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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
ultimately fail. More detailed genetic and complement studies of DDD patients may make it possible to
identify protective factors prognostic for naive 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
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to optimize care for DDD patients.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Dense deposit disease is a glomerular pathology characterized
by intramembranous electron-dense change within the glomerular
basement membrane (GBM). Dense deposit disease (DDD) is asso-
ciated with deposition of complement C3 within the glomeruli with
little or no staining forimmunoglobulin. The presence of C3 without
significant immunoglobulin suggested to early investigators that
DDD was due to abnormal activation of the complement alterna-
tive pathway (AP). There is now strong evidence that DDD is caused
by uncontrolled AP activation (reviewed in Appel et al., 2005;
Smith et al.,, 2007). DDD was renamed membranoproliferative
glomerulonephritis type II (MPGN2), a term that is inappropriate
because: (1) it implies a relationship with MPGN1 and MPGN3,
which unlike DDD are immune complex diseases; and (2) it implies
that the membrano-proliferative pattern of injury is characteris-
tic when in fact it is present in only 25% of DDD patients (Smith
et al., 2007; Walker et al., 2007). Mild mesangial cell hypercel-
lularity is most common (45%), but crescentic (18%) and acute
proliferative-exudative (12%) patterns of injury also occur (Habib
et 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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that result in the formation of metastable protease complexes
which can culminate in formation of membrane attack complex
(MAC). In the broadest terms, complement activation occurs in five
sequential steps the first of which is its initiation by one of three
independent pathways - the classical (CP), the lectin (LP) or the
alternative (AP). Once activated, the second step is the formation
of C3 convertase, which exponentially amplifies the initial trigger-
ing pathway (step 3) and provides the protein complex from which
C5 convertase is generated (step 4). C5 convertase triggers the TCC
with generation of MAC and the potent anaphylatoxin, C5a (step 5).

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

Several of these proteins including CFH, CFHL1, C4BP, CFHR1,
clusterin and vitronectin also attach to cell surfaces and biomem-
branes (like the GBM and Bruch’s membrane) (Ferreira and
Pangburn, 2007; Manuelian et al., 2003; Sanchez-Corral et al.,
2004). 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-
plement regulators include CR1 (complement receptor 1, CD35),
CD55 (decay-accelerating factor, DAF), CD46 (membrane cofac-
tor protein, MCP), CD59 and the complement receptor of the
immunoglobulin superfamily (CRIg, also known as VSIG4 (V-set and
Ig domain-containing 4)) (He et al., 2008; Isaak et al., 2006; Khera
and Das, 2009; Kimberley et al., 2007; Roozendaal and Carroll,
2007; Seya and Atkinson, 1989; Spendlove et al., 2006; Wiesmann
et al., 2006). Their expression and distribution vary from cell type
to cell type, which has important implications for complement-
related diseases. An important distinction between fluid-phase
and membrane-bound regulators is that while membrane-bound
convertase regulators control the three initiating pathways by inac-
tivating both C3 and C4 (CR1 and CD46, for example), fluid-phase
regulators are pathway specific and control the AP, CP or LP by
acting exclusively on either C3 or C4 (Zipfel and Skerka, 2009).

To understand the progress that has been made with respect
to the pathophysiology of DDD it is important to understand the
activation and regulation of the complement AP. Essential to the
activation of the AP is cleavage of C3 to C3b, a change that is accom-
panied by a dramatic rearrangement of the domains of C3b (Gros
et al., 2008; Janssen et al., 2005, 2006). For example, migration and
rotation of the thioester-containing domain (TED) of C3b exposes
the thioester to particles, basement membranes and cell surface,
facilitating the attachment of C3b to these sites (Morgan et al.,
2011). Complement factor B (CFB) then complexes with C3b to
form C3bB, which is cleaved by complement factor D into two fac-
tors, Ba and Bb, the latter remaining bound to C3b. C3bBb is the
AP C3 convertase and generates additional C3bBb by cleaving C3.
This self-propagation results in exponential amplification of the AP,
necessitating 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

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 o’/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
o/NT, MG2, MG6 and MG?7 of C3b, and probably dissociate Bb from
C3bbyacombination of electrostatic repulsion and steric hindrance
(Wuetal., 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
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ciated with histological disease recurrence in virtually all cases,
resulting in a 5-year graft failure rate of 50% (Braun et al., 2005;
Lu et al., submitted for publication).

