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ABSTRACT 

The complement system is a key component of innate 
immunity. More than 45 genes encoding the proteins of 
complement components or their isotypes and subu-
nits, receptors, and regulators have been discovered. 
These genes are distributed throughout different chro-
mosomes, with 19 genes comprising three significant 
complement gene clusters in the human genome. Ge-
netic deficiency of any early component of the classical 
pathway (C1q, C1r/s, C2, C4, and C3) is associated with 
autoimmune diseases due to the failure of clearance of 
immune complexes (IC) and apoptotic materials, and 
the impairment of normal humoral response. Deficien-
cies of mannan-binding lectin (MBL) and the early 
components of the alternative (factor D, properdin) and 
terminal pathways (from C3 onward components: C5, 
C6, C7, C8, C9) increase susceptibility to infections and 
their recurrence. While the association of MBL defi-
ciency with a number of autoimmune and infectious 
disorders has been well established, the effects of the 
deficiency of other lectin pathway components (ficolins, 
MASPs) have been less extensively investigated due to 
our incomplete knowledge of the genetic background of 
such deficiencies and the functional activity of those 
components. For complement regulators and receptors, 
the consequences of their genetic deficiency vary de-
pending on their specific involvement in the regulatory 
or signalling steps within the complement cascade and 
beyond. This article reviews current knowledge and 
concepts about the genetic load of complement com-
ponent deficiencies and their association with diseases. 
An integrative presentation of genetic data with the 
latest updates provides a background to further inves-
tigations of the disease association investigations of 

the complement system from the perspective of sys-
tems biology and systems genetics. 
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INTRODUCTION 

The complement system serves as the backbone of innate 
immunity and supports adaptive immune system in gaining its 
momentum to respond. At present, more than 40 compo-
nents of this system have been discovered. By opsonising 
invading microorganisms (e.g. bacteria, viruses, and fungi) or 
transformed/damaged host materials (e.g. apoptotic and 
necrotic cells and their fragments), the complement system 
marks them and provides signals for their removal by the 
phagocytes of the innate immune system. Complement acti-
vation via any of three pathways (classical, alternative, and 
lectin) promotes stimulation and chemotaxis of leucocytes, 
and lysis and clearance of relevant targets (Fig. 1). The 
complement system also serves as a bridge between innate 
and adaptive immunity by enhancing B-lymphocyte response 
and augmenting their memory, as well as regulating 
T-lymphocyte activity (Mayilyan et al., 2008). Beyond its role 
in immunity, the complement system mediates a wide range 
of functions in the context of morphogenetic or tissue remod-
elling processes (Langer et al., 2010). Thus, recent observa-
tions implicate the involvement of complements in novel, 
non-inflammatory functions in the brain, such as basal and 
ischemia-induced neurogenesis (C3; Rahpeymai et al., 2006) 
and synapse remodelling and pruning (C1q and C3; Stevens 
et al., 2007).  

In the classical pathway, the recognition protein (C1q) 
binds to the charged clusters of targets, thus resulting in the 
activation of the proteases C1r and C1s. Activated C1s 
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Figure 1.  The complement activation pathways. The sequence of classical pathway activation is shown on the top of the figure: 
C1q binds to the surface (top left), activating C1r then C1s, which then cleaves C4 and C2. The C4b2a complex (C3 convertase) 
forms on the bacterial surface and cleaves C3. One C3b molecule binds to C4b2a and forms a binding site for C5. C5 is cleaved 
and the C5b6789 complex (MAC) assembles and causes membrane damage. In the lectin pathway, MBL or a ficolin binds directly 
to a bacterial surface and MASP2 is activated. This protein then cleaves C4 and C2, after which the pathway follows the same se-
quence as the classical pathway. The alternative pathway is shown at the bottom left. C3b (derived from the classical or lectin 
pathway, or by activation by C3(H2O)Bb) binds to the surface and binds Factor B, which is activated by Factor D, forming the C3 
convertase C3bBb. More C3 is cleaved by C3bBb, followed by C5 activation and MAC assembly. The right panel shows the host 
cell and its mechanisms for protection against complement attack. CD59 binds to the C5b678 complex and prevents binding of C9. 
The regulators of complement activation (RCA) such as C4bp, CR1, MCP, and DAF destabilise the C3 and C5 convertases or in-
hibit their formation. Soluble regulators like C1-INH and Factor H, which may temporarily be bound to the host cell membrane, may 
also regulate convertase formation. 
 

