Title:  					The Complement Factor H-Related Proteins 
				


Authors: 				Nicholas Medjeral-Thomas1 and Matthew C Pickering1
					1Centre for Complement and Inflammation Research, 
					Imperial College, London, United Kingdom



Corresponding author: 			Nicholas Medjeral-Thomas
					Centre for Complement and Inflammation Research
					Imperial College 
					Hammersmith Campus
					Du Cane Road
					London
					W12 0NN
					United Kingdom
				
					Telephone:	+44 203 313 2315
		 			Fax: 		+44 203 313 2379
					Email: 		matthew.pickering@imperial.ac.uk	


Running title (45 characters max):  	Factor H-related proteins



Key words (up to six): 			complement
					inflammation
					infection
					kidney



Summary (up to 200 words):

The role of the complement factor H related (FHR) proteins in homeostasis, pathogen defence and autoimmune disease has recently attracted considerable interest. We highlight the exciting research that has contributed to our understanding of the FHR protein family. Unlike factor H, a potent negative regulator of complement C3 activation, the FHR proteins appear to promote C3 activation. These data have important implications for understanding complement-mediated diseases because, depending on the context, the balance between the actions of factor H and the FHR proteins determine the degree of complement activation.



Word count:				9568 (including figures and references)


Introduction

The complement system is a powerful and important component of innate and adaptive immunity (1). It forms an intricate network of activating and regulating mechanisms that can discriminate between healthy and damaged or foreign surfaces (2) (3). Regulation of complement is required to target activation appropriately. There are many important diseases that result from an inability to regulate complement activation. This has lead to a greater understanding of the biology and pathophysiological roles of complement regulators. Complement factor H (FH) is a major negative regulator of complement activation. Variation within FH is associated with susceptibility to both rare (e.g. C3 glomerulopathy) and common (e.g. age-related macular degeneration) disease. FH is part of a family of proteins that include the factor H-related (FHR) proteins. Although originally thought to be non-essential, the role of the FHR proteins in homeostasis, pathogen defence and autoimmune disease has recently attracted considerable interest. We highlight the exciting research that has contributed to our understanding of the FHR protein family. Unlike FH, a potent negative regulator of complement C3 activation, the FHR proteins appear to promote C3 activation. These data have important implications for understanding complement mediated diseases. Depending on the context, it is the balance between the actions of FH and the FHR proteins that determine the degree of complement activation. 


Overview of the Complement System

Complement is an integral component of innate and adaptive immunity. It is important in host defence, the generation of immune responses and in the physiological removal of immune complexes.  The complement system is made up of more than 30 proteins either bound to cell surfaces or soluble in plasma (2). These proteins are collectively abundant; they constitute 15% of the globulin fraction (1). Many complement proteins are inactive enzyme precursors, or zymogens. The activated enzymes often cleave the substrate from which they originated, leading to self-amplification. Complement may be activated through at least three pathways: the classical, the alternative and the lectin pathway (Figure 1), which result in the activation of the central component of the pathway, complement C3. The classical pathway is initiated by IgM or IgG bound to antigen (immune complexes). However, the hexameric surface-binding component of the C1 complex that initiates classical pathway activation, C1q, is a versatile pattern recognition molecule (PRM) that can also recognise structures on viruses, gram-negative bacteria, and endogenous molecules e.g. C-reactive protein (CRP) (4). The C1 complex consists of C1q and two molecules each of the proteases, C1s and C1r. Upon binding of C1q, C1r and C1s are consecutively activated. C1s subsequently cleaves C4 into C4a and C4b. This cleavage exposes a thioester group that enables covalent binding of C4b to structures in immediate vicinity of the activation. C1s also cleaves C2 into C2a and C2b. C4b binds the larger protease C2 fragment (historically referred to as C2a, but recently renamed C2b), forming the classical pathway C3 convertase, C4b2b.
The lectin pathway is activated by the interaction of mannan-binding lectin (MBL) with arrays of mannose groups, for example on bacterial cell surfaces. MBL associates with mannan-binding lectin-associated proteases 1 and 2 (MASP1 and MASP2). On binding of MBL to mannose, MASP2 is activated and, similarly to C1s, cleaves C4 and C2 (5) to ultimately form the C3 convertase enzyme C4b2b (2). In addition to MBL, the lectin pathway can be activated by other PRMs that include: H-, M-, and L-ficolin and CL-K1 and CL-L1 (6). 
The alternative pathway is continuously activated by the production of activated C3 (termed C3H2O) from the hydrolysis of an internal thioester bond in C3 (7, 8). C3H2O binds the protease, factor B (fB). fB within the C3H2OB complex is cleaved by factor D (fD) to form the active serine esterase Bb. The C3H2OBb complex (referred to as a C3 convertase) cleaves C3 into two biologically active fragments: C3a and C3b(7). C3a is an anaphylatoxin and chemoattractant. C3b is a major opsonin (9).

Irrespective of the activating pathway, all surface-bound C3b can associate with fB to generate additional C3 convertase (C3bBb), thereby amplifying the initial deposited C3b (10). This pathway is referred to as the C3b amplification loop (Figure 1). Properdin functions to stabilise the C3 convertase (11), and may also direct surface complement activation by interacting with pathogen- or damage-associated molecular patterns (12). As C3 amplification increases the density of deposited C3b, the C3 convertases C4b2b and C3bBb form multimeric complexes with additional C3b molecules, producing C4b2b3b or C3bBbC3b (3). These complexes are capable of cleaving C5 and are referred to as the C5 convertases. The C5 convertases cleave C5 to the anaphylatoxin C5a and fragment C5b. C5b binds C6 and C7. The resulting complex inserts into cell membranes and associates with C8, followed by ten to 16 C9 molecules to form the C5b-9 terminal complement complex or membrane attack complex (MAC) (13). The MAC forms a pore-like structure in the membrane’s outer lipid bilayer that promotes lysis of non-nucleated cells, and induces activation and injurious pathways in nucleated cells (14).  
Effective regulation of complement activation is essential to modify reaction severity and control cell injury. Surface-bound and soluble regulators act on all three complement pathways to limit progression of the complement activation. Control of the C3b amplification loop is particularly important and the key regulator of the pathway is FH (10). 
FH is an abundant plasma protein that negatively regulates the alternative pathway and the C3b amplification loop. It acts in the fluid-phase and on cellular surfaces. FH and the FH-like protein 1 (FHL1) are alternative transcripts derived from the CFH gene on chromosome 1q32 (15). The biological role of FHL1 is unclear. FHL1 is approximately ten times less abundant than FH in plasma. FH and FHL1 are composed of 20 and seven short consensus repeat (SCR) domains respectively. SCR domains are globular units of approximately 60 amino acids. FH contains a surface-binding region within its two C-terminal domains (SCR19 and SCR20) and a complement regulatory region within its N-terminal four SCR domains. Its complement regulatory domains prevent C3 activation through multiple mechanisms. These include; i) accelerating decay of the alternative pathway C3 convertase; ii) cofactor activity for factor I-mediated proteolytic inactivation of C3b; and iii) binding to C3b preventing the formation of C3bB complexes (16) (17). The molecular detail of this regulatory role has recently been described: Bound FH interferes with contact areas of fB and Bb on C3b to accelerate convertase decay, and also forms a binding pocket with C3b that allows  factor I to bind and cleave C3b (18). 
The surface binding domains of FH mediate interaction with surface C3b and surface polyanions, such as glycosaminoglycans (15). The role of FH on surfaces such as the glomerular basement membrane [GBM], which lack membrane-bound complement regulatorsl, for example decay accelerating factor [CD55] or membrane cofactor protein [CD46], is of particular pathological relevance as in these circumstances it is the critical regulator. 
The Factor H Related Proteins - overview