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

3. Genetics

Genetic dysregulation of the complement AP is associated with
the development of DDD (reviewed in Smith et al., 2007). An
extreme example of such dysregulation is homozygous deficiency
of CFH, as described by Levy et al. in two Algerian siblings who
had electron microscopic evidence of DDD in association with
undetectable CFH levels (Levy et al., 1986). The affected individ-
uals also had undetectable complement hemolytic activity and
markedly reduced plasma C3 and terminal pathway components.
The genetic defect was characterized as a homozygous cysteine-to-
serine change in SCR7 of CFH (Dragon-Durey et al., 2004).

In another family reported by Licht et al., two DDD-affected
siblings of consanguineous parentage were homozygous for CFH
delLys224 (Licht et al., 2006). This lysine is in SCR4. Its amide
group forms a hydrogen bond with the carboxylate of C3b Glu1138
in TED, while its lysine side chain forms a salt bridge with CFH
Glu213. Deletion of this residue is therefore predicted to alter the
local structure of SCR4, with diminished binding of CFH to C3b
and loss of its regulatory function (Wu et al., 2009). Consistent
with these predictions, both siblings had markedly reduced com-
plement hemolytic activity and plasma C3 levels. Circulating C3d
levels (consistent with uncontrolled plasma C3 activation) were
raised.

Although genetic deficiency of CFH is also associated with
non-DDD renal pathologies such as thrombotic microangiopathy
(Thompson and Winterborn, 1981), collagen type IIl glomerulopa-
thy (Vogt et al., 1995) and fibrillary glomerulopathy (Bircan et al.,
2004), the association between CFH deficiency and DDD has been
corroborated by animal studies. A serendipitous event was the
identification of a strain of pigs with spontaneous renal disease
due to complete CFH deficiency. The Norwegian Yorkshire piglets
were healthy at birth but developed rapidly progressive glomeru-
lonephritis that inevitably lead to death at about 1 month of life
(Jansen et al., 1998). The molecular basis for this outcome was a
point mutation in CFH (Ile1166Arg), which prevented extracellu-
lar release of CFH effectively resulting in a CFH null phenotype
(Hegasy et al., 2002). The renal lesion was analogous to human
DDD. Consistent with the studies in this pig strain, gene-targeted
CFH-deficient mice also develop spontaneous renal disease char-
acterized by abnormal accumulation of C3 fragments within the
glomeruli and the development of electron-dense deposits within
the glomerular basement membrane (Pickering et al., 2002).

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

Martinez-Barricarte et al. recently characterized a highly infor-
mative DDD pedigree (Martinez-Barricarte et al., 2010). The
disease-segregating mutation was a two amino-acid deletion in
MG7 of C3 (A923-924AspGly) that was the predominant C3 protein
in the plasma of mutation carriers. It circulated as non-activated
C3 and was resistant to activation to C3b. Interaction with CFH
was also impaired, although a mutant C3pqy3pg convertase was
formed by normal ‘tickover’ hydrolysis. The net consequence of

these functional changes was a mutant fluid-phase C3 convertase
(C3 A923pc convertase) that, unlike a normal C3 convertase, could
not be regulated by CFH. The mutation also disrupted the binding
of C3 A923p; to C3Bb, preventing cleavage of C3g23pg by the C3
convertase, explaining why serum C3 levels in affected persons in
this family were reduced by only ~50% (C3 A923pg remained in the
serum while C3 (wild-type) was consumed) (Martinez-Barricarte
et al, 2010). Because both accelerated decay of the C3 xg53pg 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 Martinez-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 Martinez-Barricarte pedigree results
exclusively from fluid-phase AP dysregulation (Martinez-Barricarte
etal., 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.Val62lle, 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.Arg32GIn) and CFH (p.Val61lle) 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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for this same genotype against AMD (Fritsche et al.,2010; Hageman
et al., 2006; Zipfel et al., 2010).

At this time our understanding of the genetics of DDD is not
satisfactory. Detailed studies must be completed in a large DDD
population targeting for sequence analysis either the entire exome
or all complement and complement-related genes (and genes in
pathways that interact with complement), and for CNV analysis
the entire genome. These data should be carefully correlated with
clinical course to identify, if possible, genetic predictors of disease
outcome in patients with native kidneys and following transplan-
tation.