cleaves complement proteins C4 and C2, forming complex 
protease C4b2a (C3 convertase), which cleaves C3 to C3a 
and C3b. Activated C3 (C3b) either binds to the targets and 
opsonises them to promote clearance by phagocytosis (Law 
and Reid, 1995) or binds to C3 convertases to form C5 con-
vertases (Fig. 1; C4b2a3b (C5 convertase of classical and 
lectin pathways) and C3bBb3b (C5 convertase of alternative 
pathway)). In the terminal pathway, C5 cleavage (C5a and 
C5b) by C5 convertases initiates the assembly of the mem-
brane attack complex (MAC), which is composed of com-
plement proteins C5b, C6, C7, C8, and C9(n) (Fig. 1). Inser-
tion of MAC into lipid bilayers causes lysis of a target cell. 
Although the main function of the classical pathway is 
housekeeping via host waste disposal, it can be activated by 
some viruses and gram-positive and -negative bacteria (Sim 
and Malhotra, 1994; Butko et al., 1999). 

The lectin pathway is initiated by complexes of pattern 

recognition molecules MBL or L-, H-, and M- ficolins with 
MBL-associated serine proteases (MASPs) (Petersen et al., 
2001; Endo et al., 2006). The MBL or any of the ficolins binds 
to carbohydrate structures presented by a wide range of 
pathogens and mediate complement activation via activation 
of MASP-2. MASP-2 cleaves and activates complement 
proteins C2 and C4, thereby generating the C3 convertase 
C4b2a (Vorup-Jensen et al., 2000). From this point, the 
complement cascade is identical to that of the classical 
pathway (Fig. 1). The lectin pathway via MBL has both anti-
body-dependent and antibody-independent modes of activa-
tion. H and L ficolins have been shown to bind to a range of 
bacterial species (Krarup et al., 2005). M-ficolin is a 
cell-surface protein that has not been widely studied yet.    

The deposition of C3b on a complement activator can 
trigger the alternative pathway of complement activation by 
binding to Factor B (a homologue of the classical pathway C2) 
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and forming a C3bFB complex. This complex is cleaved by 
protease factor D to form an alternative C3 convertase 
(C3bBb), which cleaves more C3 (Fig. 1). In this manner, the 
alternative pathway acts as an amplifier that increases the 
covalent deposition of C3b on the target. Once the alternative 
pathway has been activated, the C5 convertase (C3bBbC3b) 
of this pathway is formed by the binding of an activated C3b 
to the target surface-bound C3bBb. The formation of C5 
convertase leads to the activation of the terminal pathway 
and the assembly of MAC. The alternative pathway is acti-
vated by IgG immune complexes or by a wide range of bac-
teria, viruses, yeasts, and protozoans (Sim and Malhotra, 
1994; Law and Reid, 1995). Small bioactive peptides called 
anaphylotoxins (e.g. C3a, C4a, and C5a) released from the 
cleavage of C3, C4, and C5 possess vasoactive properties. 
C5a is also a chemotactic factor for neutrophils. In addition, 
C3a and C5a bind to C3aR and C5aR receptors of T lym-
phocytes and regulate their activation (Karp et al., 1996).   

However, if C3b is deposited on a host cell, it is rapidly 
inactivated by cell-surface regulators of complement activa-
tion (RCA) such as complement receptor type 1 (CR1), de-
cay-accelerating factor (DAF), and membrane cofactor pro-
tein (MCP) (Fig. 1). The other regulatory proteins, such as 
factor H, factor I, and C4 binding protein, also down-regulate 
complement activation (Sim et al., 2008). CUB and Sushi 
multiple domains 1 (CSMD1), CSMD2, and CSMD3 have 
been proposed to have a role in regulating complement acti-
vation and inflammation in the developing CNS (Nagase et al., 
2001; Kraus et al., 2006). 

