
The complement system is comprised of more than 
30 fluid phase and cell-associated proteins that act in 
synergy when needed, to promote inflammation and 
damage invaders such as microbes or foreign cells1–3. 
Because of this capacity for tissue damage, there are 
many regulatory proteins that control complement acti-
vation and thereby downregulate complement-mediated 
damage. Individuals lacking complement proteins are 
rare, although polymorphisms of the proteins leading 
to altered functional activity as well as abnormalities 
of the complement control proteins are common. This 
is demonstrated by the recent discovery of strong asso-
ciations between polymorphisms in genes encoding 
complement components and regulatory proteins, and 
diseases such as atypical haemolytic uraemic syndrome 
and age-related macular degeneration (AMD)4. A major 
function of complement is to direct damage to cells, 
microbes and tissues that are identified as abnormal 
by a specific antibody. The development of antibodies 
to one’s own tissues, as occurs in many autoimmune 
diseases, may also lead to tissue-directed inflammation 
and tissue destruction due to complement activation. 

Although the importance of complement in the 
development of inflammation and in tissue damage in 
autoimmune diseases has been known for decades5, until 
recently, little attention has been directed at developing 
pharmaceuticals that interrupt or dampen complement-
mediated responses. The aim of this Review is to discuss 
some of the disorders in which complement is proven 
or thought to have a crucial pathogenic role and high-
light the various therapeutic complement-targeted 

approaches that have been proposed or are in develop-
ment. We focus only on those agents that show promise 
in clinical settings. More detailed information on some 
agents that may attract less attention today is provided 
by past reviews6–8.

Complement activation pathways
The complement proteins are important elements of the 
innate immune system that act in a cascade-like system to 
induce their physiological effects. Three main pathways 
for activation are recognized: the classical, alternative 
and lectin pathways (FIG. 1).

Classical-pathway activation. The classical pathway 
is usually triggered by the interaction of antigen and 
specific antibody of the correct isotype or subclass; 
immunoglobulin M (IgM), IgG3 and IgG1 are the most 
efficient activators of the classical pathway1–3. Certain 
microorganisms, DNA, C reactive protein, polyanionic 
molecules and apoptotic bodies can also directly acti-
vate the classical pathway. Complement activation leads 
to the generation of potent pro-inflammatory media-
tors such as complement proteins C3a and C5a, termed 
anaphylatoxins. Activation of the late-acting proteins 
leads to the deposition of the membrane attack complex 
(MAC; C5b–C9) on the target surface with penetration 
and polymerization of the terminal component, C9, into 
the lipid bilayer of a cell envelope. This generates 10 nM 
pores that cause death of certain target cells and micro-
organisms through disruption of the target membrane9 
(FIG. 1).
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Age-related macular 
degeneration
The principal cause of 
blindness in the elderly in 
industrialized countries.  
It is characterized by a loss of 
retinal pigment epithelium and 
photoreceptors, and deposits 
of proteins and lipids (drusen) 
or neovascularization.
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modulation
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Abstract | The complement system is an essential component of innate immunity that  
has been more recently recognized as an unexpected player in various pathological states. 
These include age-related macular degeneration, atypical haemolytic uraemic syndrome, 
allergy, foetal loss, and axonal and myelin degradation after trauma. Its importance has also 
been recognized in physiological processes including haematopoietic stem cell homing  
to the bone marrow, liver regeneration and modulation of adaptive immune responses. 
Although the complement system has long been known to be involved in autoimmune  
and inflammatory diseases, few agents that target the complement system are currently 
approved for clinical use. However, renewed interest in modulating this system in various 
pathological conditions has emerged, and several agents are now in development.
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Lectin pathway Alternative pathway activation. A far more ancient 
pathway of complement activation is termed the alter-
native pathway which, unlike the classical pathway, does 
not rely on antibodies for pathogen recognition1–3. The 
alternative pathway is initiated by the slow hydrolysis 
of circulating C3, which exposes an internal thioester 
group, a phenomenon referred to as ‘C3 tickover’. 
Binding of the alternative-pathway-specific proteins 
factor B, factor D and properdin to hydrolysed C3 or 
to the complement cleavage fragment C3b leads to 
further activation of C3. Cleaved C3 in the form of 
C3b can then interact with polysaccharides or pro-
teins on the surface of microorganisms or endotoxins 
(bacterial lipopolysaccharides) to initiate alternative-
pathway activation and generate the MAC, as occurs 
during classical pathway activation10 (FIG. 1). other 
activators of the alternative pathway include IgG and 
IgA immune complexes. Recent evidence suggests that 
properdin, in addition to stabilizing the C3 convertase  
in the alternative pathway, can initiate alternative- 
pathway activation on apoptotic cells and certain micro-
organisms through direct interaction with specific 
molecular patterns11.

Lectin pathway activation. A third pathway of comple-
ment activation, named the lectin pathway, was identi-
fied about 20 years ago12. It is triggered by the binding 
of a C-type lectin, mannan-binding lectin (MBl; also 
known as mannose-binding lectin) or a related series 
of proteins termed ficolins (l-ficolin, H-ficolin and 
M-ficolin)13, to terminal sugars as expressed on glyco-
proteins or envelope polysaccharides found on the 
surface of microorganisms. MBl and the ficolins are 
structurally related to C1q. In the circulation, these pro-
teins associate with MBl-associated serine protease 1 
(MAsP1), MAsP2 and MAsP3, and a truncated form 
of MAsP2 termed MAP19. Binding of the MBl–MAsP 
complex to the target organism leads to C4 cleavage by 
MAsP2 and C2 cleavage by MAsP1 and MAsP2, resulting 
in the generation of a C3 convertase similar to that of the 
classical pathway13 (FIG. 1).

Because all three complement activation pathways 
merge with C3b deposition on a target and C3b is an 
initiating factor of the alternative pathway, comple-
ment activation can be initiated by the classical or 
lectin pathway and amplified by the alternative path-
way. Furthermore, complement activation can occur 
in vivo in the absence of either C4 or C2 through the 
so-called bypass pathways14. Therefore, complement 
activation in vivo cannot simply be viewed as the sole 
result of any one of the three recognized pathways. 
under certain pathological conditions, it is likely that 
two or even all three complement activation pathways 
are solicited to induce inflammation and tissue dam-
age. However, in most cases it seems that the alter-
native pathway is responsible for most of the tissue 
damage10.

In addition to being the component at which all three 
activation pathways merge, C3 is a central molecule in 
the complement system as its cleavage products mediate 
numerous biological activities (BOX 1).