The initial characterisation of the complement factor H-related (FHR) proteins derived from molecular cloning experiments in the late 1980s (19). cDNA clones for FH extracted from human liver were noted to include, in addition to clones for the entire FH protein, a clone for a fragment of FH. This fragment clone encoded most of the FH N-terminal and C-terminal but not the region in between. When the human FH fragment cDNA clone was used as an mRNA probe, multiple FH-specific mRNAs were identified (20); the corresponding proteins have since been described as the FHR proteins. There are five FHR proteins: FHR1, FHR2, FHR3, FHR4 and FHR5. They are produced primarily in the liver and secreted in the plasma, mostly in glycosylated forms (21). The FHR genes are located on human chromosome 1q32 within the regulator of complement activation (RCA) gene cluster (22). The genes are located downstream of the CFH gene in the order CFHR3, CFHR1, CFHR4, CFHR2, and CFHR5 (23, 24). The region contains several large regions of sequence similarity and is susceptible to genomic duplication and deletion events (15). For example, deletion of a region containing CFHR3 and CFHR1 results in alleles containing only the CFHR4, CFHR2, and CFHR5 genes (delCFHR3-1) and is a common polymorphism (25). 
The FHR proteins, like FH and FHL1, are composed of SCR domains. The C-terminal regions of FH and the FHR proteins show high levels of sequence identity (Figure 2). For example, the FHR1 C-terminal SCR domains, SCR3-5, differ from the equivalent FH C terminal domains, SCR18-20, by only two amino acids in FHR1 SCR5 and FH SCR 20; L290 is substituted for S1191 and A296 for V1197 (26).  The C-terminal of FH is key for surface-binding (27) and facilitates cell-surface glycosaminoglycan, heparin, complement C3b (28) and in vitro C3d binding (29). The similarity between the C-terminal sequences of FH and the FHR proteins suggests that FHR proteins can bind similar surface ligands as FH. Consistent with this, albeit with a lower affinity than FH, FHR1 binds to C3b, an interaction that depends on SCR3-5 (30). Recombinant FHR1 also binds plasma incubated HUVEC cells, epithelial cells and C3b-treated rabbit erythrocytes (30). The sequence uniformity of the C-termini has an additional implication on investigating the FH protein family; antibodies that react with the FH C-terminal are also likely to detect at least some of the FHR proteins. 
Another region of high amino acid identity similarity is between FH SCR6 to SCR8 and FHR3 SCR1 to SCR3, and FH SCR6, SCR8 and SCR9 with FHR4 SCR1 to SCR3(26) (Figure 2). Specifically, the amino acid identities of FHR3 SCR1 are 91% similar to FH SCR6, FHR3 SCR2 shows 85% identity with FH SCR7, and FHR3 SCR3 shows 62% amino acid similarity with FH SCR8. FHR4 SCR1 shares 71% amino acid identify with FH SCR6, FHR4 SCR2 shares 62% identity with FH SCR8 and FHR4 SCR3 shows 68% amino acid identity with FH SCR9 (29). This region of FH SCR6 to SCR9 binds heparin and modified/monomeric C-reactive protein.  The lack of complement regulatory domains similar to FH (FH SCR1-4) in any of the five FHR proteins indicate that they do not possess direct complement regulatory activity.
FHR1
FHR1 was identified in 1991 when human plasma was analysed by immunoblotting with a goat antiserum against human FH (31). In addition to the FH signal at 150kDa, two antigens corresponding to molecules of 42 and 37kDa (termed Factor H-related Ag h42 and h37) were identified (31). Enzymatic deglycosylation transformed h42 and h37 to molecules of the same mass at 33kDa, suggesting h42 and h37 are glycosylation isoforms of the same protein, FHR1. Unlike FH, the newly described protein did not accelerate either the dissociation of C3bBb or demonstrate factor I cofactor activity (32). 
FHR1 consists of five SCR domains with variable similarity to FH (Figure 2). As mentioned above, FHR1 SCR3-5 have high amino acid sequence similarity to the FH C-terminal domains SCR18-20, with subsequent functional consequences as FHR1 shares some binding characteristics with the FH C-terminus (26). FHR1 has been confirmed as existing as two glycosylated forms in human plasma (33); FHR1α displays one carbohydrate side chain; FHR1β has two (30).  Two allelic variants of FHR1 have been identified, FHR1A and FHR1B. FHR1A (the acidic isoform) expresses the amino acids HLE in SCR3. FHR1B (the basic isoform) expresses YVQ in SCR3 (33, 34). 
There is a common deletion polymorphism of the CFHR1 and CFHR3 genes (delCFHR3-1 allele). The delCFHR3-1 allele frequency varies with ethnicity. The highest frequency of the deleted allele is seen within African populations. For example in sub-Saharan Africa the frequency is approximately 54.7% whilst in European Caucasoid populations the frequency is approximately 15-25% (25). The frequency is lowest in East Asian and South American and almost absent in Japanese populations. This equates to delCFHR3-1 homozygosity frequencies of around 30% in Nigeria, 3-10% in Europe, and almost 0% in East Asia and South America (25). The FHR1 plasma concentration has been measured at between 70-100µg/mL (30), although there is significant population variation. Besides the presence of delCFHR3-1 alleles, factors that may influence its circulating concentration include its ability to form heterodimers with FHR2 and to interact with high density lipoprotein particles (35, 36). FH also shows a wide range of plasma concentration with levels between 110 to 615µg/mL found in healthy individuals (15). Given the two fold higher mass of FH compared to FHR1, the molar ratio of the FHR1 dimer to FH has been estimated at approximately 0.3:1 (36).
The two FHR1 N-terminal SCR domains (SCR1-2) show remarkable sequence identity with the corresponding initial two N-terminal SCR domains of both FHR2 and FHR5 (Figure 2). These domains have been shown to mediate obligate ‘head to tail’ dimerisation (37). As discussed below, dimerisation has implications for ligand avidity and implies that heterodimers could exist. To date, FHR1, FHR2 and FHR5 homodimers have been demonstrated from plasma (37, 38).  Due to the inability of FHR2 to bind heparin in the absence of FHR1, the FHR1-FHR2 heterodimer has been readily identified in human plasma using heparin chromatography. The FHR1-FHR5 heterodimer has been less clearly identified, and the FHR2-FHR5 heterodimer was detected in small amounts in one study (38), but could not be detected in a second (39).
FHR2
FHR2 exists in human plasma in two glycosylated forms with molecular masses of 24kDa and 29kDa (32). Its plasma concentration is estimated to be around 50μg/ml (36). It consists of four SCR domains.  Its C-terminal SCR domains shows a high level of sequence similarity with FH SCR19-20 (Figure 2). FHR2 SCR3 shows 89% and FHR2 SCR4 61% sequence identity with FH SCR19 and SCR20 respectively (26). 
FHR3
FHR3 consists of five SCR domains. FHR3 SCR1 and SCR2 domains show amino acid sequence similarity of 91% to FH SCR 6 and 85% to FH SCR7 (Figure 2) (36). Furthermore, FHR3 SCR3 demonstrates perfect sequence identity with SCR6 of FHR4A and SCR2 of FHR4B (40). Very close amino acid sequence identity is also found with the other FHR3 and FHR4 SCRs; FHR3 SCR4 shows 98% amino acid sequence similarity with FHR4B SCR4 and FHR4A SCR8; FHR3 SCR5 shows 93% sequence similarity with FHR4B SCR5 and FHR4a SCR9 (40). The plasma concentration of FHR3 is estimated to be around 70-100μg/mL (41). Clearly the concentration will be influenced by the presence of delCFHR3-1 alleles. FHR3 is detected in plasma in multiple bands of molecular mass range 35kDa to 56kDa, suggesting the existence of four differentially glycosylated forms (36). 
FHR4
Two transcripts of the CFHR4 gene have been identified: FHR4A and FHR4B.  FHR4A is composed of nine SCR domains, while FHR4B is composed of five domains. FHR4A has an internal duplication: SCR1-4 show sequence identity to SCR5-8 (42). With reference to the SCR domains in FHR4A, the FHR4B protein consists of SCR1 and SCR6-9 (43). CFHR4A has a molecular mass of 86kDa and CFHR4B has a mass of 42kDa. 
FHR5
FHR5 is composed of nine SCR domains (36). FHR5 is glycosylated and has a molecular mass of 62kDa. Through a dimerization domain in the initial two N-terminal domains, it exists as an obligate dimer (Figure 2) (37, 40). FHR5 plasma concentrations are approximately 5ug/mL (44). It has been detected in complement-containing kidney deposits (45). In fact FHR5 was first detected using an antibody raised by immunizing mice with glomerular basement membrane preparation from glomerulonephritic human kidneys. The FHR5 staining pattern within the kidneys was similar to the pattern seen for both C3 and C5b9 staining and confirmed in a prospective study of 100 consecutive patient kidney biopsies stained with anti-FHR5 monoclonal antibody (44). 
The Factor H Related Proteins - Functional assessment