C4b, C3b, iC3b, C3dg, and C3d bind to CR1 and com-
plement receptor type 2 (CR2) on B lymphocytes and en-
hance antibody response and long-term memory of B-cells. 
Activation of CR1 and CR2 on the surface of follicular den-
dritic cells by immune complexes bound to C3b and C4b are 
essential for effective recall of an immune response (Carroll, 
2004). There are two other complement receptors of interest: 
CR3 (CD11b/CD18) and CR4 (CD11c/CD18), which bind C3. 
CR3 also has affinity to C5a (Gerard and Gerard, 1991). CR3 
and CR4 expressed on neutrophils and macrophages recog-
nise and bind iC3b-opsonised targets, thus promoting and 
enhancing their phagocytosis. CR3 on membranes of other 
immune cells (e.g. T-cells and follicular dendritic cells) are 
possibly involved in the regulation of their functions. CD93 
(phagocytic C1q receptor) is another complement receptor 
that enhances phagocytosis and is controversially suggested 
to interact with C1q-sensitised targets (Tarr and Eggleton, 
2005). 

Since 1968, when the first complement genetic polymor-
phism for the C3 component was discovered (Alper and 
Propp, 1968; Azen and Smithis, 1968), stunning progress has 
been made in determining the genetic features of the com-
plement system. At present, more than 45 genes that encode 
the proteins of complement or their isotypes and subunits, 
receptors, and regulators have been discovered (Table 1; 

updated from Schneider and Wurzner, 1999). These genes 
are distributed in different chromosomes, with only a few 
chromosomes not containing genes encoding proteins of the 
complement system (Table 1). Nineteen genes comprise 
three significant complement gene clusters in the human 
genome: (i) the regulators of complement activation (RCA) on 
chromosome 1, (ii) the gene cluster of MAC on chromosome 
5, and (iii) the HLA class III cluster of early complement 
component genes on chromosome 6 (Table 1). Complement 
component deficiencies can occur due to many reasons, 
including single nucleotide polymorphisms (SNPs) and gene 
partial deletion and insertion. In addition, more than one ge-
netic polymorphism can cause the deficiency of certain 
components. Clinically significant deficiencies of some com-
ponents do not always coincide with protein deficiencies, but 
rather with their inability to execute corresponding functions. 
For instance, MBL B, C, and D variants may exist as low 
order oligomers and fail to activate the complement cascade 
(Heitzeneder et al., 2012). The MASP-2 120G variant cannot 
associate with MBL and activate the complement (Sten-
gaard-Pedersen et al., 2003)). 

Deficiency of a component of any of the activation path- 
ways that cannot be compensated for by the complement via 
a by-pass mechanism may lead to inappropriate activation of 
the system, impaired host defence against certain pathogens, 
and, in case of the classical pathway, increased susceptibility 
to autoimmune diseases. On the other hand, deficiency of an 
irreplaceable regulator can cause uncontrolled hyper-activa-
tion of the complement, thus inducing self-attack and host 
tissue damage. For instance, the deficiency of Factor-H con-
tributes to age-related macular degeneration (AMD; Skerka 
et al., 2007). Deficiencies of complement receptors, depend-
ing on their involvement in the immune signalling circuit, may 
affect the complement functions of housekeeping, bridging of 
innate and adaptive immune systems, and promotion of cel-
lular response.        

This mini-review aims to provide an overview of current 
literature on the genetic load of complement component defi-
ciencies and their associations with human diseases. The 
involvement of the specific components in complement sys-
tem activation, regulation, and signalling was the primary 
consideration during data extraction. Furthermore, the effects 
of complement deficiencies on the main properties and func-
tions of the entire complement system as a ‘double edge 
sword’ of innate immunity were analyzed. Updated genetic 
data in this review provide a background for further studies on 
complement disease association from the perspective of 
systems biology and systems genetics. 