Figure 1 | complement activation pathways. Classical pathway: antibody binding 
to antigen allows for the noncovalent binding of the three-subunit component C1 
(composed of C1q and two chains of each C1r and C1s). C1q binds to the Fc part of 
immunoglobulin, and activation of C1 leads to cleavage of the C1r and C1s chains with 
resulting protease activity. Activated C1 cleaves C4 and C2 into large (C4b and C2a) 
and small (C4a and C2b) fragments, and the small fragments are released. C4b binds 
covalently to the target surface and C2a coordinates with C4b to form an enzymatic 
complex termed a C3 convertase with the ability to cleave the two-chain molecule C3. 
C3 is cleaved into a large fragment, C3b, which interacts with the target surface,  
and a small fragment, C3a, which possesses pro-inflammatory properties. Deposition 
of C3b on the target surface induces the formation of a C5 convertase (C4b2a3b) 
which cleaves C5 into C5b and C5a. Again, the larger fragment C5b binds to  
the target surface, whereas the smaller fragment C5a is released and has potent 
pro-inflammatory properties. C6, C7, C8 and C9 bind serially to the target surface, 
C5b, to form the membrane attack complex (MAC; C5b–C9). Alternative pathway:  
C3 in circulation undergoes slow-rate hydrolysis which exposes its internal thioester 
group. It then interacts with factor B (B) which is cleaved by the circulating protease 
factor D (D) to form an initiation phase C3 convertase (iC3Bb). The smaller fragment  
of factor B, Ba, is released. This C3 convertase cleaves additional C3 into metastable 
C3b. The exposed thioester group in metastable C3b can interact with nearby 
microorganisms. Factor B binds to microorganism-bound C3b and is cleaved into Bb 
and Ba by factor D to lead to an amplification phase C3 convertase (C3bBb). This C3 
convertase is stabilized by properdin (P), which increases its half-life, and cleaves 
additional C3 molecules. Deposition of further C3b molecules leads to the formation 
of a C5 convertase (C3b2BbP) that cleaves C5 into C5b and C5a. Deposition of C5b 
triggers the formation of the MAC. Lectin pathway: the lectin pathway is triggered  
by direct interaction of mannan-binding lectin (MBL) or ficolin with terminal 
carbohydrates found on microbial glycoproteins (mannose, N-acetyl-glucosamine  
and fucose). MBL-associated serine proteases (MASPs) (MASP2 having properties 
analogous to C1s) trigger cleavage of C4 and C2 to form a C3 convertase similar to 
that of the classical pathway (C4b2a) and activate complement in a manner similar  
to that seen during classical pathway activation. iC3, hydrolysed C3.
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Complement regulation
Although complement functions to damage microorgan-
isms or abnormal cells, complement activation can also 
damage host tissues due to the generation of potent pro-
inflammatory molecules, such as the anaphylatoxins  
and chemotaxins, and the formation of the MAC15.  
It must therefore be tightly controlled under normal  
physiological conditions to maintain homeostatic balance. 
To achieve this, many fluid-phase and cell membrane-
bound regulators exist, often with overlapping functions 
(FIG. 2).

Fluid-phase regulators. The only circulating inhibitor of 
C1, termed serping1 (also known as C1inh) is a serine 
protease inhibitor16. serping1 prevents C1 autoactivation 
in the fluid phase and also prevents initiation of classical-
pathway activation on antigen–antibody complexes 
when the antibody has low antigen affinity17 or interacts 
weakly with C1q18. serping1 also inactivates MAsP1 and 
MAsP2 of the lectin pathway. Moreover, serping1 may 
regulate the alternative pathway, possibly through an 
interaction with C3b19,20. serping1 also regulates the kinin 
and fibrinolytic pathways by interactions with activated 
factor XI, activated factor XII, kallikrein, tissue-type 
plasminogen activator and, to a lesser extent, plasmin16.

Proteolytic inactivation of the activated comple-
ment components C4 and C3 is carried out by factor I,  
a circulating serine protease that requires either C4b-
binding protein (C4BP), and factor H21 as co-factors 
for inactivation of C4b, and C3b and iC3b, respectively. 
Factor H is the main plasma regulator of the alternative 
pathway and accelerates the decay of the C3 convertase. 
Binding sites within the factor H molecule allow inter-
action with glycosaminoglycans and sulphated polysac-
charides for complement regulation on cell surfaces and in 
the extracellular matrix. Factor H-like protein 1 (FHl1), 
a truncated form of factor H, has factor I co-factor and 
decay-accelerating activities towards C3b and the alter-
native-pathway C3 convertase. Because of its ability to 
downregulate complement function, many microorgan-
isms have evolved structures to specifically bind factor H 
to their surface in an active form3,22. Inactivation of C3a 
and C5a is provided by carboxypeptidase N. s protein 
(also known as vitronectin) and clusterin (also known as 
apolipoprotein j) control the deposition of the MAC1.

Cell membrane-bound regulators. Complement is also 
regulated on cell surfaces1–3,23. Complement receptor 1 
(CR1; also known as CD35) acts as a co-factor for factor 
I-mediated cleavage of C4b and C3b, an activity that is 
shared by the membrane co-factor protein (MCP; also 
known as CD46). CR1 also displays decay-accelerating 
activity towards the C3 convertases of all three comple-
ment activation pathways, as does decay-accelerating 
factor (DAF; also known as CD55). Further regula-
tion of the MAC is provided by CD59. Two additional 
cell surface regulators have been recently identified. 
Complement regulator of the immunoglobulin super-
family (CRIg)24 and C2 receptor inhibitor trispanning 
(CRIT)25 have specific regulatory activities towards the 
alternative and classical pathways, respectively.

Box 1 | Central role of C3 in complement activation pathways 

C3 is central to the function of all three complement activation pathways and is present 
at 1.2 mg per ml. It serves multiple functions both in the afferent (antibody-inducing) 
and efferent (damage-mediating) arms of the immune response. For these reasons, it is 
under tight regulatory control. C3 circulates as a two-chain molecule, α and β, held 
together by multiple inter- and intra-chain disulphide bonds. Upon C3 cleavage by a  
C3 convertase, C3a is removed from the α-chain, exposing an intramolecular thioester 
bond (a). The resulting molecule, C3b, is metastable in that the exposed thioester 
group undergoes rapid nucleophilic attack. It can either be hydrolysed or can form an 
amide or ester bond with various acceptors on microbial or other surfaces. It triggers 
the complement cascade by binding C5 or by permitting further activation of the 
alternative pathway. Continuing activation of the various complement pathways by 
C3b may not be advantageous. C3b can interact with regulatory protein factor H to 
promote inactivation by protease factor I, leading to the loss of a small fragment  
from the a′ chain, C3f, and the formation of the inactive fragment iC3b (b). There are 
receptors for iC3b on phagocytes and dendritic cells, such as complement receptor 1 
(CR1), CR3 and CR4, that can mediate phagocytosis of microbes coated with this C3 
fragment. C3b itself can interact with CR1 on phagocytes to facilitate phagocytosis. 
Unlike iC3b receptors, this receptor is also present on B cells and has factor I co-factor 
activity to mediate further degradation of iC3b into C3dg, which interacts with CR2  
on B cells and dendritic cells, and the large fragment C3c, which is released (c). 
Degradation of C3dg into C3d, which remains bound to antigen, and C3g, which is 
released, is mediated by inflammatory proteases (d). C3d interacts with CR2 to 
modulate adaptive immunity to a specific antigen. Therefore, C3 can be harmful when 
improperly activated, but it mainly serves as a tag for elimination of pathogens and 
influences the fate of antigen-specific immune cell-mediated responses.
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Innate immune system
Innate immunity is said to  
be nonspecific, but many  
of its components, including 
complement, recognize 
pathogen associated molecular 
patterns (PAMPs) for initiation 
of a defence reaction.

Anaphylatoxins
Small peptides derived from 
C3 and C5 cleavage that 
promote inflammation by 
inducing leukocyte chemotaxis 
and increasing vascular 
permeability, among other 
activities.

Kinin pathway
Triggers the generation of 
bradykinin, a potent vasoactive 
peptide, upon activation  
of the contact system of  
the coagulation cascade.

Decay-accelerating activity
Shortening of the half-lives  
of convertases of the 
complement activation 
cascade by CR1 and DAF  
by accelerated dissociation  
of their components. 

Immunological memory 
The ability of the immune 
system to recognize and 
respond rapidly and vigorously 
to a specific antigen with which 
it has previously had contact.

