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Abstract

Complement is a part of the body’s innate immune system that helps defend the host from

microbial infection. It is tightly controlled by a number of cell surface and fluid-phase proteins so

that under normal circumstances injury to autologous tissues is avoided. In many pathological

settings, such as when the complement regulatory mechanisms are dysfunctional or overwhelmed,

complement attack of autologous tissues can occur with severe, sometimes life-threatening

consequences. The kidney appears to be particularly vulnerable to complement-mediated

inflammatory injury and many kidney pathologies have been linked to abnormal complement

activation. Clinical and experimental studies have shown that complement attack can be a primary

cause in rare, genetically predisposed kidney diseases or a significant contributor to kidney injury

caused by other etiological factors. Here we provide a brief review of recent advances on the

activation and regulation of the complement system in kidney disease, with a particular emphasis

on the relevance of complement regulatory proteins.
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Complement is a part of the innate immune system that functions primarily as a first-line

host defence against pathogenic infections. It is composed of over 30 plasma and cell

surface-associated proteins. Originally discovered at the end of the 19th century as a heat-

labile component of plasma, it was so named because scientists found that it

‘complemented’ the bactericidal activity of antibodies.1 Since then, the known biological

function of complement in host defence has greatly expanded. More recently, the relevance

of complement to many human autoimmune and inflammatory disorders has also become

appreciated, and many efforts are currently underway to develop complement-based

therapies for these diseases. Among the human diseases that have been linked to

complement, several disorders of the kidney have been identified and extensively studied

both clinically and experimentally. These works have not only provided insights into
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pathogenesis of the kidney abnormalities in question, but also contributed significantly to

our understanding of complement-mediated human tissue injury in general. In this brief

review, we summarize recent advances on the activation and regulation of the complement

system in kidney disease, with a particular emphasis on the relevance of complement

regulatory proteins.

ACTIVATION AND EFFECTOR FUNCTIONS OF COMPLEMENT

The complement system can be activated by three main pathways: classical, lectin and

alternative (Fig. 1).2,3 The classical pathway is triggered by antigen–antibody immune

complexes.3 After binding to their cognate antigens, the Fc portion of an IgG or IgM

interacts with the collagen-like tail of C1q, a component of C1 complex. This interaction

leads to the sequential activation of C1r and C1s, two serine proteases associated with C1q

within the C1 complex. The activated C1s then cleaves C4 and C2 to generate the classical

pathway C3 convertase C4bC2a, an enzymatic complex that cleaves C3, the central

component of the complement cascade, into C3a and C3b. The lectin pathway resembles the

classical pathway in that its activation also leads to formation of the C4bC2a enzyme

complex. However, instead of relying on antibodies to recognize pathogenic components,

the lectin pathway identifies pathogen-associated molecular patterns by members of the

collectin family of proteins in the plasma, namely mannose-binding lectins (MBL) and

ficolins.2,3 Binding of MBL or ficolin to distinct sugar molecules on the pathogenic surface

leads to activation of MBL-associated serine proteases (MASP), which cleave C4 and C2

and generate C4bC2a in a reaction analogous to the classical pathway (Fig. 1).2

While the classical and lectin pathways are generally activated upon recognition of

exogenous materials, the alternative pathway (AP) is constitutively active at low levels in

the host.4 This is often referred to as the ‘tickover mechanism’ and allows the system to stay

primed for rapid and robust activation.4 The AP is thought to be initiated by the spontaneous

hydrolysis of a thioester bond within C3. This leads to a conformational change in the

structure of C3, resulting in a form of C3, referred to as C3(H2O), which functions like C3b

with regard to its ability to bind factor B (fB). The bound fB then becomes a substrate for

the serine protease factor D (fD). Cleavage of fB by fD results in formation of the initial AP

C3 convertase C3(H2O)Bb, which, like the classical C3 convertase C4bC2a, can cleave C3

into C3b and C3a. The generation of C3b allows the AP to be fully activated via formation

of the bona fide AP C3 convertase C3bBb (Fig. 1). Newly formed C3bBb is stabilized by

the plasma protein properdin that binds to the complex and slows its deactivation.4 In fact, it

should be noted that while the spontaneously generated C3(H2O)Bb is unique to AP, the

