mol. Genet. 18, 3452–3461.

Vogt, B.A., Wyatt, R.J., Burke, B.A., Simonton, S.C., Kashtan, C.E., 1995. Inherited
factor H deficiency and collagen type III glomerulopathy. Pediatr. Nephrol. 9,
11–15.

Volonakis, J.E., Frank, M.M., 1998. The Human Complement System in Health and
Disease. Dekker, New York.

Walker, P.D., Ferrario, F., Joh, K., Bonsib, S.M., 2007. Dense deposit dis-
ease is not a membranoproliferative glomerulonephritis. Mod. Pathol. 20,
605–616.

Walport, M.J., 2001a. Complement. First of two parts. N. Engl. J. Med. 344, 1058–1066.
Walport, M.J., 2001b. Complement. Second of two parts. N. Engl. J. Med. 344,

1140–1144.
Weiler, J.M., Daha, M.R., Austen, K.F., Fearon, D.T., 1976. Control of the amplification

convertase of complement by the plasma protein beta1H. Proc. Natl. Acad. Sci.
U.S.A. 73 (9), 3268–3272.

Wiesmann, C., Katschke, K.J., Yin, J., Helmy, K.Y., Steffek, M., Fairbrother, W.J., McCal-
lum, S.A., Embuscado, L., DeForge, L., Hass, P.E., van Lookeren Campagne, M.,
2006. Structure of C3b in complex with CRIg gives insights into regulation of
complement activation. Nature 444, 217–220.

Wu, J., Wu, Y.Q., Ricklin, D., Janssen, B.J., Lambris, J.D., Gros, P., 2009. Structure of
complement fragment C3b-factor H and implications for host protection by

complement regulators. Nat. Immunol. 10, 728–733.

Zipfel, P.F., Lauer, N., Skerka, C., 2010. The role of complement in AMD. Adv. Exp.
Med. Biol. 703, 9–24.

Zipfel, P.F., Skerka, C., 2009. Complement regulators and inhibitory proteins. Nat.
Rev. Immunol. 9, 729–740.


	Dense deposit disease
	1 Introduction
	1.1 Complement activation and regulation

	2 Clinical manifestations
	3 Genetics
	4 Autoantibodies and DDD
	5 Treatment
	6 Conclusion
	Acknowledgments
	References