Complement receptors
upon activation, proteolytic products of complement acti-
vation are recognized by specific receptors on cell surfaces  
that control cellular function3. For example, receptors spe-
cific to either the globular (gC1qR) or coll agen portion of 
C1q (C1qRp and cC1qR) are present on phagocytes and 
promote phagocytosis of C1q-coated particles. cC1qR, 
which is identical to calreticulin, is also termed the col-
lectin receptor as it binds MBl and surfactant protein 
A (sPA). CR1 has binding sites that reportedly recog-
nize C1q, C4b, C3b and iC3b. It is the principal immune 
adherence receptor on erythrocytes, allowing binding and 
bloodstream clearance of complement-coated immune 
complexes. Complement receptor 2 (CR2; also known 
as CD21) is mainly expressed on B cells and follicular 
dendritic cells. It recognizes degradation fragments of  

C3, such as C3dg and C3d, which are produced by  
further degradation of iC3b (BOX 1). CR2, complexed 
with CD19 and CD81, lowers the activation threshold of 
B cells upon interaction with specific antigen coated with 
C3d fragments. It is also important in transferring anti-
gen into lymphoid follicles. CR2 on follicular dendritic 
cells helps retain antigen in germinal centres of lym-
phoid organs and allows maintenance of immunological  
memory26. Complement receptor 3 (known as integrin 
aM (ITGAM) and CD11bCD18) is an adhesion molecule 
expressed on phagocytes that interacts with iC3b-coated 
target organisms to promote their elimination by phago-
cytosis. Complement receptor 4 (known as integrin b2 
(ITB2) and CD11cCD18) is a related adhesion molecule 
on phagocytes that exerts a function similar to ITGAM 
and is present mainly on dendritic cells. Receptors specific 

Figure 2 | Mechanisms of complement regulation. Fluid-phase regulators: the C1 inhibitor serping1 (also known as 
C1inh) serves as a substrate for the serine proteases C1r and C1s and forms two serping1–C1r–C1s complexes for full C1 
inactivation. Serping1 also inactivates mannan-binding lectin (MBL)-associated protease 1 (MASP1) and MASP2 in  
the lectin pathway, which are structurally and functionally related to C1r and C1s. C4b and C3b (and hydrolysed C3)  
are inactivated by proteolytic cleavage by factor I, which requires co-factor binding to C4b and C3b; the co-factors are 
C4b-binding protein (C4BP) for C4b and factor H for C3b. C4BP and factor H further accelerate the decay of the classical 
and alternative pathway C3 convertases C4b2a and C3bBb, respectively. Anaphylatoxin peptides C3a and C5a are 
inactivated by carboxypeptidase N (CPN), which removes a terminal arginine residue to reduce their pro-inflammatory 
activities. Regulatory proteins such as S-protein and clusterin bind the C5b–C7 complex to prevent insertion in the cell 
membrane and interfere with C9 polymerization. Cell membrane-bound regulators: complement receptor 1 (CR1; also 
known as CD35), expressed on erythrocytes, phagocytes, B cells and subsets of T cells, acts as a co-factor for factor I- 
mediated cleavage of both C4b and C3b. It also has decay-accelerating activity towards the C3 convertases of all 3 
activation pathways. Membrane co-factor protein (MCP; also known as CD46) is expressed on most cells and has cofactor 
activity for factor I-mediated cleavage of C4b and C3b. Decay-accelerating factor (DAF; also known as CD55) is also 
expressed on most cells and accelerates the decay of C3 convertases of all 3 activation pathways. CD59 (also known  
as protectin) interferes with C9 binding and polymerization. Present on macrophages and Kupffer cells, complement 
regulator of the immunoglobulin superfamily (CRIg) binds C3b and blocks both the C3 and C5 convertases of the 
alternative pathway. C2 receptor inhibitor trispanning (CRIT) binds C2 and prevents its cleavage by C1s, thus interfering 
with the generation of the classical-pathway C3 convertase.
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Opsonization
Coating of an organism with 
complement fragments that 
leads to recognition by specific 
receptors on phagocytes and 
elimination by phagocytosis.

 
Systemic lupus 
erythematosus
A prototypical autoimmune 
disease characterized by  
the presence of antibodies 
directed against intracellular 
antigens (for example, DNA) 
that form immune complexes 
causing inflammation at sites 
of deposition such as the skin, 
joints and kidneys.

Ischaemia–reperfusion 
injury
A condition that arises upon 
restoration of blood flow in  
an organ deprived of oxygen 
supply.

Hereditary angioedema
Condition that is manifested  
by recurrent episodes of skin 
swelling and abdominal pain; 
may be fatal if swelling affects 
the larynx.

for C3a (C3aR) and C5a (C5aR; also known as CD88) are 
present on various inflammatory cells and smooth muscle 
cells to promote an inflammatory reaction. They are also 
present on subsets of T cells and dendritic cells to regu-
late the adaptive immune response27. G protein-coupled 
receptor 77 (GPR77; also known as C5l2), recognizes C5a 
and its inactivated form, C5a desArg, but seems to down-
regulate rather than promote an inflammatory response28. 
CRIg binds C3b and iC3b and is involved in clearance 
from the bloodstream and phagocytosis of complement-
coated particles by macrophages29.

Roles of complement
Activation of complement serves three key physiologi-
cal roles2. First, complement controls infection by helping  
to eliminate microorganisms. Complement causes lysis 
of target organisms through insertion of the MAC into 
the cell membrane. It also facilitates elimination of 
microorganisms by opsonization and by promoting local 
inflammation with recruitment of phagocytes. second, 
complement is involved in waste disposal. Complement 
activation on immune complexes promotes their solubi-
lization and clearance from the bloodstream by transport 
on erythrocytes through an interaction with CR1. C1q 
interacts with the membranes of apoptotic cells to medi-
ate their efficient phagocytosis and destruction. Finally, 
complement is involved in the development of adaptive 
immune responses. Indeed, recent observations suggest 
that products of complement activation interact with 

receptors on dendritic cells, B cells and T cells, to regulate 
the immune response to an antigen, promote the forma-
tion of specific antibodies and maintain immunological 
memory26,27. It is therefore important to consider these 
roles when designing agents that interfere with com-
plement activation. Targeting of certain complement 
molecules might interfere with important physiological 
roles and induce potential deleterious effects, especially 
if long-term treatment is warranted.

Diseases associated with complement
Complement activation. Complement activation has 
been shown to occur in many pathological states, includ-
ing renal, vascular, neurological, allergic and infectious 
disorders1,10,30,31 (BOX 2). Although complement is clearly 
activated in subsets of patients with these diseases, 
because of the lack of effective complement inhibitors, 
its precise role is often unknown and animal models 
must be relied upon to determine the contribution of 
the complement proteins. In some cases, complement is 
activated systemically whereas in many others, comple-
ment activation occurs locally at the site of tissue injury. 
The triggering of complement activation by microorgan-
isms during sepsis is thought to have a role in systemic 
inflammatory response syndrome32. often, complement 
participates in disease by being activated by an abnormal 
antibody reacting against a self antigen. For example, in 
systemic lupus erythematosus, antibodies reacting with 
various intracellular and extracellular components 
form immune complexes that activate complement, 
causing tissue injury in the kidneys, skin or other tis-
sues33. Complement activation by autoantibodies is also 
seen in various renal, dermatological, neurological and 
rheumatological diseases1,3. Interestingly, molecules that 
undergo pathological alteration, such as prion proteins34 
and β-amyloid, can activate complement and cause tissue 
injury. The β-amyloid peptide, found in senile plaques in 
Alzheimer’s disease, can bind C1q and activate the clas-
sical pathway35. Ischaemia–reperfusion injury — as occurs 
in stroke, coronary bypass surgery, acute myocardial 
infarction, bowel infarction and organ transplantation 
— has an important complement activation component. 
upon reperfusion, ischaemic organs are subjected to an 
inflammatory reaction in which complement is activated. 
Complement activation, as detected by C4d staining in 
biopsies, is now viewed as an important marker of acute 
antibody-mediated rejection of organ allografts36. Recent 
studies show that complement synthesis and activation 
within the allograft contributes to the rejection process 
by regulating the local alloimmune response37.