C3b fragment generated from any of the pathways can bind to fB and, with the participation

of fD, can form the AP C3 convertase C3bBb, which serves as an amplification loop for the

entire complement system by rapidly augmenting the conversion of C3 to C3b necessary for

full activation of the system and its downstream effects (Fig. 1).4

The cleavage of C3 to C3b is therefore the key step of convergence in the activation of the

complement cascade.3 Apart from initiating the AP complement, C3b attaches to cells or

immune complexes through covalent bonding; the opsonization of these targets by C3b or its

further cleavage fragments facilitates their transportation and disposal through the
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endoreticular system. Additionally, C3b can associate with either of the C3 convertases to

form the C5 convertase that cleaves C5 into C5a and C5b and initiates the terminal

complement cascade, ultimately resulting in the formation of the multimeric membrane

attack complex (MAC) (Fig. 1). In contrast to the early steps of complement activation,

assembly of the cytolytic MAC on the cell surface is a nonenzymatic process, initiated by

association of C6 and C7 to C5b and subsequent insertion of the C5b-7 complex into the cell

membrane through a hydrophobic domain in C7.5 Further attachment of C8 and multiple

copies of C9 to the membrane-residing C5b-7 leads to assembly of the MAC, which creates

physical pores in the cell membrane and causes lysis.3,5

Although the above scheme of complement activation is well established, two recent

findings have provided novel insight into the activation mechanism of the AP. Biochemical

and gene-targeting studies have revealed a critical role of properdin in initiating AP

complement activation on some, although apparently not all, susceptible surfaces.6–10

Accumulating evidence supports the conclusion that, in addition to serving as a stabilizer of

C3bBb, properdin can function as a pattern recognition molecule to trigger AP complement

activation and in some instances such an activity of properdin is indispensible for the AP.6,7

The second notable finding of recent studies is the requirement of MASP1/3 for normal AP

complement activity.11 It has been shown that MASP-1/3 cleaves inactive fD zymogen into

the active form of fD that is normally present in plasma. When MASP-1/3 is lacking, fD

circulates in plasma as the non-processed and inactive zymogen incapable of supporting AP

complement activation.11

Activated complement generates three major types of effectors: (i) anaphylatoxins (C3a and

C5a), which are potent pro-inflammatory molecules that attract and activate leukocytes

through interaction with their cognate G protein-couple receptors, C3a receptor (C3aR) and

C5a receptor (C5aR); (ii) opsonins (C3b, iC3b and C3d), which decorate target surface

through covalent bonding to facilitate transport and disposal of target cells or immune

complexes; (iii) MAC, the terminal assembly of multiple complement proteins that directly

lyses targeted (opsonized) pathogens or altered self (Fig. 1). These effectors allow the

complement system to fulfil its three major biological functions, i.e. host defence, disposal

of immune complexes and cellular ‘wastes’ and priming the adaptive immune systems.2

REGULATORY PROTEINS OF COMPLEMENT

While the complement system is a critical first line of defence against infections, its

powerful effector functions also have the potential to harm the host. The activation of

classical and lectin pathways is largely dependent on foreign materials, but under certain

situations (e.g. tissue ischaemia and reperfusion), both pathways can be activated and cause

autologous injury. More relevant to complement-mediated pathologies, deposition of C3b

via AP activation and amplification is nondiscriminatory and, if not properly regulated, can

rapidly damage host cells.4,12 This is particularly true in the context of pathogenic infection

when all three pathways can be activated and bystander injury to host cells may occur more

readily. To control unintended complement activation on host cells, humans and mammalian

species have developed a variety of inhibitory proteins to regulate the location and efficacy

of complement activation. Some of these regulatory proteins are localized on the host cell
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membrane to provide intrinsic protection. Membrane-bound complement regulators include

decay-accelerating factor (DAF/CD55), membrane cofactor protein (MCP/CD46),

complement receptor 1 (CR1/CD35) and its rodent analogue CR1-related gene/ protein y

(Crry), and CD59.2,13 Others are present in the plasma to limit fluid-phase complement

activation but can also protect host cells using specific recognition mechanisms. Key fluid-

phase complement regulators include factor H (fH), factor I (fI), C4-binding protein (C4bp)2

and C1 inhibitor. Some of these regulators with relevance to kidney disease will be

discussed in more detail in the sections below.