EARLY COMPONENTS OF THE CLASSICAL AND 
ALTERNATIVE PATHWAYS  

The HLA class III cluster of early complement component 
genes on chromosome 6 (Table 1) has been a focus of in-  
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Table 1  The chromosomal location of genes encoding complement proteins, inherited deficiency and disease associations 

Component (or subunit) Symbol of 
gene 

Chromosomal
location 

Gene 
cluster 

Disease association of the  
homozygote deficiency  Genetic basis 

Activation components      

C1q: A chain C1QA 1p36.12  Immune complex diseases (ICD), SLE, 
recurrent infections (RI) 

SNP 

C1q: B chain C1QB 1p36.12  ICD, SLE, RI SNP 

C1q: C chain C1QC 1p36.11  ICD, SLE, RI SNP 

C1r C1R 12p13  ICD, SLE, RI – 

C1s C1S 12p13  ICD, SLE, RI Gene polymorphism (GP), 
SNP, gene partial deletion 

C2 C2 6p21.3 C-MHC III SLE, Neisserial infections (NI), RI SNP, gene partial deletion 

Factor B CFB 6p21.3  C-MHC III Homozygote: vary rare (fatal),  
heterozygote: NI   

– 

C4A (isotype) C4A 6p21.3 C-MHC III ICD, RI, autoimmune disorders (e.g. 
SLE, type 1 diabetes mellitus,  
autoimmune hepatitis, scleroderma)  

Gene deletion, gene 
conversion, non-expression 
due to insertion 

C4B (isotype) C4B 6p21.3 C-MHC III RI, autoimmune disorders (e.g. primary 
biliary cirrhosis) 

Gene deletion, gene 
conversion, non-expression 
due to insertion 

C3 C3 19p13.3-p13.2  Severe disseminated pyogenic 
infections, ICD 

SNP, gene partial deletion  

C5 C5 9q33-q34  Recurrent NI  SNP 

C6 C6 5p13 MAC Recurrent NI  GP and SNP 

C7 C7 5p13 MAC Recurrent NI  SNP, gene partial deletion 

C8: α-chain C8A 1p32  Recurrent NI  SNP 

C8: β-chain C8B 1p32  Recurrent NI  SNP 

C8: γ-chain C8G 9q34.3  Recurrent NI SNP 

C9 C9 5p14-p12 MAC Recurrent NI SNP 

Factor D CFD 19p13.3  Recurrent NI – 

Properdin CFP Xp11.3-p11.23  N. meningitidis, fulminant infections, 
meningococcal sepsis  

GP and SNP 

MBL MBL2 10q11.2-q21  RI in children GP and SNP 

MASP-1 MASP1 3q27-q28  – – 

MASP-2 MASP2 1p36.3-p36.2  – GP and SNP 

M-ficolin FCN1 9q34  – – 

L-ficolin FCN2 9q34.3  – – 

H-ficolin FCN3 1p36.11  RI Frameshift mutation 

Regulators and receptors      

C4 binding protein: α chain C4BPA 1q32 RCA – – 

C4 binding protein: β chain C4BPB 1q32 RCA – – 

CR1 (CD35) CR1 1q32 RCA ICD, glomerulonephritis SNP 

CR2 (CD21) CR2 1q32 RCA – – 

CD55 (decay accelerating 
factor, DAF) 

CD55 1q32  RCA Inab blood group phenotype Gene partial deletion 

To be continued 



Complement genetics, deficiencies, and disease associations  Protein & Cell 
 

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2012 491 

Continued 

Component (or subunit) Symbol of 
gene 

Chromosomal
location 

Gene 
cluster 

Disease association of the  
homozygote deficiency  Genetic basis 

CD46 (membrane cofactor 
protein, MCP) 

CD46 1q32 RCA Atypical hemolytic uremic syndrome 
(HUS), 

 

Factor H CFH 1q32  RCA NI, glomerulonephritis, HUS, thrombotic 
thrombocytopenic purpura, age-related 
macular degeneration (AMD) 