Defective complement regulation. Complement regulation 
is known to be defective in various disorders (TABLE 1), 
the most carefully studied example being the serping1 
deficiency that is associated with hereditary angioedema 
(HAe)38. Paradoxically, it is the regulatory activities of 
serping1 towards the kinin-generating system and not 
the complement system that is considered to be key in 
HAe. Defects in factor H, the main regulator of the alter-
native pathway, are associated with type II membrano-
proliferative glomerulonephritis, atypical haemolytic 

 Box 2 | Diseases in which complement is activated 

renal
Lupus nephritis, membranoproliferative glomerulonephritis, membranous nephritis, 
immunoglobulin A nephropathy, goodpasture syndrome, post-streptococcal 
glomerulonephritis and atypical haemolytic uraemic syndrome

rheumatological
Systemic lupus erythematosus, lupus arthritis, rheumatoid arthritis, Sjögren’s 
syndrome, Behçet’s syndrome and systemic sclerosis

Neurological
Alzheimer’s disease, multiple sclerosis, myasthenia gravis, Guillain-Barré syndrome, 
cerebral lupus and stroke

infectious
Sepsis, viral infections, bacterial infections and fungal infections

vascular
Myocardial infarction and atherosclerosis

Pulmonary
Adult respiratory distress syndrome, chronic obstructive pulmonary disease and cystic 
fibrosis

Haematological
Haemolytic anaemia, paroxysmal cold haemoglobinuria and paroxysmal nocturnal 
haemoglobinuria

Allergic
Anaphylactic shock, allergy and asthma

Dermatological
Vasculitis, pemphigus, bullous pemphigoid, phototoxic reactions and psoriasis

other 
Inflammatory bowel disease, thyroiditis, cryoglobulinaemia, foetal loss, organ graft 
rejection and age-related macular degeneration
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Atypical haemolytic uraemic 
syndrome
Renal pathology manifested  
by a triad of microangiopathic 
haemolytic anaemia, 
thrombocytopaenia and acute 
renal failure. It can be sporadic 
or familial.

uraemic syndrome (aHus), AMD (the leading cause of 
blindness in the elderly in developed countries) and 
recently with HellP (haemolytic anaemia, elevated liver 
enzymes and low platelets, occurring during pregnancy) 
syndrome21,39. Defects in MCP are also associated with 
aHus40. Paroxysmal nocturnal haemoglobinuria (PNH) 
is a rare haematological condition that, among other 
manifestations, is associated with severe haemolytic anae-
mia41. This is caused by absence of CD59 expression in 
erythrocytes. It is noteworthy that PNH is not caused by 
an inherited specific deficiency in CD59, but rather by a 
mutation in the glycosyl phosphatidyl inositol cell mem-
brane anchor originating in haematopoietic progenitor  
cells that is associated with improper membrane binding 
of 20 cell membrane proteins, including the complement 
regulators CD59 and DAF. erythrocyte lysis results from 
improper complement regulation during events of comple-
ment activation (for example, infection, trauma, episodes 
of stress or normal C3 tickover).

Complement deficiency. Because of its crucial role in 
defence against microorganisms, defects in many of the 
complement proteins, although generally rare, may be 
associated with increased susceptibility to infection42,43. 
Deficiency in many of the classical and alternative-
pathway-specific components is associated with recur-
rent bacterial infections involving encapsulated Gram 

positive or Gram negative organisms. strikingly, defects 
in components of the MAC (C5–C9) are strongly associ-
ated with neisserial infections, highlighting the importance 
of the MAC in eliminating Neisseria bacteria. Defects in 
properdin and factor H are also associated with neisserial 
infections. The only exception to the rarity of complement 
component deficiency is a deficiency of MBl, a protein 
that is usually present in the circulation at a concentra-
tion of approximately 2 μg per ml44,45. It is estimated 
that approximately 5% of the general population has 
a homozygous mutation that leads to near total MBl 
absence, whereas around 30% of the population carries 
one of a number of heterozygous mutations that results 
in MBl levels that are approximately 10% that of nor-
mal values. MBl deficiency is associated with increased 
susceptibility to various upper respiratory tract infec-
tions, particularly during childhood. Moreover, MBl 
deficiency leads to increased susceptibility to infec-
tion in patients with co-existing immunodeficiency. 
Deficiencies in classical pathway-specific components 
C1, C4 and C2, in addition to susceptibility to bacte-
rial infection, are associated with increased prevalence 
of autoimmune disease, especially systemic lupus 
erythematosus33. 

It is now known that direct complement activation 
is one of the main clearance mechanisms of apoptotic 
bodies. It is thought that defective classical-pathway 
activation leads to the persistence of apoptotic cells in 
the circulation, exposure of intracellular antigens on 
apoptotic blebs and the generation of autoantibodies 
with subsequent pathogenic effects. Genetic defects 
and polymorphisms in genes that encode complement 
proteins, such as factor I, factor B, C3 and factor H-like 
protein 1, have been associated with aHus, suggesting that 
it is a disease of defective alternative-pathway activation 
and regulation46.

It is noteworthy that acquired complement deficiencies 
also lead to disease. For example, C3 nephritic factor, an 
autoantibody directed against the alternative-pathway 
C3 convertase, stabilizes the convertase and promotes 
uncontrolled complement activation. It is associated 
with type II membranoproliferative glomerulonephritis  
and partial lipodystrophy47. An autoantibody against 
C1q is thought to cause hypocomplementemic urticarial 
vasculitic syndrome and is seen in some patients with 
systemic lupus erythematosus who present with nephritis.  
Autoantibodies directed against serping1, as seen in 
some patients, often with B cell or other malignancies or 
rheumatological disorders, cause angioedema by inter-
fering with the regulatory function of serping1 (REF. 48). 
similarly, autoantibodies to factor H have been shown 
to cause aHus49.