The regulatory proteins work at multiple points along the complement activation cascade

(Fig. 2). Given the fact that activation of C3 is the key step in these processes, it is not

surprising that several of the regulatory proteins act at the C3 convertase step, often with

redundant effects.13 There are two main mechanisms by which C3 convertases are

inactivated: (i) accelerated decay, or dissociation, of the C3 convertase components, and (ii)

enzymatic cleavage of C3b that prevents its further participation in the cascade (Fig. 2).14

As its name suggests, DAF decreases the stability of the C3 convertases by accelerating the

dissociation of C3bBb to C3b and Bb and of C4bC2a to C4b and C2a, respectively.13 MCP,

fH and fI participate in the enzymatic inactivation of C3b. MCP or fH binds to C3b as a

cofactor to facilitate fI-mediated cleavage of C3b.2,4 Additionally, fH has decay-accelerating

activity.15 Both the cofactor and decay-accelerating activities of fH reside in the N-terminal

SCR1-4 domains whereas its C-terminal domains (SCR19-20) are believed to be important

for host cell surface recognition-(Fig. 3).15 CR1 mainly acts as an immune adherence

receptor to facilitate the removal of C3b-opsonized immune complexes and pathogens from

circulation, but it also has cofactor and decay-accelerating activities as a complement

regulator.13 Crry is a rodent-specific membrane regulator with some homology to human

CR1. Like CR1, Crry has both cofactor and decay-accelerating activities, but no immune

adherence function has been ascribed to this protein.13 C4bp acts principally as a cofactor

for fI to cleave C4b but can also inactivate C3b to a lesser degree.16 Distinct from the above

discussed C3 convertase inhibitors, the plasma protein C1 inhibitor irreversibly binds to and

inactivates C1r and C1s of the classical pathway and MASP of the lectin pathway and serves

to inhibit the initiating steps of these activation pathways.17 The membrane protein CD59

prevents the formation of the MAC and thus works as an inhibitor of the terminal step of all

activation pathways (Fig. 2).14

COMPLEMENT AND KIDNEY DISEASES

Due to its highly specialized function, the kidney is subject to significant stress from

exogenous factors (e.g. pathogens, toxins and cytokines filtered from the bloodstream).

Consequently, renal function is dependent on a finely calibrated immune response including

proper complement activation and regulation. A critical determinant in complement-

mediated kidney injury is the expression and function of complement regulatory proteins.

Much work has been carried out to characterize the expression of complement regulators in

the kidney of human and experimental animals.18 These studies have demonstrated

considerable variation in the level of membrane regulators depending on the cell type (Table

1), suggesting that complement is regulated by distinct inhibitors within different sections of

the kidney. There are also significant species differences in the relative abundance and
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significance of membrane regulators in the kidney. Studies of human and mouse kidneys

have shown ubiquitous expression of CD59 on all major cell types within the kidney.19

However, the localization of the other inhibitory proteins is more complex. DAF is likewise

ubiquitously expressed in the human kidney, but seems to be particularly abundant in the

juxtaglomerular apparatus,20 while in mice DAF is mostly found on podocytes and

endothelial cells.18 MCP is expressed throughout human renal tissues, but rodents do not

normally express MCP besides spermatozoa.18,19 In humans, CR1 is mostly restricted to

erythrocytes and podocytes18 but like MCP, rodents only have limited expression of CR1

that is generated by alternative splicing from the Cr1/2 gene.21 In place of MCP, the rodent-

specific complement regulator Crry is expressed ubiquitously in mice (e.g. endothelium,

mesangium, tubules)18,19 and is considered a functional homolog of human MCP.13,22

Clinically, strong connections between complement and kidney diseases have been provided

by cases of deficiency or dysfunction of the fluid-phase complement regulators fH and

fI.23–27 Unlike the membrane-bound inhibitors, the fluid-phase inhibitors circulate in the

plasma and are largely produced outside the kidney in the liver.15,16,28 However, there is

evidence that fH can be synthesized by some phagocytic cells and by murine platelets and

podocytes.16,18,29,30 These observations notwithstanding, the current view of fH function,

supported by both clinical and animal modelling studies, is that it works principally as a

fluid-phase protein to prevent AP complement activation in the plasma as well as on the cell

surface (Fig. 3). The latter activity of fH is dependent on its C-terminal domains that bind to

surface deposited C3b in the context of host cell-specific polyanionic constituents (Fig.

3).31,32 The identity of the host cell components with which fH interacts has not been

positively identified, although heparin has been used frequently as a model ligand in in vitro

experiments and several studies have shown that fH can bind to glycosaminoglycans

expressed on the cell surface.33,34 Whatever the binding partner(s) may be, it is clear that fH

attachment to renal endothelial cells is essential to kidney health, particularly under

pathological conditions.32,35

Many of the kidney disorders that have been linked to complement can be attributed to

insufficient complement regulation, either as a result of regulator deficiency or dysfunction,

or due to exuberant AP complement amplification that overwhelms the normal regulatory

mechanisms.36–39 A few of these conditions are highlighted and discussed below.