The biological functions of the FHR proteins have been elusive. The presence of the delCFHR3-1 allele among healthy individuals indicates that both FHR1 and FHR3 are biologically non-essential. Likewise, the presence of a delCFHR4-1 allele, although much less frequent that the delCFHR3-1 allele, indicates CFHR4 also lacks an essential biological role (34).   
The structural and sequence similarity with FH domains lead to speculation as to whether the FHR proteins could replicate or interfere with functions of FH (46). Because none of the FHR proteins contained domains analogous to the complement regulation domains of FH (SCR1-4), the FHR proteins were not expected to replicate this particular activity. Consistent with this, FH regulatory activity was not demonstrated for FHR1 and FHR2 (31). The most consistently identified binding was to heparin or components of lipoprotein complexes, although the relevance of this was unclear (35). We first summarise some of the published data, the majority of which is derived from in vitro assays, reporting complement regulatory roles for the FHR proteins. Secondly, we review data indicating a role for these proteins in promoting complement activation.   
FHR proteins as regulators of complement activation
FHR1 has been reported to inhibit the C5 convertase (30). Using a sheep erythrocyte lysis assay, FHR1 reduced generation of C5a, but not C3a, suggesting FHR1 has an inhibitory effect on the C5 convertase (30). This was confirmed by the lack of C5 deposition on sheep erythrocytes and inhibition of C5a production in an in vitro C5 convertase activity assay. Furthermore, FHR1 was shown to bind C5 and the activation product C5b6, and inhibited haemolysis in a C5b9-dependent erythrocyte lysis model (30). However, further studies have not confirmed this activity (37). 
FHR2 has been reported to inhibit the C3 convertase and terminal complement complex assembly in vitro (47). Using human sera, FHR2 inhibited the production of C3a from C3 in a dose-dependent manner, and reduced terminal complement complex surface deposition on sheep red blood cells (47). FHR2 also inhibited in vitro C3 convertase assembly but did not demonstrate factor I cofactor activity (47). 
Using surface plasmon resonance techniques, recombinant FHR3 and FHR4 were shown to bind the C3d region of C3b and, in the presence of factor H, promote cleavage of the C3b alpha chain (48). This data suggested that FHR3 and FHR4 have factor I cofactor activity. However, FHR3 and FHR4 factor I cofactor activity in the absence of factor H was very low and only detectable at non-physiological FHR concentrations (48). When added to FH-depleted, complement active plasma, FHR3 reduced complement-mediated haemolysis of sheep erythrocytes by approximately 15%. This compared with approximate 80% inhibition by FH (41). At higher than estimated physiological concentrations, FHR3 also reduced production of C5a and C5b from C5 in an in vitro C5 convertase model. 
Recombinant FHR5 bound C3b in a dose-dependent and saturable manner (49).  The addition of FHR5 to C3b and fI lead to C3b cleavage, suggesting that FHR5 has fI cofactor activity (44). Furthermore, using a C3 convertase assay, FHR5 appeared to inhibit C3 activation (44). However, 10µg of FHR5 was needed to achieve a similar level of fI cofactor activity as 50ng of FH, and 5µg of FHR5 had a similar C3 convertase inhibition effect as 1µg of FH. The dependence on very high FHR5 concentrations to observe these effects questions the biological relevance of these in vitro activities.

FHR proteins as promoters of complement activation
Under some circumstances FHR proteins appear to increase complement activation. This can be due to an ability to compete with FH for surface ligand binding. The result is a reduction in the ability of FH to negatively regulate surface C3b activation. In this setting this process has been termed FH deregulation (37, 38). We will first discuss experiments that demonstrate direct complement activation by the FHR proteins, and then highlight data showing FHR interaction with FH binding and subsequent complement deregulation and activation. 
As opposed to regulating C3b activation, investigation of the significance of FHR4 binding to C3b suggested that the FHR4-C3b interaction actually promoted complement activation. FHR4B immobilized on microtitre plates bound C3b and C3d (48), while FHR4A was also able to bind inactivated C3b (iC3b) but not C3c. FHR4A binding to fluid-phase and plate-immobilized C3b was stronger than FHR4B and comparable to FH (50). Analysis of recombinant deletion FHR4A mutants showed that the C3b and C3d binding site was localized within the SCR8 and SCR9 domains. Importantly, no significant factor I cofactor or C3 convertase decay accelerating activity could be demonstrated for FHR4A. Addition of Mg-EGTA buffered human serum, which restricts complement activation to the alternative pathway, to FHR4A and FHR4B lead to C3 activation and the deposition of C3b fragments. This activation was dependent on the FHR4A SCR8-9 domains and associated with factor B and properdin deposition (51). This demonstrated that FHR4-C3b complex could promote C3 convertase formation and consequently C3 activation. 
More recently, FHR5 has been shown to directly promote C3 convertase formation. When surface-immobilised FHR5 is incubated with C3b, purified factor B, factor D and properdin, the C3 convertase can form on FHR5 and functions to produce C3a and C3b (52). The direct activation of the alternative complement pathway can be replicated in the fluid phase; the addition of normal human serum to FHR5 immobilised on microtitre plates leads to C3, factor B and properdin deposition (52). 
These data raise the question as to what are the ligands for FHR4 and FHR5 in vivo that would promote local complement activation? Recently FHR4 and FHR5 have been shown to bind to pentameric CRP (50, 53) and pentraxin-3 respectively (52) leading, via different mechanisms, to complement activation. 
FHR4 interacts with C-reactive protein. Using recombinantly expressed FHR4 fragments, binding was localized to the SCR1 domain of FHR4. Sequence comparisons with FH and the other FHR proteins showed this site to be unique to FHR4 (50). FHR4 binds preferentially to the native pentameric form of CRP, while FH predominantly binds to the monomeric form. FHR4-bound CRP leads to enhanced opsonisation of necrotic cells by CRP (53). Furthermore, as demonstrated by C3 fragment deposition, the bound FHR4 was able to activate complement via C2 and C4-dependent pathways (50), independent of FH. The ability for FHR4 to allow C3 convertase formation on bound C3b may contribute to enhanced damaged cell and pathogen opsonisation. 
Interestingly, although FHR5 appears to interact with pentraxin (PTX) 3, the subsequent complement activation seems to involve FH deregulation. Pentraxins are a family of pattern recognition molecules of the innate immune system which include CRP. Under inflammatory conditions, PTX3 is produced locally by neutrophils, macrophages, dendritic cells, fibroblasts and endothelial cells and can recruit, initiate and control complement regulators and activation. FHR5 binds PTX3-coated wells in a dose-dependent manner, and is able to do this at lower concentrations than FH (52). Recombinant FHR5 and serum-derived FHR5 are able to interfere with the binding of FH to PTX3 in an extracellular matrix model (52). The interaction of FH and PTX3 is potentially important in down-regulating PTX3-induced complement activation. These studies describe a potential functional interaction at physiological concentrations of FHR5 with pro-inflammatory molecules and the ECM. They also provide a mechanism for FHR5-driven local complement deregulation by competition with FH for C3b and other physiological ligands. 
The ability of FHR proteins to interfere with FH-mediated regulation of C3b activation, leading to complement deregulation, derived from the observation that FH acceleration of C3 convertase decay was reduced in the presence of FHR3 and FHR1 (41). Furthermore, in complement-dependent haemolytic assays using plasma deficient in both FHR3 and FHR1, the addition of exogenous FHR3 and FHR1 significantly increased complement-dependent haemolysis (41). This FH deregulation was confirmed in subsequent experiments using FHR1 and FHR5. FHR5, like the other FH protein family members, recognises and binds to C3b on surfaces (44). FHR5 (37) and FHR1 (38) have been shown to compete with FH for binding to surface C3b. In erythrocyte lysis assays using guinea-pig erythrocytes, both FHR5 (37) and FHR1 (38) promote the lysis of cells in a FH-dependent manner. 
The ability of FHR1, FHR2 and FHR5 to form dimers (37) and higher order complexes (38) results in increased ligand avidity (37). This phenomenon is predicted to potentiate FH deregulation. Support for this in vivo derives from the observation that abnormal FHR proteins, in which there is duplication of the dimerization domains, are associated with C3 glomerulopathy, a condition characterised by abnormal C3 deposition within the kidney (38, 54-57). In vitro evidence that dimerization enhances FH deregulation includes the differential ability of FHR1 monomers and dimers to inhibit the binding of FH to surface C3b (37) and to interact with glomerular bound C3 in the FH-deficient mouse model (37). In both situations, dimeric proteins were superior to monomeric counterparts. 
 The Factor H Related Proteins – association with disease