Currently used complement inhibitors
Given that the complement proteins and regulators were 
identified, isolated, sequenced and in some cases syn-
thesized decades ago and that the complement enzymes 
have been studied in detail, it is perhaps surprising that 
only three agents that regulate or inhibit complement 
function are approved for clinical use (TABLE 2). only one 
of these agents, eculizumab (soliris; Alexion), targets 

Table 1 | Diseases associated with defective complement regulation

Defective 
or deficient 
protein

Diseases Mechanism refs

C1 inhibitor Hereditary angioedema Unregulated bradykinin 
generation

48

C4b-binding 
protein

Angioedema, Behçet-like 
syndrome

Unclear 118

DAF and 
CD59

Paroxysmal nocturnal 
haemoglobinuria

Unregulated MAC deposition 
on erythrocytes

41

Factor H Type II membranoprolifer-
ative glomerulonephritis 

Unregulated alternative 
pathway activation in the 
kidney

119 

Bacterial infections C3 deficiency secondary to 
lack of C3 regulation in the 
circulation

120

Atypical haemolytic 
uraemic syndrome

Unregulated alternative 
pathway activation in the 
kidney

40, 119

Age-related macular 
degeneration

Unregulated alternative 
pathway activation in the eye

121

Factor I Bacterial infections C3 deficiency secondary to 
lack of C3 regulation in the 
circulation 

120

Atypical haemolytic 
uraemic syndrome

Unregulated alternative 
pathway activation in the 
kidney

122

MCP Atypical haemolytic 
uraemic syndrome

Unregulated complement 
activation in the kidney

40, 122

DAF, decay-accelerating factor (also known as CD55); MAC, membrane attack complex;  
MCP, membrane co-factor protein.
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Hyperacute rejection
This occurs within minutes  
of revascularization of the 
organ graft and is caused  
by complement-activating 
pre-formed antibodies reacting 
against endothelial cells.  
By contrast, acute rejection 
occurs within the first weeks 
following transplantation 
because of elicited antibodies.

specific complement proteins, whereas serping1 and 
intravenous immunoglobulin (IvIg) not only show com-
plement-regulating activity but also target physiological 
systems other than complement. FIGURE 3 shows sites of 
action of complement inhibitors.

C5-specific antibody. eculizumab is a monoclonal 
antibody specific for C5 that effectively inhibits C5a 
generation and MAC formation50. This antibody was 
humanized to contain the mouse complementary deter-
mining regions that react with human C5, combined 
with a human IgG2–IgG4 hybrid that neither binds Fc 
receptors nor activates complement. It has been shown 
to be safe in patients with rheumatoid arthritis, systemic 
lupus erythematosus, myocardial infarction and mem-
branous nephritis, as well as those who have undergone 
coronary artery bypass surgery. eculizumab is currently 
approved for the treatment of PNH41,50, in which it mark-
edly reduces intravascular haemolysis, the need for trans-
fusion support and patient fatigue41. Despite an increased 
risk of neisserial and possibly other infections, patients 
treated with eculizumab so far have not shown markedly 
increased infectious complications50. A single-chain ver-
sion of the C5-specific humanized monoclonal antibody, 
termed pexelizumab, is short-acting and was tested in 
acute myocardial complications following ischaemic 
heart disease. A meta-analysis reported no increased 
benefit of C5-specific antibody treatment despite a 26% 
decrease in the risk of death following coronary artery 
bypass surgery51. Interestingly, eculizumab was recently 
shown to be efficient in preventing acute antibody-
mediated rejection of kidney allografts as an adjunct to 
standard immunosuppressive therapy52,53. Furthermore, 
eculizumab was shown to be effective in treating atypi-
cal haemolytic uraemic syndrome in two patients, one 
of whom had mutated complement regulatory proteins 
and one of whom did not54,55. In addition, a case of 
transfusion-dependent cold agglutinin disease success-
fully treated with eculizumab was recently reported56. 
eculizumab will certainly be exploited for the treatment 
of other diseases with a complement activation compo-
nent such as AMD and asthma, for which a nebulized 
formulation of eculizumab was reported to be under 
development57.

C1 inhibitor. Concentrates of serping1 isolated from 
human plasma have been used for many years in europe 
for the treatment of HAe. HAe is an autosomal dominant 
disease due to partial deficiency in serping1 and uncon-
trolled kinin system activation leading to generation of 
the potent vasoactive mediator bradykinin16,48. Recently, 
a serping1 concentrate termed Cinryze (viro Pharma) 
was approved in the united states for the prophylaxis 
of HAe in adolescents and adults58. It is known that 
supraphysiological levels of this protein may down-
regulate complement activation, but there have been 
few systematic studies of its use in diseases other than 
HAe. To date, serping1 concentrates have been used in 
humans for the treatment of sepsis. However, despite 
improvement in renal and multiple organ function, no 
survival benefit was noted59. Complement activation by 

tissue-specific antibody is thought to be involved in both 
hyperacute rejection in xenotransplantation models and 
acute humoral rejection of organ allografts, and serping1 
was shown to be effective in preventing complement-
mediated tissue damage in a number of animal models 
of transplantation60. It was also shown to reduce capillary 
leakage in recipients of lung transplants61. Ischaemia–
reperfusion injury, as occurs in myocardial infarction 
requiring coronary artery bypass surgery, presents with 
an inflammatory reaction in which complement activa-
tion participates. Clinical studies of the use of serping1 
in myocardial infarct have suggested improvement in 
various cardiac parameters, as well as reduction in infarct 
size, warranting further studies62–64.

The recent findings that the carbohydrate moieties 
of serping1 can interact with e-selectin and P-selectin 
on leukocytes and endothelial cells, and extracellular 
matrix proteins such as type Iv collagen and laminin, 
suggest that serping1 could be useful in a number of 
inflammatory diseases60. Now that the purified protein 
is available in large quantities and is approved for use in 
patients with HAe, it is likely to be tested for efficacy 
in a number of inflammatory conditions. A challenge 
with the use of purified serping1 is its short half-life. 
The current preparations are approved for intravenous 
administration and must be given every 3–4 days in 
HAe. sustaining elevated plasma levels of serping1 may 
prove difficult, and it is therefore unlikely to be used for 
chronic conditions. 

IVIg. IvIg is prepared from the plasma of thousands of 
blood donors and contains a high content of polyspecific  
IgG. It is given at a high dose (1–2 g per kg) and is 
approved for the treatment of autoimmune diseases 
such as Kawasaki disease and idiopathic thrombocyto-
penic purpura65. However, it has also shown consider-
able effectiveness in a number of other neurological, 
haematological, dermatological and rheumatological 
autoimmune diseases66. Its mechanism of action in 
therapeutic situations is unclear. However, IvIg inhib-
its complement deposition on targets, particularly 
when activation is triggered by antibodies through the 
classical pathway. It is thought that, because IgG is an 
excellent acceptor of activated complement proteins, 
IvIg acts to intercept the activated complement pro-
teins C3b and C4b before they have an opportunity to 
bind to targets67. Complement inhibition is reported 
to be its mechanism of action in dermatomyositis68. 
Furthermore, it was recently proposed that IvIg acts 
as a scavenger for anaphylatoxins C3a and C5a, thereby 
reducing the inflammatory reaction induced by com-
plement activation69. Interestingly, it has recently been 
shown in a mouse model that IvIg treatment, through 
its proposed complement-modulating activity, could 
significantly reduce infarct size following cerebral 
ischaemia–reperfusion as seen in patients who have 
had a stroke70. It must be stressed that IvIg has been 
shown to inhibit the action of many cytokines and that 
its use in humans is not aimed at inhibiting complement 
activation per se but rather at controlling autoimmune 
phenomena based on empirical observations.
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Agents under development
Given the increasing recognition of the part that com-
plement plays in many diseases, a number of promising 
agents are currently under development, some of which 
are being tested in clinical trials (TABLE 2).