SNP, gene partial deletion 

Complement Factor 
H-Related 1 

CFHR1 1q32 RCA Atypical HUS; protective for AMD Deletion 

Complement Factor  
H-Related 2 

CFHR2 1q31.3 RCA – - 

Complement Factor  
H-Related 3 

CFHR3 1q32 RCA Atypical HUS; protective for AMD Deletion 

Complement Factor  
H-Related 4 

CFHR4 1q32 RCA – – 

Complement Factor  
H-Related 5 

CFHR5 1q31.3 RCA – – 

CSMD2 (CUB and Sushi  
multiple domains 2) 

CSMD2 1p35.1-34.3  – – 

CSMD1 (CUB and Sushi 
multiple domains 1) 

CSMD1 8p23.2  – – 

CSMD3 (CUB and Sushi 
multiple domains 3) 

CSMD3 8p23.3  – – 

CD59 (membrane inhibitor  
of reactive lysis, MIRL) 

CD59 11p13  Paroxysmal nocturnal hemoglobinuria  

Factor I CFI 4q25  RI SNP 

C1 Inhibitor SERPING1 11q12-q13.1  Angioedema SNP, gene partial deletion 

MASP-3 MASP1 3q27-q28  – – 

MAp44 MASP1 3q27-q28  – – 

MAp19 MASP2 1p36.3-p36.2  – – 

CR3 (CD11b/CD18) α-chain 
=αM-Integrin  
(CR3A,CD11b); 

ITGAM 16p11.2  Recurrent bacterial skin infections – 

β-chain = β2-Integrin 
(Leucocyte adhesion  
molecule, CD18) 

ITGB2 21q22.3  Leucocyte adhesion deficiency  SNP, gene partial deletion 

CR4 (CD11c/CD18) α-chain 
= αX-Integrin (CD11c) 

ITGAX 16p11.2  – – 

C5aR1 (C5a receptor 1) C5AR1 19q13.3-q13.4  – – 

C3aR1 (C3a receptor 1) C3AR1 12p13.31  – – 

CD93  CD93 20p11.21  – – 

 
terest for a long time due to the complex disease associations 
of human HLA. In this cluster, two genes encoding human 
complement C4 protein (C4A and C4B) together with the 
serine/threonine nuclear kinase gene RP, the steroid 
21-hydroxylase CYP21, and the extracellular matrix protein 
tenascin X (TNX) form a genetic unit: the RP-C4-CYP21-TNX 
(RCCX) module (Yang et al., 1999). The presence of a du-
plicated RCCX module has given rise to a complex structural 
polymorphism involving segmental deletions and duplications 
of the isotypic C4A and C4B genes, which is the major cause 
of genetic C4 deficiency. Moreover, C4 deficiency may also 

occur due to gene conversion (C4A to C4B or C4B to C4A) 
and point mutations resulting in pseudogenes. This is further 
complicated by the fact that the number of C4 genes within a 
genotype varies from 2 to 8 (Blanchong et al., 2001). Three 
quarters of the C4 genes in Caucasians have an endogenous 
retrovirus (HERV-K (C4)) in intron nine, which are designated 
as C4 long genes; those without insertions are called short 
genes (Schneider et al., 2001). Many infectious and autoim-
mune diseases are associated with complete or partial defi-
ciency of C4A and/or C4B (Hohler et al., 2002; Yu et al., 
2003). However, the strong linkage disequilibrium of HLA 
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haplotypes makes it difficult to identify particular candidate 
genes. 

Two genes encoding serine proteases of the classical 
and alternative pathways (C2 and factor B, respectively) are 
situated in the same region (Table 1). In European popula-
tions, homozygous C2 deficiency is one of the common 
inherited complement deficiencies (Pickering et al., 2000). 
Many of these individuals (>60%) do not suffer from any 
apparent disease, probably due to the compensatory in-
volvement of factor B in the activation of the complement via 
C2 bypass mechanism (Laich and Sim, 2001). Almost 40% 
of individuals with C2 deficiency develop systemic autoim-
mune disease (Agnello et al., 1972; Day et al., 1973; Sjo-
holm et al., 2006). For instance, systemic lupus erythema-
tosis (SLE) is a disease that presents with facial erythema 
and oral or nasopharyngeal ulceration. The association of 
C1, C2, or C4 deficiency with this disease suggests that 
these components have some role in the clearance of im-
mune complexes (Law and Reid, 1995). Sub-epithelial IC 
deposits are part of the histopathology of SLE. In the case 
of SLE and IC disorders, C4 is exclusively correlated with 
the deficiency of the C4A isotype, even at the level of het-
erozygous deficiency (Yang et al., 2004). On the other hand, 
C4 deficiency is also associated with a number of autoim-
mune disorders that are not characterised by abnormalities 
of IC clearance (e.g. type 1 diabetes mellitus, primary biliary 
cirrhosis). Recent studies suggest an association between 
C4B heterozygote deficiency and increased risk for 
schizophrenia (Mayilyan et al., 2007; Mayilyan and 
Weinberger, 2008; Mayilyan et al., 2012). Another potential 
problem of individuals with C1, C2, or C4 deficiencies is 
deep, recurrent pyogenic infections.  