Understanding the associations and role of the FHR proteins in disease progression has increased our understanding of their biological functions. 
FHR proteins and interactions with pathogens
FHR protein binding to several microbes and microbial proteins has been demonstrated (58), including Neisseria meningitidis (59, 60), Streptococcus pyogenes (61), Borrelia burgdorfei (62), Leptospira interrogans (63), Pseudomonas aeruginosa (64) and Candida albicans (65). However, few studies have described the functional mechanism and effect of these interactions. Where there is both a FHR-pathogen and FH-pathogen interaction, the FHR interaction may, by promoting complement activation, facilitate complement-mediated pathogen damage (40).  The FHR-pathogen interaction may also influence immune cell recruitment, as FHR1, as well as FH have been shown to bind complement receptor type 3 on neutrophils (58).
Neisseria meningitidis is an important human pathogen, causing rapidly progressive septicaemia and meningitis. As evidenced by the susceptibility of individuals with alternative or terminal complement pathway deficiencies to Neisseria meningitidis, complement activation is critical for disease protection (59). All the single nucleotide polymorphisms (SNPs) associated with meningococcal disease in a recent genome wide association study (GWAS) were located within the CFH-CFHR locus. Specifically, three SNPs in CFH and three in CFHR3 showed repeated independent association with disease susceptibility through an original UK based study population and two European replication populations (59). 
Neisseria meningitidis binds FH with high affinity via FH-binding protein (FHbp), a surface lipoprotein with mimicry to host cell carbohydrates (59). FHbp binds FH SCR6 and SCR7 domains. These are very similar to FHR3 SCR1 and SCR2 (Figure 2). Using full length FHR3, mutant FHR3 proteins lacking specific SCR domains, and serum from FHR3-deficient individuals, it was demonstrated that FHR3 interacted with FHbp in a manner that depended on SCR domains 1-2 (60). Furthermore, FHR3 was shown to compete with FH for both FHbp and C3b on the bacterial surface and significantly influenced Neisseria meningitidis survival in serum assays (60). This important study demonstrated that susceptibility to an important infectious disease was governed by the relative abundance of FH and FHR3 through their shared affinity for the pathogen FHbp. Interestingly, Neisseria meningitidis FHbp shows variation in FH and FHR3 binding affinity which may explain the prevalence of certain strains (60). The findings also demonstrate how individuals’ genetics and the consequent competition between two complement factors with opposing effects influence infectious disease susceptibility, and suggest the distribution of complement proteins, particularly the FHR proteins, should be considered in epidemiology disease mapping and immunisation strategies. 
Atypical Haemolytic Uraemic Syndrome 
Atypical haemolytic uraemic syndrome (aHUS) is a renal thrombotic microangiopathy characterised by haemolytic anaemia with schistocytes (microangiopathic haemolytic anaemia), thrombocytopenia and acute kidney injury. Although rare, it is serious and life threatening and leads to end stage renal disease in about 50% cases (66). Although the typical form of the disease is associated with shigatoxin-producing Escherichia coli, the atypical form is most commonly caused by impaired regulation of complement activation on endothelial surfaces. aHUS is associated with mutations or variants of the complement system, commonly affecting FH (66). Four CFHR gene rearrangements are associated with aHUS. Three of these rearrangements result in the generation of hybrid genes between CFH and CFHR1 or CFHR3 that affect the FH C-terminal SCR20 (67-70). The CFH:CFHR1 hybrid gene involves the substitution of the C-terminal SCR 20 of FH with the C-terminal SCR of FHR1. The CFH:CFHR3 hybrid gene substitutes FH SCR20 with the whole FHR3. The CFHR1:CFH hybrid gene results from the substitution of the two C-terminal SCRs of FHR1 with those of FH (67-70). 
Despite the aforementioned close sequence homology between FH SCR20 and the C-terminal FHR1 SCR5, the FHR1 SCR domain renders FH ineffective in endothelium binding and complement regulation. This demonstrates FHR1 lacks appropriate complement regulatory activity to substitute FH and the essential role of the FH C-terminal region in the protection of host surfaces from complement-driven injury. It is also a striking example that small changes in amino acid sequences result in remarkable differences in molecular binding and surface interaction (70). 
The fourth CFHR gene rearrangement associated with aHUS is with the common deletion CFHR3-CFHR1 genetic polymorphism (delCFHR3-1), or the less common deletion of genes CFHR1-CFHR4 (delCFHR1-4). As discussed below, although these deletion polymorphisms are associated with protection from other conditions, they are also associated with and may contribute to, the presence of anti-FH autoantibodies (34). FH autoantibodies are seen in about 9% of aHUS cases, and the majority, but not all, of these patients have homozygous deletion of CFHR1 (71). Using recombinant FH fragments, the binding sites of FH autoantibodies from five unrelated aHUS patients has been mapped and localised to recognise the FH C-terminal SCR19 and SCR20 of FH (72). The autoantibodies mimic C-terminal FH mutations by impairing FH cell surface recognition, binding and complement regulation, leading to the development of aHUS. The FHR3-FHR1 deletion and associated generation of anti-FH autoantibodies is highly prevalent in haematopoietic stem cell transplantation related thrombotic microangiopathy (73). Interestingly and potentially because of a predisposition to produce anti-FH antibodies, the polymorphism is also a risk factor for systemic lupus erythematosus (SLE) (74).
Age-related Macular Degeneration
Age-related macular degeneration (AMD) is a heritable and progressive retinal disease that leads to loss of central vision. AMD is a common cause of blindness in older individuals. The early stage of the disease, known as age-related maculopathy, is characterised by the formation of drusen. Drusen are small yellow deposits, external to the outer retina between the retinal pigment epithelium and Bruch’s membrane. Large numbers of drusen and damage to the retinal pigment epithelium increase the risk of progressing to atrophy or aberrant neovascularisation of the outer retina, with associated vision loss (75). AMD is associated with polymorphisms in CFH protein family genes and variants in FH and the FHR proteins. GWAS have identified multiple SNPs associated with AMD disease risk, many of which are located within the regulation of complement activation locus on chromosome 1 (75).   A polymorphism in the CFH gene affecting amino acid 402 in SCR7, known as Y402H, is major risk factor for AMD and has been confirmed in several cohort studies (41, 76). The FHR proteins are also implicated in AMD pathogenesis. The homozygous deletion polymorphism of FHR3 and FHR1 is associated with a lower risk for AMD; the deletion haplotype is present in 20% of healthy controls and 8% of individuals with AMD (76). Regression analysis confirms the delCFHR3-1 remains significantly associated with the risk for AMD even without the effect of the Y402H FH (41). The pathogenic role of complement deregulation in AMD is further suggested by the composition of the drusen that characterise the condition. The drusen contain a number of complement activation products and regulators and show remarkable similarities to the FHR-containing deposits found in C3 glomerulopathy, a complement-driven renal disease. 
C3 Glomerulopathy 
C3 glomerulopathy (C3G) is a group of kidney diseases caused by complement deregulation. The deregulation may be in the form of abnormal control of complement activation, deposition, or degradation (77). Cases of C3G are characterised by glomerular deposits composed of C3 as the dominant antigen, and electron-dense deposits on electron microscopy. Although a rare condition, C3G often progresses to end stage renal failure and recurs in renal transplants. A number of studies of familial cases of C3G have identified mutant FHR proteins associated with and likely pathogenic in the development of C3G (38, 54-57). These include; a heterozygous mutation of CFHR5 involving internal duplication of exons 2 and 3, that encode FHR5 SCR1 and SCR2 respectively, in a large Greek Cypriot cohort (54); the identical FHR5 with duplicated SCR1 and SCR2 caused by a novel intronic genetic mutation in a British family without Cypriot ancestry (55); a heterozygous mutation in a large Irish kindred whereby deletion of CFHR3 exons 4-6 and CHFR1 exon 1 produced a hybrid protein with SCR1 and SCR2 of FHR3 linked to full length FHR1 (56); a Spanish family with a heterozygous mutation causing duplication of FHR1 SCR1 to SCR4 (38); and a German sibship with heterozygous deletion of CFHR2 exons 4 and 5, producing a hybrid protein of FHR2 SCR1 and SCR2 linked to full-length FHR5, which is structurally similar to the abnormal FHR5 identified in the aforementioned Cypriot and British families (57). 
The pathogenic FHR proteins are mostly characterised by duplication of their dimerization domains (the initial N-terminal two SCR domains). The abnormal dimerization domains likely increase avidity and the current hypothesis is that this results in enhanced FH deregulation within glomeruli resulting in abnormal C3 accumulation. One example of data to support this derives from the detailed study of a mutant FHR1 associated with familial C3 glomerulopathy in which the mutant protein formed higher-order oligomers, likely tetramers, of FHR, and large multimeric complexes (38). The mutant FHR1 contained a duplication of the two N-terminal SCR1 and SCR2; the location of the dimerization motif. The mutant protein bound to C3b, iC3b and C3dg immobilised on a Biacore chip with greater affinity than native FHR1. It also showed enhanced competition with FH in FH-dependent complement-driven haemolysis assay using guine pig erythrocytes (38). A comparable assay assessed the ability of FHR1, FHR2 and FHR5 from individuals with familial C3G, and either a mutant CFHR5 (54), or a FHR3-1 hybrid protein (56) to activate complement (37). The mutant FHR proteins from individuals with either mutation are characterised by duplicated dimerization motif SCR1 and SCR2. When added to a FH-dependent complement driven guinea pig erythrocyte haemolysis assay, the serum-derived preparations from patients with mutant FHR proteins showed significantly greater haemolysis and complement deregulation than healthy controls (37). 
Investigations of the mutant FHR1 also demonstrated the potential for native FHR proteins to form heterodimers, likely via binding at the dimerization motif; in addition to FHR1, the elution fraction from heparin chromatography purification for FHR1 of FH-depleted human plasma showed the capture of FHR2 and FHR5 (38). FHR2 was not detected from individuals with a CFHR1 deletion polymorphism, suggesting FHR1 interacts with FHR2 and FHR5. No interaction of FHR1, FHR2 and FHR5 was detectable with FHR3 and FHR4A/B, members of the FH protein family lacking the dimerization domain (38).
An important observation that demonstrates our understanding of the FHR-driven complement deregulation is incomplete is the effect of a hybrid protein with SCR1 and SCR2 from FHR2 added to a full length CFHR5 protein. Although structurally similar to a mutant FHR5 with duplicated SCR1 and SCR2, unlike other FHR mutants it causes severe plasma C3 depletion. This effect is similar to C3 nephritic factor, suggesting this mutant FHR may have C3 convertase stabilising properties (39).  
IgA Nephropathy
IgA Nephropathy (IgAN) is the most common primary glomerular disease and a common cause of renal failure, especially in young people (78). Historically, an important role for complement in IgAN pathogenesis has been suspected but poorly defined. Series of IgAN pathology studies from the 1980s demonstrated glomerular immunostaining of C3 co-deposited with the defining IgA in almost all cases, predominantly in the absence of classical pathway components such as C1q (79). Interestingly, C3G associated with mutant FHR proteins shares many clinical, phenotype and histology features with IgAN. Recent genetic studies specifically implicated a role for the FHR proteins in IgAN pathogenesis.  An initial GWAS of 1194 cases and 902 controls oh Chinese Han ancestry identified a strong association between IgAN and SNP rs6677604, that tags the delCFHR3-1 deletion (80). The latest meta-analysis of more than 20000 individuals of different ethnicities confirmed this variation to have a protective effect in IgAN, with inheritance of a single allele calculated to reduce disease risk by 36%, while two alleles reduce the disease risk by 45% (81). Interestingly, the allelic frequency of the deletion exhibits marked differences across worldwide populations, with the highest frequency of the protective alleles in ethnicities of African ancestry (55%), in whom the prevalence of IgAN is least common, while people from South America and East Asia, where IgAN is most common, have the lowest prevalence of protective alleles (0-5%). Subsequently, an association was demonstrated between the same SNP rs6677604, serological and histopathology evidence of complement deregulation, and histology markers of disease severity, although no association was established between complement deregulation with markers of disease outcome (82). 