4. Autoantibodies and DDD

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

C3NeF are detected in approximately 80% of DDD patients and
are also described in patients with APL, many of whom develop
DDD (Misra et al., 2004). However, a fundamental unanswered
question is whether the associated NeF itself triggers disease, or
whether NeF is a consequence of the disease process that then acts
to exacerbate disease pathology. While NeFs are strongly associated
with DDD, they are also occasionally found in normal individuals;
indeed, it has been suggested that NeF is part of the normal immune
repertoire based upon the observation that artificially activated
mononuclear cells can produce high affinity NeF perhaps held in
check by anti-idiotypic antibodies (Spitzer et al., 1990, 1992). For
this reason, and also because levels of NeF do not always correlate
with plasma C3 consumption and disease severity (Schena et al.,
1982; Cameron et al., 1983; Schwertz et al., 2001), NeF is consid-
ered by some investigators to be an epiphenomenon. Hence their
precise role in disease pathogenesis remains unclear.

In most cases, binding of NeF stabilizes the C3 convertase,
increasing 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
decay accelerators, including CFH, CR1 and CD55 (DAF), from bind-
ing to C3 convertase to accelerate its disruption (Fischer et al., 1984;
Ito et al., 1989; Weiler et al., 1976). Either mechanism results in
fluid-phase dysregulation of the AP producing activated C3 frag-
ments. Some NeFs appear to be dependent on the presence of
properdin bound to the convertase and also cause marked termi-
nal pathway activation (C3Nef:P) (Tanuma et al., 1990). While most
NeFs bind to neoepitopes on C3b, Bb or epitopes shared between
C3b and Bb in the C3bBb complex (Daha and van Es, 1981), there
are reports that some autoantibodies can also bind native protein.
An autoantibody which binds to native CFB and Bb has recently
been described in a DDD patient (Strobel et al., 2010). This autoan-
tibody stabilized the C3 convertase and enhanced C3 consumption,
but had an inhibitory effect on the C5 convertase, decreasing TCC
formation and target cell lysis. Autoantibodies to CFH that bind to
the four amino-terminal SCRs essential for CFH-C3b interaction
also cause fluid-phase dysregulation by preventing control of AP
‘tickover’ (Jokiranta et al., 1999). The relationship between uncon-
trolled AP activation and C3NeFs, ‘gain-of-function’ C3 mutations,
CFH autoantibodies and CFH deficiency is illustrated schematically
in Fig. 1B.

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
etal., 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 (Biittner-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 Ag953pg mutation
(or functionally analogous C3 mutations) reported by Martinez-
Barricarte et al. since this mutant C3 protein formed a C3 convertase
that was CFH resistant (Martinez-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 Aog23pg
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
C3NefFs, 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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with paroxysmal nocturnal hemoglobinuria. The role of C5 activa-
tion in the pathogenesis of DDD is unclear. In the CFH-deficient
mouse model, the introduction of genetic C5 deficiency prevented
neither the abnormal accumulation of C3 fragments along the GBM
or the abnormal electron dense changes within it (Pickering et al.,
2006). However, the spontaneous glomerular inflammation was
reduced. Furthermore, CFH-deficient animals are hypersensitive
to experimentally induced renal disease including heterologous
serum nephrotoxic nephritis (Pickering et al., 2006). This hypersen-
sitivity is dependent on the ability to activate C5 suggesting that,
while eculizumab would not be expected to influence either plasma
C3 activation or the abnormal deposition of C3 within the GBM,
it may be a beneficial intervention during episodes of glomerular
inflammation. Its use in DDD needs to be considered carefully. It
seems unlikely that patients with stable disease with little evidence
of glomerular inflammation on renal biopsy would gain much ben-
efit from C5 inhibiting strategies. However during episodes of renal
decline associated with glomerular inflammation, C5 inhibition
may be very beneficial.

6. Conclusion

DDD is an orphan disease. While our understanding of its patho-
physiology hasimproved, its genetics and the role of autoantibodies
in its progression must be explored more thoroughly to understand
their association with clinical outcome. Integrating these data may
make it possible to identify protective factors prognostic for naive
kidney and transplant survival, or conversely risk factors associated
with progression to ESRF and allograft loss. There is also an oppor-
tunity for the development of mechanism-directed therapies for
affected patients. 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.
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