Complement regulatory proteins. Approximately two 
decades ago, investigators succeeded in synthesizing a 
soluble form of CR1 lacking the intracellular and trans-
membrane portions of the molecule (termed sCR1 or 
TP10)71. CR1 is an attractive molecule for complement 
regulation as it possesses both factor I co-factor activity 
and decay-accelerating activity, and inhibits proteins 
and convertases of all complement pathways. sCR1 was 
extensively tested in many animal models of disease and 
was reported to be effective8. However, despite efficient 
complement inhibition in patients undergoing cardiac 
surgery on cardiopulmonary bypass, improvement of 
primary clinical end points was observed in some male 
patients, but not in female patients72. Promising results 
were seen in adults undergoing lung transplantation and 
children undergoing cardiopulmonary bypass surgery73. 
However, sCR1 has never become part of the clinical 
armamentarium, even after modification of its struc-
ture to add a sialyl lewis X sugar to target e-selectin 
expressed on endothelial cells in inflammatory sites57. 
The reasons for this are not entirely clear, but one reason 
might be that this extended rod-shaped molecule has 
a short half-life in the circulation. Failed recent studies 
in a non-human primate model of cerebral ischaemia–
reperfusion injury showed that successful investigations 
of sCR1 and sCR1–sialyl lewis X in small animal models  
may not always translate into clinical success74. It is note-
worthy that sCR1, when linked to blood group antigens, 
could be used in transfusion medicine to prevent or treat 

complement-induced immune haemolysis75. A truncated 
version of sCR1, termed APT070, was shown to reduce 
post-ischaemic damage of kidney grafts and prolong 
graft survival in rats76. However, it has not yet entered 
clinical trials53.

other naturally occurring complement regulatory 
proteins have also been synthesized for use as thera-
peutic agents. For example, soluble forms of MCP, DAF 
and CD59 have been produced and shown to be effec-
tive in blocking complement activation and improving 
the outcome in several disease models6. However, these 
agents show lower potency than the parent molecules. 
A fusion protein containing both MCP and DAF, called 
complement activity blocker 2 was generated and shown 
to be effective in animal models. To extend the half-life 
of soluble forms of complement protein inhibitors, genes 
encoding regulatory molecules are fused with the gene 
encoding the Fc portion of IgG. examples include both 
MCP and DAF, which show increased bioavailability77. A 
rodent-specific complement regulatory protein, CRRy, 
has both factor I cofactor activity and decay-accelerating 
activity and was produced by recombinant technology as 
a soluble complement regulator. Again, this agent, fused 
with IgG Fc to extend its half-life, was shown to be effi-
cient in a number of animal models of disease78,79. CRRy  
is immunogenic in humans and is unlikely to become a 
major agent for human use. 

An inhibitor of the alternative pathway with similar 
function, containing the binding site for C3 breakdown 
products of CR2 and the amino-terminal portion of 
factor H containing its C3 inhibitory activity (termed 
TT30) was constructed80. This inhibitor targets sites 
of complement-mediated inflammation in which C3 
breakdown products are already deposited. It was shown 
to efficiently block complement activation and to protect 

Table 2 | Agents approved for therapeutic intervention or currently in clinical trials

Agent 
(company)

Description Mode of action status (indication) 

Cinryze  
(Viro Pharma)

Serping1 
concentrate

Controls bradykinin 
generation

Approved for prophylactic treatment (hereditary 
angioedema in adults and adolescents)

Berinert  
(CSL Behring)

Serping1 
concentrate

Controls bradykinin 
generation

Approved in Europe and in the United States for acute 
treatment (hereditary angioedema)

Rhucin 
(Pharming)

Recombinant 
human Serping1

Controls bradykinin 
generation

Awaiting approval in the United States for acute 
treatment (hereditary angioedema)

Eculizumab 
(Alexion)

Humanized 
C5-specific 
antibody

Blocks C5 activation  
(long-lasting)

Approved (PNH); clinical testing reported in aHUS,  
treatment of acute antibody-mediated renal allograft 
rejection and cold agglutinin disease

TNX-234 
(Genentech)

Humanized 
factor D-specific 
antibody

Inhibits alternative-
pathway activation 

Phase I trials (age-related macular degeneration)

POT-4  
(Potentia)

Cyclic peptide 
(13 residues)

Blocks C3 activation Phase I trials completed (age-related macular 
degeneration)

PMX-53  
(Arana)

Cyclic 
hexapeptide

Blocks C5a binding 
to C5aR

Phase II trials completed (rheumatoid arthritis and 
psoriasis) 

rhMBL  
(Enzon)

Recombinant 
human MBL

Restoration of lectin 
pathway activity

Phase Ib trials (MBL deficiency in high-dose 
chemotherapy, progenitor and stem cell 
transplantation, and  liver transplantation)

aHUS, atypical haemolytic uraemic syndrome; C5aR, C5a receptor: MBL, mannan-binding lectin; PNH, paroxysmal nocturnal 
haemoglobinuria.
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against intestinal ischaemia–reperfusion injury in mice. 
The human forms of the proteins would not be immuno-
genic in man. TT30 is in preclinical development for 
use in AMD, aHus and autoimmune diseases. Another 
fusion protein containing the C3d-binding site of CR2 
and a humanized antibody fragment directed against 
factor B (termed TA106) is also in preclinical develop-
ment for AMD, aHus and asthma. However, despite 
encouraging results in animal models, these agents have 
not yet entered clinical investigation. 

With the discovery of a new complement receptor or 
regulatory molecules of the alternative pathway, termed 
CRIg, a soluble fusion protein containing the Fc portion 
of IgG was created and shown to reverse inflammation 
and bone destruction in a murine model of arthritis81. 
This agent is likely to be explored further as a poten-
tial therapeutic agent. As noted above, an approach to 
improving the potency of soluble complement regula-
tory molecules is to fuse them with CR2. This allows 
targeting of cells already opsonized with C3 fragments 
and further regulation of complement activity. This has 
been carried out for DAF, CD59 and CRRy with demon-
stration of complement regulatory activity at inflamma-
tory sites82,83. Whereas CR2 has only limited complement 
regulatory activity, when attached to antigen it shows 
impressive B cell-activating activity. As such, it is an 
important bridge between innate and adaptive immunity. 
C3d-coated antigens recognized by B cells elicit more 
potent specific antibody responses than free antigen and 
allow better maintenance of immunological memory. 
vaccination with gene constructs of specific antigens 
from infectious agents coupled to multiple copies of C3d 
have been reported84,85. Results varying from increased  
antibody response to elimination of the antibody response 
were observed, depending on the model used. This reflects 
differences in immune responses elicited by different anti-
gens despite a common C3d tag.

Another interesting approach is to couple antigen  
to an antibody directed against CR2. In mice and cyno-
molgous monkeys, this approach triggers strong res-
ponses to antigen, suggesting potential utility in vaccine  
development86.

Monoclonal antibodies. In addition to the C5-specific 
antibody eculizumab, several other antibodies to com-
plement proteins have been developed. The advantages 
of such antibodies are their extended half-life compared 
with other molecules and the possibility of large-scale 
production. Interestingly, an antibody to C5 that recog-
nizes the C5a epitope within C5, without blocking C5 
cleavage during activation, was generated87. This anti-
body (known as TNX-558) blocks C5a interaction with 
the C5a receptor CD88, thereby interfering with the 
inflammatory response but without affecting comple-
ment activation on a target pathogen per se57,87. other 
antibodies are also in development for potential applica-
tions in human disease57. of these, antibodies blocking 
the activities of factor D (termed TNX-234), factor B and 
properdin of the alternative pathway may prove useful. 
TNX-234 is now undergoing Phase I clinical trials for 
AMD88. Factor B-specific antibodies were shown to be 

quite efficient in reducing tissue damage and inflamma-
tion in mouse models of ischaemia–reperfusion injury89, 
traumatic brain injury90 and asthma91, among others. 
using phage display technology, an antibody that spe-
cifically binds C3b was recently produced. It was shown 
to block factor B and C5 binding to C3b, thereby demon-
strating potent alternative-pathway-modulating activity92. 
This antibody, developed by Genentech, is likely to be 
explored as a therapeutic agent. Furthermore, an anti-
body to the C5a receptor called neutrazumab is under 
development for the treatment of rheumatoid arthritis 
and stroke57.