Conclusions

Despite sharing significant sequence homology with FH, the FHR proteins lack the FH N-terminal complement regulatory domains. A common deletion polymorphism of the CFHR3 and CFHR1 genes, and less frequently, a combined deletion of the CFHR1 and CFHR4 genes, result in significantly reduced or absent levels of the respective proteins in healthy individuals. These observations suggested that FHR proteins lack FH-like complement regulatory ability and were, in the case of FHR1, -3 and -4, biologically non-essential. However, genetic studies in both rare and common diseases indicated that these proteins have important roles in complement-associated diseases. The appreciation of two further structural characteristics has been key in developing theories to explain their function. First, the FHR proteins are characterised by C-terminal domains that share sequence similarity with the C-terminal domains of FH. They therefore display similar surface binding to FH and can act as competitive antagonists. Second, FHR1, -2 and -5 share a conserved dimerization domain within their first two N-terminal domains which, through dimerization, enhances ligand avidity. The characterisation of rare conditions caused by FHR gene mutations, in particular aHUS and familial C3G, has revealed important clues as to their function. Data derived from these conditions suggests that FHR proteins antagonise the ability of FH to negatively regulate surface complement C3b within the kidney. It is important to note that to date FH deregulation has not been directly demonstrated in vivo on surfaces like the GBM. This will be important to investigate as the regulation of C3 along surfaces is likely to be determined not only by the relative concentrations of FH and FHR proteins in the vicinity, but also the affinity of the proteins for a given surface. Studies of Neisseria meningitidis illustrates that both protein availability, influenced for example by the presence of delCFHR3-1 alleles, and the surface upon which complement activation is occurring, influenced for example by the type of FHbp on the Neisserial surface, is biologically relevant to disease susceptibility. A similar imbalance is likely to play a pathogenic role in IgAN. In conditions where there is marked complement dysregulation, such as C3 glomerulopathy, it may be appropriate to fully block effector functions. However, in chronic complement-associated disease like IgAN and AMD, modulation of complement activation may be sufficient.  Manipulation of the FHR protein family may be a feasible means to achieve complement modulation and provide a safe long-term therapy for complement-associated disease.  
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Figure 1. The Complement system.
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Figure Legend

Figure 1. The Complement system.
Three activation pathways can trigger complement activation: the classical pathway; the lectin pathway; and the alternative pathway. Regardless of the trigger and initial pathway, complement activation results in the formation of C3 convertases that cleave C3 molecules into C3b. C3b may itself interact with other complement molecules to produce more C3 convertase, with resultant amplification of complement C3 activation (40). The C3 convertase amplifies complement activation by rapidly converting many C3 molecules to C3a, a potent anaphylatoxin, and C3b, that opsonises and binds at sites of complement activation. Some of the C3b binds to C3 convertases and to form complexes (C5 convertase) that can activate complement C5 (83). The C5 convertases cleave C5 to initiate the terminal complement pathway, releasing the anaphylatoxin C5a, and producing C5b, which initiates the formation of C5b-9, the membrane-attack complex (MAC)(1). Complement factor H (FH) inhibits alternative pathway activation and the C3b amplification pathway. Due to the important role of the C3 convertase in complement amplification regardless of the original activating pathway, FH also plays a major role in regulating complement amplification. 


