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The complement system is part of the innate immune response, where it provides immediate protection from infectious

agents and it plays a fundamental role in homeostasis. Complement dysregulation occurs in several diseases, where the

tightly regulated proteolytic cascade turns offensive. Prominent examples are atypical hemolytic uremic syndrome,

paroxysmal nocturnal hemoglobinuria and Alzheimer’s disease. Therapeutic intervention targeting complement activation

may allow treatment of such debilitating diseases.
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1. The Complement System

The complement system is an efficient weapon of innate immunity, which opsonizes the surface of invading organisms

and apoptotic host cells for elimination through phagocytosis and cell lysis. In the innate immune system, pattern

recognition molecules (PRMs) bind pathogen-associated molecular patterns and damage-associated molecular patterns

. Complement activation also elicits an inflammatory response at the site of infection. The complement cascade can

be activated through three distinct pathways; the classical pathway (CP), the lectin pathway (LP), and the alternative

pathway (AP) (Figure 1). Both the classical and the lectin pathways initiate by activation of giant complexes formed

between an oligomeric pattern recognition molecule and a protease complex that cleaves complement component C4

resulting in deposition of the major fragment C4b on the activator (Figure 1). In the CP, C1q is the pattern recognition

molecule and circulates in complex with the serine proteases C1r and C1s (C1 in Figure 1). C1q is a hexamer of trimers,

and each trimer is formed by chains A, B and C. The C-terminal parts of the three chains fold into structural entities known

as the C1q globular domains, while the N-terminal parts of the three chains are joined in a collagen helix. The C1 complex

initiates the CP when C1q recognizes antigen bound immunoglobulin G (IgG) and immunoglobulin M (IgM) (Figure 1), the

acute phase proteins CRP, pentraxins and anionic phospholipids as phosphatidylserine on apoptotic and necrotic cell

surfaces . C1q similarly recognizes LPS in the cell wall of Gram-negative bacteria as well as viral proteins . In the

brain, C1q binds Aβ and PrP oligomers, playing a role in Alzheimer’s and prion disease progression, respectively . The

vast majority of C1q binding patterns are recognized by the C1q globular domain. Specifically, the C1q B and C chains

establish direct interactions with the fragment crystallizable (Fc) moiety of IgG and IgM in immune complexes 

. Activated C1s in the C1 complex cleaves C4 to C4b, and a major conformational change in nascent C4b exposes a

reactive thioester group, which may react with a nucleophile leading to covalent attachment of C4b to the activator (Figure

1) . The C4b conformation allows binding of the zymogen C2, to form the proconvertase C4b2. Within the

proconvertase, C2 is cleaved by C1s resulting in formation of the C3 convertase C4b2a . In the related LP, the

cascade can be initiated by five different PRMs called mannan-binding lectin (MBL), M-, L-, H-ficolins (or ficolin-1 to 3)

and CL-LK  upon binding to conserved carbohydrate structures on the activator surface. The LP PRMs circulate

in complex with dimers of the MBL-associated serine proteases (MASPs) 1, 2, and 3 . MASP-1 and MASP-2 are

functional homologs of C1r and C1s in the CP, and upon activation of the LP cascade, C4 is cleaved and the same

proconvertase and C3 convertase are assembled as in the CP. Since the C4b2a C3 convertase is the endpoint of both

pathways, it is referred to as the CP/LP C3 convertase. C4b2a cleaves its substrate C3, which undergoes a

conformational change similar to nascent C4b, and exposes the reactive thioester that forms an ester bond with a

hydroxyl nucleophile on the surface (Figure 1) .
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Figure 1. Schematic representation of the complement system. PRM-associated proteases activate upon binding of the

PRMs to specific activators. The active proteases cleave C4, which undergoes a conformational change and covalently

binds the activator. The zymogen C2 binds the opsonizing C4b, forming the C3 proconvertase. The active C3 convertase

cleaves C3, which liberates the C3a fragment from C3b that covalently attaches to the activator. Factor B (FB) may bind

the C3b, and upon activation by Factor D, the AP C3 convertase appears, that is stabilized by properdin (FP). C3 may

also undergo spontaneous hydrolysis forming C3(H2O), which is a functional homologue of C3b and allows the assembly

of a fluid phase C3 convertase. When the C3b concentration reaches a threshold density on the activator, the C3

convertases shifts specificity to C5. The resulting C5 convertases cleave C5 and the C5b forms the starting point for

assembly of the membrane attack complex that may perforate the cell membrane. C3b may also undergo degradation by

factor I assisted by cofactors. The degradation of C3b opens for interactions with complement receptors.