Small molecules. Recombinant technology using RNA 
nucleotides can be used to construct molecules that 
block complement function. The effective oligonucleo-
tides are formed by recombinant technology, and a 
sequential panning procedure is used to enrich for mol-
ecules that bind increasingly well to the target binding 
site. Nucleotides are chosen with bonds that are difficult 
to cleave by plasma RNAses. These ‘aptamers’ are small 
and can be potent. An aptamer inhibitor of human C5 
was developed one decade ago93. It has recently been 
pegylated to improve its pharmacodynamic properties 
and seems to be aimed at clinical development for coro-
nary artery bypass surgery and AMD57.

using combinatorial phage-display library screening, 
a 13-amino-acid cyclic peptide was found to specifically 
bind C3 and prevent its cleavage94. This peptide was 
named compstatin and seems to interfere with com-
plement activation by blocking the access of C3 to the 
C3 convertases95. Compstatin is specific to primate C3 
but has been shown to be a potent blocker of comple-
ment activation in some animal models of disease, such 
as xenograft rejection, extracorporeal circulation and 
heparin–protamine complex-induced inflammation, 
which is thought to occur in heart surgery. A compstatin 
derivative, termed PoT-4, has completed Phase I clinical 
trials for AMD and is expected to enter Phase II clinical 
trials by the end of 2009.

Receptor antagonists. upon complement activation, 
small peptides derived from C3 and C5 cleavage, C3a 
and C5a respectively, are generated. These have ana-
phylatoxin properties and are strong inducers of inflam-
mation. They attract leukocytes to sites of inflammation, 
induce smooth muscle cell contraction and promote the 
release of vasoactive substances such as histamine and 
serotonin from mast cells15,28. However, cells other than 
those of haematopoietic origin, such as microglial cells 
in the nervous system and Kupffer cells in the liver, 
also respond to C5a28. High levels of C5a are found in 
various human diseases, including rheumatoid arthritis,  
ischaemia–reperfusion injury, asthma and allergy, 
atherosclerosis, graft rejection, glomerulonephritis and 
systemic lupus erythematosus28 .Therefore, targeting 
C5a might prove useful in numerous diseases. Peptides 
with antagonistic properties toward the C5a receptor 
have been developed as potential therapeutic agents. of 
these, a product termed PMX53 is a cyclic hexapeptide 
that exhibits strong inhibitory activity toward the C5a  
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Cell homing
The process by which 
haematopoietic stem and 
progenitor cells are contained 
within the bone marrow  
and travel to this site when 
transplanted.

receptor CD88 but has a negligible effect on the activity of 
the C5a receptor C5l2. PMX53 was shown to be potent 
at inhibiting inflammation in animal models, and safe 
when administered orally and topically in patients 
with rheumatoid arthritis and psoriasis, respectively96. 
However, it was recently reported to be ineffective at 
reducing synovial inflammation in a double-blind, 
placebo-controlled study in patients with rheumatoid 
arthritis, despite the detection of biologically active levels  
in serum97. PMX53 has a short half-life of 70 minutes and 
is susceptible to proteolytic cleavage. Arana Therapeutics 
recently announced it had discontinued clinical devel-
opment of PMX53 for AMD. However, preclinical 
studies for indications such as osteoarthritis are under 
way. other peptidomimetics and organic molecules are 
being developed as C5a receptor antagonists, such as 
jPe-1375 and jsM-7717, which have yet to be tested 
in clinical studies57. Targeting of the C3a receptor has 
attracted only limited attention and agents have not 
entered clinical trials, although experiments in animals 
were carried out6. C3a–C3a receptor interactions are 
thought to be important in mediating airway hyper-
responsiveness and causing mucus secretion98. This has 
recently also been shown in mice99,100 and in patients 
with allergic asthma101. However, the C3a receptor 
antagonists that are presently available require further 
development as on binding to the receptor they may 

exert some agonist activities102. Another potential appli-
cation of C3a receptor antagonists could be in stem cell 
transplantation. A source of stem and progenitor hae-
matopoietic cells for transplantation in some patients 
comes from treatment of donors with the growth factor 
granulocyte colony-stimulating factor (G-CsF), which 
induces the egress of stem and progenitor cells from the 
bone marrow microenvironment into blood, a process 
called mobilization. some patients are ‘poor mobilizers’ 
under standard treatment modalities. experiments in 
mice have shown that C3a–C3a receptor interactions 
within the bone marrow participate in stem and pro-
genitor cell homing in the bone marrow103. Disruption of 
this interaction promotes cell mobilization. one might 
anticipate an advantage of C3a receptor antagonists in 
patients identified as poor mobilizers.

Animal proteins. Many molecules that activate comple-
ment but are not easily inhibited by the normal com-
plement control proteins have been isolated. About a 
century ago, cobra venom factor (CvF) was isolated 
and shown to be a potent complement activator. CvF 
is a cobra analogue of C3 that acts like C3b in activat-
ing complement but it is not inhibited by the natural 
inhibitors, factors H and I104. Although CvF was used 
in a large number of animal models to demonstrate the 
role of complement in disease, the protein itself is not 

Figure 3 | site of action of complement inhibitors. Agents that control complement activation, currently in use  
or in development, target various steps in the complement activation cascade. Some are based on naturally occurring 
regulatory proteins (soluble complement receptor 1 (sCR1), soluble membrane co-factor protein (MCP) , soluble 
decay-accelerating factor (sDAF), soluble CD59 (sCD59), Serping1 and factor H (fH)–CR2 construct), whereas others have 
been developed to target specific proteins (antibodies or synthetic peptides such as antibodies specific for C5 and C5a, 
compstatin and C5a receptor (C5aR) antagonists). In many cases IgG Fc fragment proteins have been fused to MCP and 
DAF to slow the rate of metabolism. Intravenous immunoglobulin (IVIg) action on the complement system is well 
documented but may not be the mechanism by which effective therapy for autoimmune disorders might be achieved.
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Regulator of complement 
activation protein family
These include factor H, C4BP, 
DAF, MCP, CR1 and CR2. They 
share a common structure 
consisting of a number of 
repetitive units of 60 amino 
acids called short consensus 
repeats, or complement 
control protein modules,  
which contain binding sites  
for activated complement 
proteins.

useful in treatment because its powerful immunogenic-
ity prevents its continuing activity. It is noteworthy that 
CvF, when administered to some animals, can cause a 
systemic inflammatory reaction that leads to circulatory 
collapse and pulmonary shock105. Nevertheless, a recent 
resurgence of interest in CvF has led to the development 
of CvF–human C3 hybrid molecules that retain CvF 
complement-depleting activities106. With the creation 
of less immunogenic molecules, CvF–C3 hybrids, by 
depleting complement, might become interesting thera-
peutic agents in preventing reperfusion injury.