Ischaemia-reperfusion injury

Ischaemia-reperfusion injury (IRI) is one of the most frequent causes of acute renal failure

(ARF) and can have devastating effects on kidney function. Not only does IRI contribute to

50% of intrinsic cases of ARF, but systemic illnesses such as congestive heart failure or

sepsis can also reduce renal blood flow and cause ischaemic injury.40 Transplant surgery

also involves IRI and can cause ARF from depressed blood flow during anaesthesia on top

of the inflammation from the ischaemic tissue being transplanted. When hypoxic conditions

exist (i.e. reduced blood flow), cell metabolism is impaired, which generates reactive

oxygen species and apoptotic signals.41 While ischaemia causes initial injury, the following

reperfusion is far more damaging. Upon restoration of blood flow, cells produce additional
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reactive oxygen species and cytokines as well as adhesion molecules to attract immune cells,

exacerbating tissue injury.41,42

Many studies have demonstrated that complement activation contributes to kidney IRI.43–45

The mechanisms by which complement is triggered during IR and the effectors that are

responsible for renal IRI remains to be fully elucidated, but loss or reduced function of

complement regulators are likely to play a role. Accordingly, patients with one or more of

their regulators deficient or defective may be at increased risk of suffering from IRI. In a

study of mice deficient in DAF and CD59, either alone or in combination, Yamada et al.

have shown that both regulators are important in preventing catastrophic renal IRI.46 Thus,

although DAF-deficient, but not CD59-deficient, mice were significantly more susceptible

to renal IRI than wild-type mice, DAF/CD59 double deficiency caused a much greater

degree of renal pathology and functional impairment, suggesting that CD59 deficiency in the

context of DAF deficiency exacerbated renal injury even though CD59 deficiency alone was

inconsequential.46 One of the consequences of ischaemia may be cell membrane disruption,

resulting in the transient loss of membrane regulators such as DAF and CD59. Both of these

proteins attach to the cell membrane via a GPI anchor and are known to be capable of

shedding from and reincorporating into the lipid bilayer of the cell membrane.47 Positional

and functional disruption of transmembrane regulators may also occur as has been shown for

mouse Crry during renal IR.48 It has been demonstrated that Crry, normally found on the

basolateral side of tubular cells along the basement membrane, was sequestered in the

tubular lumen upon ischaemic insult, allowing increased complement deposition and injury

on these cells.48 Additionally, changes in the cell membrane structural integrity and

exposure of neoepitopes may alter the binding kinetics of the fluid-phase complement

regulator fH, which can also impact on complement activation and renal IRI.49,50

Although both classical and lectin pathways have been implicated in IRI of other organs,

likely through binding of natural antibodies and MBL to neoepitopes exposed on ischaemic

cells, most animal modelling studies in mice have suggested that renal IRI is mediated by

the AP.43 Nevertheless, there is evidence that CP and MBL activation may be important

contributors to IRI in some cases of transplant rejection as renal biopsies from these patients

showed numerous deposits of C3d and C4d.51,52 Clinical studies have also shown that while

injury can decrease complement regulation in some cells, there are cases where inhibitor

expression actually increases in response to injury, which can offer enhanced protection

from complement-mediated injury.53–56 A recent study with patients experiencing allograft

rejection presented evidence that increased DAF expression correlated with increased

allograft survival.51 These studies highlight the relevance of complement regulator to renal

IRI and transplantation rejection.

Glomerulonephritis

Glomerulonephritis is one of the most common causes of chronic kidney disease and end-

stage renal failure in the world.57 It does not describe a single disease but rather a general

phenotype, characterized by glomerular inflammation and cellular proliferation, that

produces a number of clinical consequences such as haematuria, proteinuria and reduced

glomerular filtration.57 The disease can manifest as a symptom of systemic disorders such as
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lupus, Goodpasture’s syndrome (anti-glomerular basement membrane (GBM)

glomerulonephritis) and anti-neutrophil cytoplasmic autoantibody (ANCA)-induced

glomerulonephritis, or a kidney-specific condition as in membranoproliferative

glomerulonephritis (MPGN).58

Anti-GBM-induced glomerulonephritis is characterized by immune complex deposition

along the GBM. Often, these immune complexes contain autoantibodies against basement

membrane proteins such as type IV collagen and neutral endopeptidase.57 Depending on the

antigen, these autoantibodies can cause damage outside the kidney, such as lung damage in