Homozygous deficiency of factor B has not been de-
scribed, leading to suggestions that this deficiency is probably 
fatal (Law and Reid, 1995). Deficiency of other genes en-
coding alternative pathway components, such as properdin 
and factor D, demonstrated the importance of this pathway in 
battling neisserial (meningococcal) infections (Sjoholm et al., 
2002, 2006). Complete C3 deficiency caused serious infec-
tions in the 27 described cases, suggesting that this compo-
nent is crucial for complement functional interplay with innate 
immunity. Individuals with C3 deficiency suffer severe dis-
seminated pyogenic infections (Reis et al., 2006).  

COMPONENTS OF THE LECTIN PATHWAY  

A large number of studies to determine the relationship be-
tween MBL levels and various diseases have been carried 
out (Sim et al., 2006). In 1989, Super et al. discovered that 
many children with recurrent infections were MBL-deficient. 
Subsequently, MBL deficiency due to MBL-2 gene exon 1 
mutations (B, C, and D variants) and three other SNPs in 
promoter region (H/L, Y/X, and P/Q) were observed in chil-
dren with a syndrome of frequent infections and opsonin 

deficiency (Sumiya et al., 1991; Summerfield et al., 1997, 
Turner and Hamvas, 2000). Since the first description by 
Turner’s group (Super et al. 1989), MBL deficiency has been 
found in association with different autoimmune (e.g. rheu-
matoid arthritis (Graudal et al., 1998, Martiny et al., 2012) and 
SLE (Davies et al., 1995; Sullivan et al., 1996; Glesse et al., 
2011)) and infectious disorders (e.g. lung infection, septi-
caemia, and meningitis (Garred et al., 1995; Summerfield et 
al., 1997; reviewed in Turner, 2003; Sim et al., 2006; 
Heitzeneder et al., 2012)). However, the high frequency (~5% 
worldwide) of MBL homozygous deficiency in normal indi-
viduals indicates that the MBL-mediated complement activa-
tion pathway may be of considerable importance for opsoni-
sation in individuals with immature or deficient immune sys-
tems. Moreover, Dahl et al. (2004) reported that MBL defi-
ciency is not a major risk factor for morbidity or death in the 
Caucasian adult population.  

In the Danish population, one person with complete 
MASP-2 deficiency due to a missense SNP in the gene 
MASP2, presenting with recurrent pyogenic infections, has 
been found (Stengaard-Pedersen et al., 2003). Initial 
analysis indicated that allele frequency for the mutation is 
5.5% in the Caucasian population and thus might be com-
mon. A previous study revealed the low clinical importance 
of MASP-2 deficiency (Garcia-Laorden et al., 2008). Unlike 
L- and M- ficolins, a frame-shift mutation in the FCN3 gene 
was found to be associated with H-ficolin protein deficiency. 
A patient who was homozygous for this mutation had re-
current infections (Munthe-Fog et al., 2009). Along with 
MASP1 (MASP-1/3 and MAp44 proteins) and MASP2 
(MASP-2 and MAp19 proteins), a number of SNPs have 
been described for FCNs (Garred et al., 2010; Degn et al., 
2011). However, the importance of ficolins in general and 
the genetic variations in FCN genes in particular remain 
largely unknown. 