Figure 2. The factor H (FH) related protein (FHR) family: Structural organisation and domain similarity.
High-resolution structural studies show FH to adopt a compact hinge-like arrangement in circulation (18).  Short consensus repeat (SCR) domains of FH and the FHR proteins are represented by ovals and numbered from the N-terminus. Colour is used to depict amino acid sequence similarity between the protein SCR domains. Black numbers with lines linking SCR domains denote percentage amino acid similarity. For example there is high sequence similarity between SCR1 and 2 of FHR3 and SCR6 and 7 of FH (see text). FHR1, FHR2 and FHR5 are found exclusively as dimers in the circulation, and heterodimers of FHR1 and FHR2 (FHR1:FHR2 heterodimer) and FHR5 and FHR1 (FHR5:FHR1 heterodimer) have been identified (37, 38). 




References

1.	Robson MG, Cook HT, Botto M, Taylor PR, Busso N, Salvi R, et al. Accelerated nephrotoxic nephritis is exacerbated in C1q-deficient mice. Journal of immunology. 2001 Jun 1;166(11):6820-8. PubMed PMID: 11359841. Epub 2001/05/22. eng.
2.	Mathern DR, Heeger PS. Molecules Great and Small: The Complement System. Clin J Am Soc Nephrol. 2015 Sep 4;10(9):1636-50. PubMed PMID: 25568220. Pubmed Central PMCID: PMC4559511.
3.	Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system for immune surveillance and homeostasis. Nat Immunol. 2010 Sep;11(9):785-97. PubMed PMID: 20720586. Pubmed Central PMCID: 2924908. Epub 2010/08/20. eng.
4.	Gaboriaud C, Thielens NM, Gregory LA, Rossi V, Fontecilla-Camps JC, Arlaud GJ. Structure and activation of the C1 complex of complement: unraveling the puzzle. Trends in Immunology. 2004 7/1/;25(7):368-73.
5.	Chen CB, Wallis R. Two mechanisms for mannose-binding protein modulation of the activity of its associated serine proteases. J Biol Chem. 2004 Jun 18;279(25):26058-65. PubMed PMID: 15060079.
6.	Dobó J, Harmat V, Beinrohr L, Sebestyén E, Závodszky P, Gál P. MASP-1, a Promiscuous Complement Protease: Structure of Its Catalytic Region Reveals the Basis of Its Broad Specificity. The Journal of Immunology. 2009 July 15, 2009;183(2):1207-14.
7.	Bexborn F, Andersson PO, Chen H, Nilsson B, Ekdahl KN. The tick-over theory revisited: Formation and regulation of the soluble alternative complement C3 convertase (C3(H2O)Bb). Molecular Immunology. 2008 4//;45(8):2370-9.
8.	Pangburn MK, Schreiber RD, Müller-Eberhard HJ. Formation of the initial C3 convertase of the alternative complement pathway. Acquisition of C3b-like activities by spontaneous hydrolysis of the putative thioester in native C3. The Journal of Experimental Medicine. 1981 September 1, 1981;154(3):856-67.
9.	Sahu A, Kozel TR, Pangburn MK. Specificity of the thioester-containing reactive site of human C3 and its significance to complement activation. Biochem J. 1994 Sep 1;302 ( Pt 2):429-36. PubMed PMID: 8092994. Pubmed Central PMCID: 1137246. Epub 1994/09/01. eng.
10.	de Cordoba SR, Tortajada A, Harris CL, Morgan BP. Complement dysregulation and disease: from genes and proteins to diagnostics and drugs. Immunobiology. 2012 Nov;217(11):1034-46. PubMed PMID: 22964229. Epub 2012/09/12. eng.
11.	Fearon DT, Austen KF. Properdin: binding to C3b and stabilization of the C3b-dependent C3 convertase. The Journal of Experimental Medicine. 1975 October 1, 1975;142(4):856-63.
12.	Spitzer D, Mitchell LM, Atkinson JP, Hourcade DE. Properdin Can Initiate Complement Activation by Binding Specific Target Surfaces and Providing a Platform for De Novo Convertase Assembly. The Journal of Immunology. 2007 August 15, 2007;179(4):2600-8.
13.	Muller-Eberhard HJ. The killer molecule of complement. J Invest Dermatol. 1985 Jul;85(1 Suppl):47s-52s. PubMed PMID: 3891882.
14.	Adler S, Baker PJ, Johnson RJ, Ochi RF, Pritzl P, Couser WG. Complement membrane attack complex stimulates production of reactive oxygen metabolites by cultured rat mesangial cells. J Clin Invest. 1986 Mar;77(3):762-7. PubMed PMID: 3005365. Pubmed Central PMCID: PMC423461.
15.	Rodriguez de Cordoba S, Esparza-Gordillo J, Goicoechea de Jorge E, Lopez-Trascasa M, Sanchez-Corral P. The human complement factor H: functional roles, genetic variations and disease associations. Molecular immunology. 2004 Jun;41(4):355-67. PubMed PMID: 15163532.
16.	Pangburn MK, Schreiber RD, Muller-Eberhard HJ. Human complement C3b inactivator: isolation, characterization, and demonstration of an absolute requirement for the serum protein beta1H for cleavage of C3b and C4b in solution. The Journal of experimental medicine. 1977 Jul 1;146(1):257-70. PubMed PMID: 301546. Pubmed Central PMCID: 2180748. Epub 1977/07/01. eng.
17.	Weiler JM, Daha MR, Austen KF, Fearon DT. Control of the amplification convertase of complement by the plasma protein beta1H. Proc Natl Acad Sci U S A. 1976 Sep;73(9):3268-72. PubMed PMID: 1067618. Pubmed Central PMCID: PMC431003.
18.	Makou E, Herbert AP, Barlow PN. Functional Anatomy of Complement Factor H. Biochemistry. 2013 2013/06/11;52(23):3949-62.
19.	Schwaeble W, Zwirner J, Schulz TF, Linke RP, Dierich MP, Weiss EH. Human complement factor H: expression of an additional truncated gene product of 43 kDa in human liver. Eur J Immunol. 1987 Oct;17(10):1485-9. PubMed PMID: 2445583.
20.	Fontaine M, Demares MJ, Koistinen V, Day AJ, Davrinche C, Sim RB, et al. Truncated forms of human complement factor H. Biochem J. 1989 Mar 15;258(3):927-30. PubMed PMID: 2525027. Pubmed Central PMCID: PMC1138455.
21.	Zipfel PF, Skerka C. FHL-1/reconectin: a human complement and immune regulator with cell-adhesive function. Immunol Today. 1999 Mar;20(3):135-40. PubMed PMID: 10203705.
22.	Rodriguez de Cordoba S, Rubinstein P. Quantitative variations of the C3b/C4b receptor (CR1) in human erythrocytes are controlled by genes within the regulator of complement activation (RCA) gene cluster. The Journal of experimental medicine. 1986 Oct 1;164(4):1274-83. PubMed PMID: 2944984. Pubmed Central PMCID: 2188423. Epub 1986/10/01. eng.
23.	Diaz-Guillen MA, Rodriguez de Cordoba S, Heine-Suner D. A radiation hybrid map of complement factor H and factor H-related genes. Immunogenetics. 1999 Jun;49(6):549-52. PubMed PMID: 10380701.
24.	Perez-Caballero D, Gonzalez-Rubio C, Gallardo ME, Vera M, Lopez-Trascasa M, Rodriguez de Cordoba S, et al. Clustering of missense mutations in the C-terminal region of factor H in atypical hemolytic uremic syndrome. Am J Hum Genet. 2001 Feb;68(2):478-84. PubMed PMID: 11170895. Pubmed Central PMCID: PMC1235280.
25.	Holmes LV, Strain L, Staniforth SJ, Moore I, Marchbank K, Kavanagh D, et al. Determining the population frequency of the CFHR3/CFHR1 deletion at 1q32. PloS one. 2013;8(4):e60352. PubMed PMID: 23613724. Pubmed Central PMCID: 3629053.