Goodpasture’s syndrome, or trigger relapses post-transplantation as seen in Alport’s

syndrome.57 Many studies have shown that the complement system affects anti-GBM

glomerulonephritis in human patients by amplifying antibody-mediated injury through the

classical pathway and enhancing the inflammatory response through C5 activation.57–59 The

involvement of complement in this disease has also been corroborated by animal modelling

studies. The most commonly used experimental model is nephrotoxic serum nephritis, in

which IgG antibodies from another species are administered to mice, followed by an

injection of antiserum to mouse GBM (generated in the same species as first injection) to

cause immune complex deposition and glomerular injury. Initially, it was shown that

deficiency of C3 or C4 reduced renal disease,60 confirming complement’s contribution to

renal inflammation and injury. Subsequent studies using regulator-deficient mice

demonstrated that loss of DAF, Crry, fH and/or CD59 all exacerbated anti-GBM

glomerulonephritis,61–64 highlighting the relevance of complement control mechanisms in

autoimmune kidney injury.

As in anti-GBM nephritis, ANCA-associated glomerulonephritis is triggered by

autoantibodies. However, instead of the antigen being a component of the damaged tissue,

the antibodies recognize neutrophil components, usually myeloperoxidase (MPO) or

proteinase 3 (PR3).65,66 These antibodies activate neutrophils, which then attack the

surrounding vessels and tissues and lead to vasculitis and frequently pauci-immune

necrotizing crescentic glomerulonephritis.66,67 Several studies have demonstrated this role

of activated neutrophils in ANCA-associated glomerulonephritis in animal models using

anti-MPO or anti-proteinase 3 antibodies.67,68 Recently, complement activation, especially

the AP, has been implicated as a key step in the development of this disease. Initially, Xiao

et al. demonstrated that wild type or C4-deficient mice exhibited symptoms of ANCA-

associated glomerulonephritis while C5 or fB-deficient mice did not develop disease.65

Further investigation also demonstrated that this anti-MPO antibody-induced disease could

also be prevented by administering a C5 inhibitory antibody.69 The involvement of

complement is also supported by several clinical studies that showed the presence of

complement components in renal biopsies from ANCA-associated glomerulonephritis

patients.70,71 The mechanistic link between ANCA-induced neutrophil activation and

initiation of the AP complement system remains to be elucidated, and whether anti-

complement therapy might be effective clinically is yet to be established.

Unlike systemic causes of glomerulonephritis, MPGN is defined by mesangial cell

proliferation and double contours in the GBM from rapid expansion.72 Subendothelial or

intramembranous deposits in glomeruli cause these morphological changes, and the location
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and contents of these deposits distinguish the subclasses of MPGN.57,72 MPGN type I has

subendothelial immune complexes with C1q and is associated with classical pathway

complement activation.72,73 Some consider MPGN type III a subset of type I, as it has the

same features of type I with additional subepithelial deposits.72 MPGN type II, sometimes

called dense deposit disease, does not have immune complexes, but instead is identified by

electron-dense intramembranous deposits.74,75 MPGN is a rare disease, observed in USA

and western Europe in 2–7% of renal biopsies, but in certain populations of eastern

European, African and Asian descent it has been found in up to 30% of renal biopsies.73

Regardless of its incidence, the prognosis for MPGN is poor as treatments are limited and

often unsuccessful.

While type I MPGN has been linked to the classical pathway, type II MPGN is associated

with overactive AP complement activity,76 often due to the presence of an immunoglobulin

termed C3 nephritic factor that binds to the AP C3 convertase and delays its inactivation.72

Interestingly, many cases of MPGNII have also been documented where patients have

defective or deficient fH.77,78 Many MPGNII patients also have ocular drusen deposits,

which are linked to uncontrolled AP activity and age-related macular degeneration (AMD)

pathogenesis.75,78,79 Animal studies have confirmed the role of overactive AP activity in the

development of MPGNII. Both pigs with a natural mutation of fH80 and mice engineered by

gene targeting to be deficient in fH developed MPGN that resembled the human disease.64

fH knockout mice had low circulating levels of C3 but strong C3 and C9 deposition within

the kidney, especially along the capillary walls and mesangium in glomeruli.64 By 8 months

the fH knockout mice had spontaneously developed electron-dense deposits similar to those

seen in MPGNII patients.64 The fH-deficient mice were also more susceptible to kidney

damage when subjected to acute kidney injury by accelerated nephrotoxic serum nephritis.64