COMPONENTS OF THE TERMINAL PATHWAY 

Deficiencies of MAC components (C5, C6, C7, C8, and C9) 
are associated with recurrent invasive infections caused by 
Neisseria meningitidis and N. gonorrhoeae, indicating that the 
serum bactericidal function of MAC is important in the de-
fence against neisserial infections (Figueroa and Densen, 
1991). These organisms either possess a capsular polysac-
charide, which precludes successful phagocytosis, or can 
invade cells and propagate intracellularly. In either case, 
phagocytosis is ineffective. Fortunately, these organisms are 
susceptible to the serum bactericidal effect of MAC. Rarely, 
SLE-like diseases have been associated with these deficien-
cies. Since C8 is encoded on three different genes, there are 
differences in the type of C8 deficiencies (C8β in Caucasians; 
C8α or C8γ in Asian and African populations) (Sjoholm et al., 
2002).  

The description of murine strains deficient in complement 
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component C5 was followed by the recognition of a variety of 
naturally-occurring complement component deficiencies, 
many of which have been characterised at the molecular 
level, in a range of animal species. The use of such species 
in inflammatory and infectious experimental models has led 
to significant progress in understanding the role of specific 
complement factors and pathways in disease pathogenesis 
(Linton, 2001). Further investigations on such naturally defi-
cient strains, together with results derived from studies in 
knockout animals and case studies of human individuals with 
complete deficiency of any complement component, will allow 
us to expand our understanding of the role of the complement 
system in innate immunity and in human diseases. The re-
sults obtained may also have potential significant implications 
for the treatment of these diseases. 

COMPLEMENT REGULATORS AND RECEPTORS  

Genes of the complement regulators, including C4-binding 
protein (α and β chains), CR1, CR2, DAF, MCP, and factor H 
and genes of the complement factor H-related (1–5) proteins 
compose the RCA cluster. The RCA gene region products 
are also known as a “C3b binding protein family” (Reid et al., 
1986). All three complement pathways lead to the formation 
of C3b, whose fate depends on the presence or absence of 
regulatory proteins. The main function of regulatory proteins 
is to defend host cells against over-activation of the comple-
ment system by inactivation of C3b, either fluid phase or 
covalently bound to the surface of cells. In the absence of 
RCA gene products, the complements can lead to the forma-
tion of both chemo-attractant C5a and MAC, thus damaging 
host cells. The presence of RCA gene cluster products leads 
to better opsonisation through the formation of a C3 fragment 
called Opsonisation iC3b, B-cell enhancement by the forma-
tion of C3dg and its binding to the RCA cluster product CR2 
(complement receptor 2), and self–protection (e.g. MCP: 
C3b/C4b inactivation and DAF: C3bBb dissociation). Genetic 
deficiency in factor I, which allows uncontrolled activation of 
alternative pathway and depression of the levels of both fac-
tor B and C3 components, has low frequency (Reis et al., 
2006). Subjects with insufficient factor I, as in the case of 
factor H deficiency, generally present with bacterial infection 
due to the low opsonic activity via the alternative pathway 
because of the depletion of C3 (Reis et al., 2006). Deficien-
cies in regulator proteins anchored in host cell membranes 
via a glycophosphatidyl inositol (GPI) group), such as DAF 
and CD59, elevate sensitivity of erythrocytes to complement 
lysis. Individuals with a deficiency of these mem-
brane-associated regulators, most frequently due to a defi-
ciency of GPI anchor formation, are prone to paroxysmal 
nocturnal hemoglobinuria (PNH) (Takeda et al., 1993). PNH 
is characterised by intravascular destruction of erythrocytes 
and results in oxygen insufficiency and hemoglobin excretion 
by the kidneys. DAF deficiency is less clinically obvious, since 

its functions are also mediated by other molecules (e.g. CR1, 
factor H). Therefore, it has been suggested that CD59 is 
more important in preventing PNH than DAF. CR1 deficiency 
has been associated with mesangiocapillary glomeru-
lonephritis (Ohi et al., 1986) and H factor deficiency has been 
strongly associated with hemolytic uremic syndrome (Imbas-
ciati et al., 2003). The deficiency of another complement 
regulatory protein (C1-INH) can result in hereditary angioe-
dema, whose symptoms include swollen mucosae, particu-
larly the lips (Bracho, 2005). Angioedema of the oropharynx 
leads to life-threatening airway obstructions. C1-INH defi-
ciency has been suggested to be associated with increased 
vascular permeability, thus oedema (Bracho, 2005).   