 

In the alternative pathway, C3b deposited by the CP/LP C3 convertase binds to factor B (FB) to form the AP

proconvertase C3bB (Figure 1). The fluid phase protease Factor D (FD) cleaves FB in the proconvertase and the AP C3

convertase C3bBb appears . The ability of C3b to form a C3 convertase and promote further C3 cleavage gives

rise to the AP amplification loop, which amplifies the C3b deposition catalyzed by the CP/LP C3 convertase by 5-10 fold

. Besides starting from C3b deposited through the CP and LP, a fluid phase AP C3 convertase may assemble

after spontaneous C3 hydrolysis (tickover mechanism) whereby a C3b-like molecule called C3(H O) is formed that is

capable of binding to FB . This fluid phase proconvertase is also activated by FD cleavage, however the physiological

role of the fluid phase AP C3 convertase is still debated . The half-life of the AP C3 convertase is only 90 s under

physiological conditions, but it is increased up to ten-fold by binding of properdin (FP), the only known positive regulator of

the complement system . FP circulates as dimeric, trimeric, or tetrameric homo-oligomers and recognizes primarily

C3b within the AP C3 convertase .

Both C4b and C3b are tightly regulated to avoid complement activation on host cells, but due to the strong amplification

through the alternative pathway, C3b regulation is likely to be the most important in vivo. Regulators of complement

activity (RCA) expressed on or recruited to host cells may exert decay acceleration by dissociating the C3 convertases,

but may also act as cofactors for C4b and C3b degradation by the protease factor I (FI)  (Figure 1). The products of FI

degradation, C4c C4d, iC3b and C3dg are inactive with respect to convertase formation. The best characterized FI

cofactors are factor H (FH), membrane cofactor protein (MCP/CD46) and CR1 (CD35). MCP and CR1 are membrane

bound and recognize both C4b and C3b . In contrast, FH is C3b specific and acts both in the fluid phase and on host

cells through recognition of sialic acid and glycosaminoglycan . On non-host cell like pathogens, conversion of C3b

to iC3b is slower than on host cells due to weaker binding of FH and the lack of membrane bound regulators.

The multiple effector functions elicited by the C3 degradation products are reviewed in . C3 cleavage releases the

anaphylatoxin C3a, which triggers an inflammatory response at the activation site through binding to the G-protein

coupled receptor C3aR . Another effector function of C3 fragments is to induce phagocytosis of the activator. C3b and

iC3b mediate phagocytosis through interaction with complement receptor Vsig4 (also called CRIg) presented by Kupffer

cell macrophages , while only iC3b are recognized by CR3 and CR4 to elicit phagocytosis. CR3 and CR4 are

expressed in the myeloid subsets of leukocytes, on NK cells and activated T and B lymphocytes . Furthermore, iC3b

and its degradation product C3dg confer cross talk between the complement cascade and adaptive immunity through their

binding to CR2 on B lymphocytes .

If not degraded by FI, the surface density of C3b continues to increase on the activator. When a threshold density is

reached, both C3 convertases shift their substrate specificity from C3 to C5 . C5 is structurally homologous to

complement C3 , but does not have an internal thioester. Instead, C5b interacts with C6, forming the C5b6 complex,
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which can transiently associate with a nearby lipid bilayer on a complement opsonized cell. Subsequent recruitment of C7

leads to stable association with the membrane, and lipid bilayer penetration starts when C8 joins the complex. The pore

size is increased by insertion of several C9 molecules, resulting in formation of the membrane attack complex (MAC) that

perforates the cell (Figure 1) . The lytic ability of complement is important for killing of Gram negative bacteria, one

important example is Neisseria meningitidis . The cleavage of C5 also leads to the release of C5a, which triggers a

potent inflammatory response through binding to the G-protein coupled receptor C5aR1. This induces vasodilation,

release of histamine and contraction of smooth muscle, as well as chemotaxis of neutrophils, T cells, activated B cells,

macrophages and basophils .