Microbial inhibitors. several microorganisms have 
evolved complement evasion mechanisms for survival 
purposes. some viruses and bacteria express unique 
molecules that regulate complement activation or its 
biological effects. Mechanisms through which microor-
ganisms evade complement attack include: expression of 
molecules that inhibit complement proteins, convertases 
or receptors; recruitment of host complement regulatory 
proteins; proteolytic degradation of complement pro-
teins; and expression of molecules that mimic human 
complement regulatory proteins107. Development of new 
complement-targeting therapeutics can be based on a 
thorough understanding and characterization of these 
microbial complement regulators. one such example is 
Staphylococcus aureus, which expresses multiple com-
plement-regulating proteins. Chemotaxis inhibitory 
protein of S. aureus is an antagonist of the C5a receptor. 
staphylococcal complement inhibitor binds classical and 
alternative pathway C3 convertases, thereby interfering 
with C5a generation. extracellular fibrinogen-binding 
protein and extracellular complement-binding protein 
bind C3b and block cleavage of C3b-containing conver-
tases, namely the alternative pathway C3 convertase and 
C5 convertases of all complement activation pathways108. 
Two soluble proteins, produced by variola (variola virus 
complement control protein) and vaccinia (smallpox 
inhibitor of complement enzymes) viruses, demonstrate 
complement-regulating activities. Both proteins are 
structurally related to the human regulator of complement  
activation protein family and possess factor I co-factor activity  
towards C3b and decay-accelerating activity towards 
C3 convertases107. They have been used in complement-
dependent inflammatory response models109 and their 
mechanisms of action are being investigated110. Although 
these proteins are potentially immunogenic, a structural 
insight into their functions may help develop potential 
drug candidates for therapeutic purposes.

Replacement therapy. As noted, serping1 replacement 
therapy has long been used in HAe48. over the years, a 
number of patients have been treated with individual 
complement proteins to replace deficient proteins in 
acute situations. For example, C3-sufficient blood was 
used to treat persistent fever in a C3-deficient patient111. 
In animals, such replacement of an absent protein regu-
larly induces antibody formation. Nevertheless, infusion 
of plasma-derived MBl was reported to be successful in 
treating one child with MBl deficiency and recurrent 
infections112. A recombinant form of MBl that retains 

activity was shown to be well tolerated and is presently in 
clinical trials in patients with MBl deficiency undergoing 
high-dose chemotherapy, progenitor and stem cell trans-
plantation or liver transplantation113. However, the role of 
MBl deficiency in these clinical settings is still debated 
and its usefulness as a therapeutic agent awaits further 
clinical investigation114. Moreover, its use in patients with 
a complete deficiency could lead to antibody formation 
and an anaphylactic response. A recombinant factor H 
molecule (termed rhCFH) is currently under preclinical 
development for the treatment of AMD, aHus and dense 
deposit disease (type II membranoproliferative glomeru-
lonephritis), and possibly aimed at patients with factor H 
defects that lead to disease.

Conclusions
The role of complement in many autoimmune and 
inflammatory diseases has been known for decades. 
Many therapeutic agents used in the treatment of various 
diseases, such as captopril (an antihypertensive drug), 
prednisolone (a steroidal anti-inflammatory drug) and 
heparin (an anticoagulant) inhibit complement acti-
vation but cannot be used as complement inhibitors 
in therapy because of their lack of specific activity115. 
Agents that inhibit specific complement components 
are required for targeted efficacy. surprisingly, only two 
agents are currently approved for clinical use for narrow 
indications (HAe and PNH), but disorders of comple-
ment regulation, such as aHus and AMD, have led to 
a resurgence of interest in complement-directed thera-
peutic drugs. unfortunately, early studies indicate that 
some complement-targeting drugs may not be as potent 
in clinical situations as expected from animal models. 
However, successful use of eculizumab in aHus, anti-
body-mediated acute renal allograft rejection and cold 
agglutinin disease, although still anecdotal, indicate that 
targeting complement is a promising strategy in many 
clinical situations.

A major challenge in developing potent therapeutic 
complement inhibitors is the need to fully elucidate the 
exact role of complement in various immune-mediated 
diseases. As more than one activation pathway may 
participate in disease manifestations, complement 
modulation will either have to target multiple steps in 
the activation cascade or a common step that prevents 
the generation of harmful components. Moreover, the 
crucial role of complement in the prevention of infection 
and elimination of immune complexes and apoptotic 
cells needs to be preserved, while blocking tissue injury. 
Another challenge stems from the pharmaceutical crite-
ria for ideal drug compounds (low molecular mass, high 
potency, selectivity, few adverse reactions, low production 
costs and oral administration), which make inhibitors of 
serine proteases (such as C1s, the MAsPs and factor D) 
and anaphylatoxin receptors attractive drug candidates57. 
one might expect development of such components in 
the future. However, the remarkable example of eculizu-
mab, which is used to treat PNH and reported to be effec-
tive in treating aHus, acute antibody-mediated kidney 
allograft rejection and cold agglutinin disease, indi-
cates that humanized monoclonal antibodies that target 
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specific components of complement will increasingly be 
developed. Because of the increasingly recognized effects 
of complement activation in aHus, AMD, ischaemia–
reperfusion injury as occurs in cardiopulmonary bypass 
surgery, stroke, organ preservation before transplantation 
and transplant rejection, it is likely that these pathological 
states, as well as autoimmune diseases, will be subject to 
further clinical investigations.

In addition to agents that block complement activa-
tion, there is a benefit of replacing missing complement 
proteins in diseases such as HAe and aHus due to factor 
H or factor I mutations. large-scale production of concen-
trates from human plasma is costly, labour intensive and 
carries risks of viral transmission. However, it is possible 
to prepare the human proteins by recombinant technol-
ogy, as demonstrated by the recombinant human serping1 
preparation rhucin (TABLE 1). The use of Pichia yeast strains 
that have been engineered to produce glycoproteins with 
human N-glycosylation patterns holds promise in large-
scale production of complement proteins116,117.

Modulation of complement activation in specific dis-
ease states and the agent that is selected for use will vary 
according to the length of therapy required. In condi-
tions such as myocardial infarction or stroke, short-term 
treatment is required and agents that effectively block 
complement activation will certainly be used. However, 
for chronic diseases such as autoimmune disorders, 
asthma and defects in complement regulation as seen 
in aHus and AMD, more specific and targeted therapy 
that allows long-term use will probably be needed. one 
could expect fusion proteins that target sites of inflam-
mation such as fH-CR2 constructs to be quite effective 
in these situations, but other complement-modulating 
agents might also be useful.

The risks associated with modulation of complement 
activation are only speculative. Proteins of the comple-
ment system are present in the most primitive of animals 
and have great evolutionary stability. They clearly have 
an important role in host defence. Disease studies of rare 
patients with complement deficiency suggest that short-
term inhibition of complement activity can be safe, 
particularly with the availability of modern antibiotics. 
long-term inhibition, as may be required for the treat-
ment of chronic conditions, might be far more difficult. 
Inhibition of different parts of the activation pathways 
may have different consequences, as complement not 
only participates in defence against microorganisms but 
also in the regulation of adaptive immunity, elimination 
of apoptotic bodies, regulation of self tolerance, hae-
matopoietic stem and progenitor cell homing and tissue 
regeneration. Based on the information derived from 
genetic deficiencies, sustained complement inhibition 
may be difficult to achieve and may lead to infectious 
or autoimmune conditions. By contrast, C9 deficiency 
may have relatively minor consequences as C9 is the 
last protein in the complement activation cascade. Pore 
formation may occur at the level of C8, and a population 
in japan with a genetic deficiency in C9 does relatively 
well clinically. Nevertheless, the use of serping1 con-
centrates in HAe patients, eculizumab in PNH patients 
and high-dose IvIg in many patients with autoimmune 
disorders have not yet been associated with serious 
complications as might have been expected in modulat-
ing complement activity. As we further understand the 
role of the complement proteins in normal physiology 
and host defence, we may have a better understanding 
of the proteins that can be safely inhibited and those 
that cannot.
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