26.	Skerka C, Zipfel PF. Complement factor H related proteins in immune diseases. Vaccine. 2008 Dec 30;26 Suppl 8:I9-14. PubMed PMID: 19388158. Epub 2009/04/24. eng.
27.	Oppermann M, Manuelian T, Jozsi M, Brandt E, Jokiranta TS, Heinen S, et al. The C-terminus of complement regulator Factor H mediates target recognition: evidence for a compact conformation of the native protein. Clinical and experimental immunology. 2006 May;144(2):342-52. PubMed PMID: 16634809. Pubmed Central PMCID: 1809651. Epub 2006/04/26. eng.
28.	Manuelian T, Hellwage J, Meri S, Caprioli J, Noris M, Heinen S, et al. Mutations in factor H reduce binding affinity to C3b and heparin and surface attachment to endothelial cells in hemolytic uremic syndrome. J Clin Invest. 2003 Apr;111(8):1181-90. PubMed PMID: 12697737. Pubmed Central PMCID: PMC152934.
29.	Jozsi M, Zipfel PF. Factor H family proteins and human diseases. Trends Immunol. 2008 Aug;29(8):380-7. PubMed PMID: 18602340. Epub 2008/07/08. eng.
30.	Heinen S, Hartmann A, Lauer N, Wiehl U, Dahse HM, Schirmer S, et al. Factor H-related protein 1 (CFHR-1) inhibits complement C5 convertase activity and terminal complex formation. Blood. 2009 Sep 17;114(12):2439-47. PubMed PMID: 19528535. Epub 2009/06/17. eng.
31.	Timmann C, Leippe M, Horstmann RD. Two major serum components antigenically related to complement factor H are different glycosylation forms of a single protein with no factor H-like complement regulatory functions. J Immunol. 1991 Feb 15;146(4):1265-70. PubMed PMID: 1825108.
32.	Skerka C, Timmann C, Horstmann RD, Zipfel PF. Two additional human serum proteins structurally related to complement factor H. Evidence for a family of factor H-related genes. Journal of immunology. 1992 May 15;148(10):3313-8. PubMed PMID: 1533657. Epub 1992/05/15. eng.
33.	Skerka C, Horstmann RD, Zipfel PF. Molecular cloning of a human serum protein structurally related to complement factor H. The Journal of biological chemistry. 1991 Jun 25;266(18):12015-20. PubMed PMID: 1711047. Epub 1991/06/25. eng.
34.	Abarrategui-Garrido C, Martinez-Barricarte R, Lopez-Trascasa M, de Cordoba SR, Sanchez-Corral P. Characterization of complement factor H-related (CFHR) proteins in plasma reveals novel genetic variations of CFHR1 associated with atypical hemolytic uremic syndrome. Blood. 2009 Nov 5;114(19):4261-71. PubMed PMID: 19745068.
35.	Park CT, Wright SD. Plasma lipopolysaccharide-binding protein is found associated with a particle containing apolipoprotein A-I, phospholipid, and factor H-related proteins. The Journal of biological chemistry. 1996 Jul 26;271(30):18054-60. PubMed PMID: 8663389. Epub 1996/07/26. eng.
36.	Skerka C, Chen Q, Fremeaux-Bacchi V, Roumenina LT. Complement factor H related proteins (CFHRs). Mol Immunol. 2013 Dec 15;56(3):170-80. PubMed PMID: 23830046.
37.	Goicoechea de Jorge E, Caesar JJ, Malik TH, Patel M, Colledge M, Johnson S, et al. Dimerization of complement factor H-related proteins modulates complement activation in vivo. Proceedings of the National Academy of Sciences of the United States of America. 2013 Mar 19;110(12):4685-90. PubMed PMID: 23487775. Pubmed Central PMCID: 3606973. Epub 2013/03/15. eng.
38.	Tortajada A, Yebenes H, Abarrategui-Garrido C, Anter J, Garcia-Fernandez JM, Martinez-Barricarte R, et al. C3 glomerulopathy-associated CFHR1 mutation alters FHR oligomerization and complement regulation. The Journal of clinical investigation. 2013 Jun 3;123(6):2434-46. PubMed PMID: 23728178. Pubmed Central PMCID: 3668852.
39.	Barbour TD, Pickering MC, Cook HT. Recent insights into C3 glomerulopathy. Nephrology, dialysis, transplantation : official publication of the European Dialysis and Transplant Association - European Renal Association. 2013 Jul;28(7):1685-93. PubMed PMID: 23479095. Pubmed Central PMCID: 3707523.
40.	Jozsi M, Tortajada A, Uzonyi B, Goicoechea de Jorge E, Rodriguez de Cordoba S. Factor H-related proteins determine complement-activating surfaces. Trends Immunol. 2015 Jun;36(6):374-84. PubMed PMID: 25979655.
41.	Fritsche LG, Lauer N, Hartmann A, Stippa S, Keilhauer CN, Oppermann M, et al. An imbalance of human complement regulatory proteins CFHR1, CFHR3 and factor H influences risk for age-related macular degeneration (AMD). Human molecular genetics. 2010 Dec 1;19(23):4694-704. PubMed PMID: 20843825. Epub 2010/09/17. eng.
42.	Skerka C, Hellwage J, Weber W, Tilkorn A, Buck F, Marti T, et al. The human factor H-related protein 4 (FHR-4). A novel short consensus repeat-containing protein is associated with human triglyceride-rich lipoproteins. The Journal of biological chemistry. 1997 Feb 28;272(9):5627-34. PubMed PMID: 9038172. Epub 1997/02/28. eng.
43.	Jozsi M, Richter H, Loschmann I, Skerka C, Buck F, Beisiegel U, et al. FHR-4A: a new factor H-related protein is encoded by the human FHR-4 gene. Eur J Hum Genet. 2005 Mar;13(3):321-9. PubMed PMID: 15562282. Epub 2004/11/25. eng.
44.	McRae JL, Duthy TG, Griggs KM, Ormsby RJ, Cowan PJ, Cromer BA, et al. Human factor H-related protein 5 has cofactor activity, inhibits C3 convertase activity, binds heparin and C-reactive protein, and associates with lipoprotein. Journal of immunology. 2005 May 15;174(10):6250-6. PubMed PMID: 15879123.
45.	Murphy B, Georgiou T, Machet D, Hill P, McRae J. Factor H-related protein-5: a novel component of human glomerular immune deposits. American journal of kidney diseases : the official journal of the National Kidney Foundation. 2002 Jan;39(1):24-7. PubMed PMID: 11774097.
46.	Zipfel PF, Skerka C. Complement factor H and related proteins: an expanding family of complement-regulatory proteins? Immunol Today. 1994 Mar;15(3):121-6. PubMed PMID: 8172644.
47.	Eberhardt HU, Buhlmann D, Hortschansky P, Chen Q, Bohm S, Kemper MJ, et al. Human factor H-related protein 2 (CFHR2) regulates complement activation. PLoS One. 2013;8(11):e78617. PubMed PMID: 24260121. Pubmed Central PMCID: PMC3832495.
48.	Hellwage J, Jokiranta TS, Koistinen V, Vaarala O, Meri S, Zipfel PF. Functional properties of complement factor H-related proteins FHR-3 and FHR-4: binding to the C3d region of C3b and differential regulation by heparin. FEBS Lett. 1999 Dec 3;462(3):345-52. PubMed PMID: 10622723. Epub 2000/01/06. eng.
49.	McRae JL, Cowan PJ, Power DA, Mitchelhill KI, Kemp BE, Morgan BP, et al. Human factor H-related protein 5 (FHR-5). A new complement-associated protein. The Journal of biological chemistry. 2001 Mar 2;276(9):6747-54. PubMed PMID: 11058592. Epub 2000/11/04. eng.