Subsequent studies demonstrated that renal injury was prevented in fH knockout mice that

were also C5-deficient or when given an inhibitory anti-C5 antibody, suggesting that

terminal complement activation contributes to the pathology.59 Interestingly, when fI KO

mice were generated they also showed low plasma C3 levels, indicating complement

consumption, but unlike fH knockout mice they did not develop MPGN.81 Furthermore,

fH/fI double deficient mice also failed to develop MPGN.81 Because fI converts C3b into

iC3b and C3d, these data suggest that the development of MPGN may depend more on the

forms of activated C3 generated by the AP.

Thrombotic microangiopathies

Thrombotic microangiopathies are a group of diseases characterized by thrombocytopenia,

microangiopathic haemolytic anaemia, and either impaired renal or neurologic function.82

Thrombotic thrombocytopenic pupura has varying degrees of renal impairment, but many

other organs can be affected, particularly the nervous system. Contrastingly, haemolytic

uraemic syndrome (HUS) is another disease in this category, but symptoms are largely

restricted to the kidney. There are two types of HUS, distinguished by the presence or

absence of diarrhoea caused by Shiga toxin-producing bacteria.82 Diarrhoea-positive, or D+

HUS, is the most common form of HUS and can usually be cured with antibiotics and

symptomatic treatment.82 On the other hand, diarrhoea-negative HUS, often referred to as

atypical HUS (aHUS), only makes up 5–10% of HUS cases but has a much poorer
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prognosis.83 Approximately 50% of aHUS patients progress to end-stage renal failure and at

least 25% of cases are fatal.84 It is still unclear what triggers aHUS episodes although it is

believed to be initiated by endothelial cell injury caused by infection or other exogenous

injury.35

While mutations in procoagulant proteins such as thrombomodulin have been found in some

aHUS cases,85 the majority of mutations found in aHUS patients have been with AP

complement proteins. A multitude of clinical studies over the last decade have demonstrated

that at least half of the familial cases of aHUS are caused by mutations in the complement

system that lead to uncontrolled AP activation.25,35,86 While a few cases have reported

mutations in C3 or fB that tend to produce aberrant C3bBb convertases more resistant to

inactivation,87–89 most mutations affect the function of regulatory proteins fH, fI and

MCP.35,90,91 In fact, the genes for these proteins are all located on the same region of

chromosome 1 (1q32), called the regulators of complement activation gene cluster,92,93

making the latter a ‘hot’ chromosomal spot for aHUS-related mutations. A few cases of

dysfunctional C4bp have also been reported,94 but interestingly DAF, another regulators of

complement activation gene, has not been linked to any aHUS patients to date.95 The

majority of mutations are found in fH (30%), while fI and MCP mutations account for 15%

and 10% of aHUS patients, respectively.25,83,91 Most fI and MCP mutations functionally

impair their ability to inactivate C3b, but surprisingly the majority of fH mutations are not in

the functional N-terminus; instead they cluster in the C-terminal domains (SCR 19-20) that

mediate fH binding to the cell surface.35,83 An additional population of aHUS patients (5%)

are characterized by the development of autoantibodies to fH that inhibit fH binding to host

cells.96 Recent studies have demonstrated that many of these autoantibody-positive patients

have deletion or alternative splicing of CFHR1 and CFHR3,97,98 two fH-related genes that

encode plasma proteins with 5 SCRs that have homologous C-termini with fH. These

findings suggest that lack of CFHR may play a role in fH autoantibody production and

aHUS pathogenesis.

Corresponding biochemical and animal studies have bolstered the clinical data and

reaffirmed the causal link between increased AP activity and the development of aHUS

symptoms. A number of in vitro studies with human fH have demonstrated that loss of fH

binding to cells (with intact fluid-phase complement-regulating activity) can cause

complement deposition, cell lysis and platelet activation, all characteristics of

aHUS.31,99–101 For example, a recombinant protein composed of the two C-terminal SCR

domains of human fH and lacking complement regulator function has been shown to

compete with native fH for cell binding and, when added to normal human serum, caused

AP-dependent erythrocyte lysis.31 The concept that impaired binding to host cells but

normal plasma AP complement-regulating activity of fH correlates with aHUS pathogenesis

is also supported by a murine model of aHUS.102 While, as discussed above, complete fH

deficiency led to depletion of plasma AP complement and the development of MPGN,64

transgenic expression in fH knockout mice of a truncated murine fH protein containing

SCR1-16, which lacks the ability to interact with host cells, partially restored plasma AP

complement activity.102 Instead of developing MPGN, by 8 weeks of age most of the

transgenic mice had spontaneously developed aHUS symptoms – significant haematuria and
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anasarca, low platelet blood counts and significant kidney tissue remodelling with thrombi

throughout the glomeruli.102 The development of this in vivo model of aHUS not only

confirmed complement’s contribution to aHUS pathology and shed light on the mechanism

of action of fH, but also created a valuable tool with which complement-focused therapies

can be tested.