Current knowledge state that CR3 and CR4 deficiencies 
occur simultaneously in patients with leukocyte adhesion 
deficiency (LAD) type 1 due to genetic defects in the CD18 
(β-subunit of both complement receptors) gene, ITGB2 
(Springer et al., 1984, 1986; Roos et al., 2002; Bernard Cher 
et al., 2012). The lack of memory/effector CD8+ T cells and 
neutrophils in these patients result in reduced phagocytic 
response to bacteria and yeast. Most clinical features are 
probably the result of CR3 deficiency of neutrophils and 
monocytes (Springer et al., 1984, 1986). The reduced ability 
of such neutrophils to adhere to various substances, includ-
ing complement-derived chemo-attractants (e.g. C5a (Gerard 
and Gerard, 1991)), leads to defects in neutrophil migration 
into sites of infection.  

CONCLUSION 

Knowledge gained from conventional genetic deficiency of 
complement components helped in the functional charac-
terisation of many proteins of this important cascade system. 
Genetic deficiencies of the early components of the classical 
pathway (C1-C4) are associated with autoimmune disease 
due to failure of the pathway to develop a normal humoral 
response and to perform effective housecleaning (e.g. re-
moval of immune complexes, apoptotic materials, and ne-
crotic debris). These reports emphasise that the removal of 
endogenous debris requires a highly tactful approach, in 
which mechanisms downstream of C3, such as the inflam-
matory C5a-C5aR axis and MAC assembly, should be 
avoided (Ricklin et al., 2010).  

Deficiencies of early components of the lectin (MBL) and 
alternative (factor D, properdin) pathways increase suscepti-
bility to infections and their recurrence due to the lack of 
complements to recognise and opsonise foreign invaders. 
The lack of information on homozygous deficiency of factor B 
emphasises the importance of this component and the major 
role of the alternative pathway in the activation of the entire 
complement system through the amplification loop and its 
involvement in immune response (Law and Reid, 1995). 
The clinical manifestation of deficiencies of terminal path-
way components (C3-C9) is similar to those of lectin and 
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alternative pathways components, except that the increased 
susceptibility to infection is due to the failure of the com-
plement system to lyse microbial cells. Depending on the 
regulatory or signalling steps they are involved in, the con-
sequences of deficiencies in complement regulators and 
receptors vary. Thus, the diverse range of complement 
homozygote deficiencies highlights the multi-faceted in-
volvement of the complement system in innate and adaptive 
immunity and beyond.  

It is clear that the heritability of complement system- 
associated diseases is not limited by homozygote and/or 
heterozygote deficiencies of complement components. Less 
crucial polymorphisms of these genes have been reported in 
association with some autoimmune and infectious disorders. 
Genome-wide association studies and sequencing and tar-
geting investigations have made phenomenal contributions to 
our understanding of common heritability diseases. However, 
gene-environment interaction studies of most diseases are 
still in their infancy and the contribution of such interactions to 
heritability remain unknown (Cortes and Brown, 2011). From 
this perspective, the clinical significance of the known and 
unknown genetic variants of complement components (e.g. 
SNPs and gene copy number variations) and their epigenetic 
effects, gene-gene interactions, and gene-environment in-
teractions must be addressed in the future. Therefore, the 
updated information on more than 45 genes presented in 
Table 1 can be useful for disease association studies of the 
complement system from aspects of systems biology and 
systems genetics. 
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AMD, age-related macular degeneration; CUB, C1r/s Uegf Bone 
morphogenetic protein-1 (module); CR1, complement receptor type 1; 
CR2, complement receptor type 2; CR3, complement receptor type 3; 
CR4, complement receptor type 4; DAF, decay accelerating factor; 
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