2. The Complement System as a Driver of Pathogenesis

Regulators of complement are ubiquitously expressed on host surfaces to control undesired amplification, and tipping of

this balance is a major mechanism for diseases associated with complement activation. It is well established that

especially aberrant AP activity on self surfaces is associated with the development of atypical hemolytic uremic syndrome

(aHUS), paroxysmal nocturnal hemoglobinuria (PNH), age related macular degeneration (AMD), anti-neutrophilic

cytoplasmic autoantibodies (ANCA) vasculitis, and C3 glomerulopathy (C3G) . PNH arises from clonal expansion of

hematopoietic stem cells that comprise a loss-of-function mutation in the PIGA gene  that is essential for synthesis of

glycosylphosphatidylinositol (GPI) anchors and the mutation hence results in deficiency of GPI anchored proteins,

including DAF  and CD59 . Lack of these surface bound complement regulators renders erythrocytes vulnerable to

complement attack and lysis by the membrane attack complex. The clinical manifestations of the disease include

thrombosis and anemia . Similarly, complement exacerbates the development of aHUS that arises from dysregulation

of complement on host endothelia, most commonly the kidneys . Patients suffering from aHUS often possess mutations

in FH  which may result in reduced levels of surface-bound FH and consequently reduced protection against

complement activation. Similarly, genetic studies report loss-of-function mutations in genes encoding the complement

regulators FI and MCP as well as gain-of-function mutations in genes for FB and C3 in aHUS patients . The term ‘C3

glomerulopathy’ is used to describe glomerular disorders, where complement dysregulation either underlies or

exacerbates disease development . A common characteristic of C3 glomerulopathies (C3G) is C3 fragment deposition

in the renal tissue leading to irreversible kidney damage. C3G arise from dysregulation of the AP in fluid phase driven by

either acquired or genetic factors. Acquired drivers include autoantibodies, called C3 nephritic factors (C3Nef), that

stabilize the C3 convertase . In the dense deposit disease subtype of C3G, 78% of patients express C3Nefs .

Similarly, genetic drivers of C3G commonly lie in the C3 and CFB as well as CFH loci . AMD is the leading cause of

visual impairment in developed countries. In the early stage of disease development, extracellular deposits of lipids and

proteins accumulate between the retinal pigment epithelium and the Bruch’s membrane. Later stages of the disease result

in extensive damage of the retinal pigment epithelium and eventually loss of vision . An analysis of genetic data from

more than 17,000 cases indicated an association between disease and mutations near the genes encoding FH, FI, FB,

C2 and C3 .

The contexts in which the CP of complement is involved are broad, from the homeostatic removal of apoptotic material to

induction of heavy inflammation in host tissues. On host cells, tagging by the C1 complex leads to signaling for clearance

of the debris. Importantly, this takes place in the absence of inflammation and lysis, due to the action of FI and the

regulators, which promptly degrade C3b to iC3b and dissociate the convertases . It is well-established that deficiency in

the early CP components leads to autoimmunity and development of autoantibodies against neoepitopes on the surface

of apoptotic cells, due to impaired clearance of apoptotic material . Furthermore, autoimmunity caused by CP activation

is also observed in the acute diseases ischemia reperfusion injury, sepsis, antibody induced hemolytic anemia, antibody

mediated rejection and cold agglutinin disease .

In recent years, it has been established that the classical pathway has a well-defined role in the developmental process of

synaptic pruning , a process required in the developing brain to establish proper synaptic connectivity for a functioning

adult brain. Less active synapses are pruned away and one of the mechanisms guiding this process is activation of the

complement system through the classical pathway with C4 cleavage, progressing further into the alternative pathway

resulting in C3 cleavage . In the neurodevelopmental disorder schizophrenia, genome wide association studies have

shown a correlation of a C4 isotype overexpression with disease development, and a polymorphism in the central nervous

system (CNS) specific functional homologue of CR1, CSMD1 was identified as a risk factor . Most recently, C4

overexpression was linked to hypo-connectivity in the prefrontal cortex, and schizophrenia-like symptoms in mice , and

the current hypothesis for schizophrenia pathogenesis involves aberrant complement mediated synaptic pruning. Synaptic

pruning onset was also documented during West Nile virus infection and in the neurodegenerative diseases Alzheimer’s,

Parkinson’s, multiple sclerosis, frontotemporal dementia and spinal muscular atrophy . Hence, the normal
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function of the CP during development can be aberrantly reactivated with devastating consequences in adulthood 

 and for this reason the CP proteins represent promising therapeutic targets for treatment of neurological

diseases with different etiology .
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