COMPLEMENT-BASED THERAPEUTIC STRATEGIES FOR KIDNEY

DISEASE

The kidney diseases discussed above can be life-threatening and most have limited, often

unsuccessful, treatment options. Many patients with MPGN and aHUS experience recurrent

episodes that eventually lead to end-stage renal failure.40,57,84 Even when kidney transplants

are successful, diseases that are caused by systemic factors such as mutated fH, C3 and fB

can present again and the outcome is often fatal.72,103 In such situations, combined kidney

and liver transplantation may be the only way to correct the underlying defects, and success

with such an approach has been described in the literature but the high risk for adverse

events in such procedures makes this a less desirable option.104,105 By the same principle,

kidney transplantation may be an acceptable option for end-stage aHUS patients whose

diseases are attributable to mutations in the membrane regulator MCP.91,106 Given the well-

established role of complement in the pathogenesis of these kidney diseases, it is envisioned

that systemic or targeted local complement inhibition may represent a promising therapeutic

strategy. In this context, the recent approval and successful clinical application of a first-in-

class complement inhibitor Eculizumab, a humanized anti-C5 monoclonal antibody,107 for

treatment of the complement-mediated disease paroxysmal nocturnal

haemaglobinuria108–110 is particularly encouraging. Based on a number of animal studies in

which C5 deficiency or C5-blocking antibodies reduced renal injury,59,69,111 it may be

anticipated that Eculizumab will prove to be efficacious for some, if not all, complement-

mediated kidney disorders as well. Indeed, two case reports on the successful treatments of

paediatric aHUS patients with Eculizumab have already appeared in the literature112,113 and

clinical trials on the use of Eculizumab in aHUS are currently underway.114

Other complement-based therapeutic strategies include chemical and biological agents that

target additional complement components. A chemical inhibitor for C3aR and two

antagonists for C5aR, a cyclic hexapeptide and a recombinant C5a analogue, have been

developed and shown to effectively block anaphylatoxin-mediated inflammatory injury in a

variety in vitro and in vivo studies including models of renal IRI and transplantation.115–118

A synthetic peptide, named Compstatin, with potent human C3-inhibiting activity has also

been developed by phage display and shown to effectively shut down human complement

activation in several experiments including an ex vivo model of hyperacute rejection of

kidney xenotransplantation model.119–121 Compstatin is currently being evaluated in clinical

trials for the treatment of AMD, a disease that also implicates abnormal AP complement

activation.122 One of the concerns of targeting C3 with agents like Compstatin is that they

obliterate the complement system completely, potentially compromising host defence and

leaving the patients susceptible to infection. Because the AP complement is principally

involved in many of the complement-mediated diseases, efforts have also been made to
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develop inhibitors that target the AP only. For example, two anti-C3b mAbs that specifically

inhibit the AP C3 convertase with no activity on classical and lectin pathway complement

activation have been described recently.123,124

A third area of promising research for treating complement-mediated kidney injury is the

creation of soluble recombinant forms of complement regulatory proteins. Several studies

have shown that administering a soluble form of CR1 or Crry can reduce renal injury125,126

and such proteins have an extended half-life when fused to an Ig Fc domain.127 More

recently, strategies have been developed to target the recombinant protein to sites of injury.

He et al. targeted recombinant regulatory proteins to the kidney using an Ag-specific single

chain Ab fragment.128 In other efforts, the inhibitors were directed to sites of complement

activation with the design of a fusion protein consisting the C3d-binding domain of CR2 and

a regulatory protein partner, either Crry (CR2-Crry) or the SCR1-5 region of fH (CR2-

fH).129 In one study of MRL/lpr mice, which are prone to autoimmune glomerulonephritis

and vasculitis, CR2-Crry ameliorated disease symptoms compared with untreated mice.130

Studies with these recombinant proteins have also been performed for other diseases with a

strong AP component, including intestinal IRI and collagen-induced arthritis.129,131 These

studies demonstrated protection from disease when the complement-targeted fusion proteins

were administered, making them excellent candidates to test in additional renal disease

models.

CONCLUSION

It is clear that the complement system plays a detrimental role in many kidney diseases and

identification and validation of complement inhibitors may provide a promising avenue of

drug development for these disorders, which mostly lack effective therapies. The majority of

these conditions appear to be mediated by an overactive AP complement system, which can

result from mutations in membrane or fluid-phase complement regulators leading to

inadequate control of activation or from gain of function mutations in fB or C3 giving rise to

a more stable C3bBb enzyme complex. Although some of these diseases are rare in the

population, their studies have provided important insight to the pathogenesis of

complement-mediated tissue injury as well as new understanding of mechanisms of action

of complement regulatory proteins. These advances have also fueled many efforts to develop

targeted therapies for these disorders and it is likely that one or more complement-based

drugs for kidney diseases will reach the clinic in the near future. Given the fact that

complement-mediated kidney pathologies share characteristics with other common diseases

such as AMD and rheumatoid arthritis that have been linked to complement and for which

intense effort of drug development is also being made, continued translational studies in this

field may benefit other areas of investigation of complement biology and therapeutics and

vice versa.
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SUMMARY AT A GLANCE

When the complement regulatory mechanisms are dysfunctional or overwhelmed,

complement attack of autologous tissues can occur with severe, sometimes life-

threatening consequences. This cutting edge review describes recent advances on the

activation and regulation of the complement system in kidney disease, with a particular

emphasis on the relevance of complement regulatory proteins.
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Fig. 1.
Overview of the complement system. Activation can be initiated by one of three pathways:

classical (CP), mannose-binding lectin (MBL) or alternative (AP). C3 convertases cleave C3

into C3a and C3b. C3b (and further cleavage products) can act as opsonins; C3b also forms

additional C3 convertase or C5 convertases, which cleave C5 into C5a and C5b. C5b

initiates the terminal complement pathway involving C6, C7, C8 and C9 to form the

membrane attack complex (MAC) to cause lysis. C3a and C5a fragments are potent

anaphylatoxins that cause inflammation and recruit immune cells to site of injury.
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Fig. 2.
Mechanisms of complement regulation. (1) Decay-accelerating activity: DAF (or fH, CR1,

Crry) destabilizes C3 convertases and accelerates the dissociation of C3bBb (depicted) and

C4bC2a. (2) Cofactor activity: MCP (or fH, CR1, Crry) binds to C3b and serves as a

cofactor for fI-mediated cleavage and inactivation of C3b. (3) C1 complex inactivation:

C1INH binds to C1r and C1s to inactivate the C1 enzyme complex. (4) MAC inhibition:

CD59 inhibits C9 association with C5b-8 to prevent MAC formation.
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Fig. 3.
Structure and function of Factor H. (A) Schematic representation of fH functional domains.

Each SCR is shown as a filled circle. The four N-terminal SCR contain cofactor and decay-

accelerating activities while the two C-terminal SCR are primarily responsible for binding to

the host cell surface. (B) Factor H is a unique complement regulator as it inhibits AP

complement activity in the fluid-phase (1) as well as on the host cell surface (2). Only the

cofactor activity of fH is illustrated here.
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Table 1

Location and function of complement regulators in kidney

Name Mechanism of Action Sites of expression in kidney

Humans Rodents

CD59 Inhibits MAC complex formation Ubiquitous Ubiquitous

DAF (CD55) Decay-accelerating activity against C3
convertases

Ubiquitous Podocytes, endothelial cells

MCP (CD46) Cofactor for fI inactivation of C3 convertases Ubiquitous None (spermatozoa)

CR1 (CD35) Decay-accelerating and cofactor activity
against C3 convertases

Podocytes (and erythrocytes) None (B cells, DC)

Crry Decay-accelerating and cofactor activity
against C3 convertases

None (rodents only) Endothelium, mesangium, tubules

Factor H (fH) Decay-accelerating and cofactor activity
against AP C3 convertase

Plasma (binding sites on cells) Plasma; platelets*, podocytes* (also
binding sites on cells)

Factor I (fI) Protease for cofactor inactivation of C3
convertases

Plasma Plasma

C4bp Cofactor for fI inactivation of CP C3
convertase

Plasma Plasma

Adapted from reference.18

Asterisk (*) indicates the regulator also functions as an immune complex receptor on these cells.
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