50.	Hebecker M, Okemefuna AI, Perkins SJ, Mihlan M, Huber-Lang M, Jozsi M. Molecular basis of C-reactive protein binding and modulation of complement activation by factor H-related protein 4. Molecular immunology. 2010 Mar;47(6):1347-55. PubMed PMID: 20042240. Epub 2010/01/01. eng.
51.	Hebecker M, Jozsi M. Factor H-related protein 4 activates complement by serving as a platform for the assembly of alternative pathway C3 convertase via its interaction with C3b protein. The Journal of biological chemistry. 2012 Jun 1;287(23):19528-36. PubMed PMID: 22518841. Pubmed Central PMCID: 3365989. Epub 2012/04/21. eng.
52.	Csincsi AI, Kopp A, Zoldi M, Banlaki Z, Uzonyi B, Hebecker M, et al. Factor H-related protein 5 interacts with pentraxin 3 and the extracellular matrix and modulates complement activation. J Immunol. 2015 May 15;194(10):4963-73. PubMed PMID: 25855355. Pubmed Central PMCID: PMC4416742.
53.	Mihlan M, Hebecker M, Dahse HM, Halbich S, Huber-Lang M, Dahse R, et al. Human complement factor H-related protein 4 binds and recruits native pentameric C-reactive protein to necrotic cells. Mol Immunol. 2009 Jan;46(3):335-44. PubMed PMID: 19084272.
54.	Gale DP, de Jorge EG, Cook HT, Martinez-Barricarte R, Hadjisavvas A, McLean AG, et al. Identification of a mutation in complement factor H-related protein 5 in patients of Cypriot origin with glomerulonephritis. Lancet. 2010 Sep 4;376(9743):794-801. PubMed PMID: 20800271. Pubmed Central PMCID: PMC2935536.
55.	Medjeral-Thomas N, Malik TH, Patel MP, Toth T, Cook HT, Tomson C, et al. A novel CFHR5 fusion protein causes C3 glomerulopathy in a family without Cypriot ancestry. Kidney Int. 2014 Apr;85(4):933-7. PubMed PMID: 24067434. Pubmed Central PMCID: PMC3789233.
56.	Malik TH, Lavin PJ, Goicoechea de Jorge E, Vernon KA, Rose KL, Patel MP, et al. A hybrid CFHR3-1 gene causes familial C3 glomerulopathy. Journal of the American Society of Nephrology : JASN. 2012 Jul;23(7):1155-60. PubMed PMID: 22626820. Pubmed Central PMCID: 3380655. Epub 2012/05/26. eng.
57.	Chen Q, Wiesener M, Eberhardt HU, Hartmann A, Uzonyi B, Kirschfink M, et al. Complement factor H-related hybrid protein deregulates complement in dense deposit disease. J Clin Invest. 2014 Jan;124(1):145-55. PubMed PMID: 24334459. Pubmed Central PMCID: PMC3871254.
58.	Losse J, Zipfel PF, Jozsi M. Factor H and factor H-related protein 1 bind to human neutrophils via complement receptor 3, mediate attachment to Candida albicans, and enhance neutrophil antimicrobial activity. J Immunol. 2010 Jan 15;184(2):912-21. PubMed PMID: 20008295.
59.	Schneider MC, Prosser BE, Caesar JJ, Kugelberg E, Li S, Zhang Q, et al. Neisseria meningitidis recruits factor H using protein mimicry of host carbohydrates. Nature. 2009 Apr 16;458(7240):890-3. PubMed PMID: 19225461. Pubmed Central PMCID: PMC2670278.
60.	Caesar JJ, Lavender H, Ward PN, Exley RM, Eaton J, Chittock E, et al. Competition between antagonistic complement factors for a single protein on N. meningitidis rules disease susceptibility. Elife. 2014;3. PubMed PMID: 25534642. Pubmed Central PMCID: PMC4273445.
61.	Horstmann RD, Sievertsen HJ, Knobloch J, Fischetti VA. Antiphagocytic activity of streptococcal M protein: selective binding of complement control protein factor H. Proceedings of the National Academy of Sciences of the United States of America. 1988 Mar;85(5):1657-61. PubMed PMID: 2964038. Pubmed Central PMCID: 279833. Epub 1988/03/01. eng.
62.	Haupt K, Kraiczy P, Wallich R, Brade V, Skerka C, Zipfel PF. Binding of human factor H-related protein 1 to serum-resistant Borrelia burgdorferi is mediated by borrelial complement regulator-acquiring surface proteins. J Infect Dis. 2007 Jul 1;196(1):124-33. PubMed PMID: 17538892. Epub 2007/06/01. eng.
63.	Verma A, Hellwage J, Artiushin S, Zipfel PF, Kraiczy P, Timoney JF, et al. LFHA, a novel factor H-binding protein of Leptospira interrogans. Infect Immun. 2006 May;74(5):2659-66. PubMed PMID: 16622202. Pubmed Central PMCID: PMC1459737.
64.	Kunert A, Losse J, Gruszin C, Huhn M, Kaendler K, Mikkat S, et al. Immune evasion of the human pathogen Pseudomonas aeruginosa: elongation factor Tuf is a factor H and plasminogen binding protein. J Immunol. 2007 Sep 1;179(5):2979-88. PubMed PMID: 17709513.
65.	Poltermann S, Kunert A, von der Heide M, Eck R, Hartmann A, Zipfel PF. Gpm1p is a factor H-, FHL-1-, and plasminogen-binding surface protein of Candida albicans. J Biol Chem. 2007 Dec 28;282(52):37537-44. PubMed PMID: 17959597.
66.	Caprioli J, Noris M, Brioschi S, Pianetti G, Castelletti F, Bettinaglio P, et al. Genetics of HUS: the impact of MCP, CFH, and IF mutations on clinical presentation, response to treatment, and outcome. Blood. 2006 Aug 15;108(4):1267-79. PubMed PMID: WOS:000239698800029. English.
67.	Heinen S, Sanchez-Corral P, Jackson MS, Strain L, Goodship JA, Kemp EJ, et al. De novo gene conversion in the RCA gene cluster (1q32) causes mutations in complement factor H associated with atypical hemolytic uremic syndrome. Hum Mutat. 2006 Mar;27(3):292-3. PubMed PMID: 16470555.
68.	Roman-Ortiz E, Mendizabal Oteiza S, Pinto S, Lopez-Trascasa M, Sanchez-Corral P, Rodriguez de Cordoba S. Eculizumab long-term therapy for pediatric renal transplant in aHUS with CFH/CFHR1 hybrid gene. Pediatr Nephrol. 2014 Jan;29(1):149-53. PubMed PMID: 23982707.
69.	Sanchez-Corral P, Gonzalez-Rubio C, Rodriguez de Cordoba S, Lopez-Trascasa M. Functional analysis in serum from atypical Hemolytic Uremic Syndrome patients reveals impaired protection of host cells associated with mutations in factor H. Mol Immunol. 2004 May;41(1):81-4. PubMed PMID: 15140578.
70.	Valoti E, Alberti M, Tortajada A, Garcia-Fernandez J, Gastoldi S, Besso L, et al. A novel atypical hemolytic uremic syndrome-associated hybrid CFHR1/CFH gene encoding a fusion protein that antagonizes factor H-dependent complement regulation. J Am Soc Nephrol. 2015 Jan;26(1):209-19. PubMed PMID: 24904082. Pubmed Central PMCID: PMC4279739.
71.	Moore I, Strain L, Pappworth I, Kavanagh D, Barlow PN, Herbert AP, et al. Association of factor H autoantibodies with deletions of CFHR1, CFHR3, CFHR4, and with mutations in CFH, CFI, CD46, and C3 in patients with atypical hemolytic uremic syndrome. Blood. 2010 Jan 14;115(2):379-87. PubMed PMID: 19861685. Pubmed Central PMCID: PMC2829859.
72.	Jozsi M, Strobel S, Dahse HM, Liu WS, Hoyer PF, Oppermann M, et al. Anti factor H autoantibodies block C-terminal recognition function of factor H in hemolytic uremic syndrome. Blood. 2007 Sep 1;110(5):1516-8. PubMed PMID: 17495132.
73.	Jodele S, Licht C, Goebel J, Dixon BP, Zhang K, Sivakumaran TA, et al. Abnormalities in the alternative pathway of complement in children with hematopoietic stem cell transplant-associated thrombotic microangiopathy. Blood. 2013 Sep 19;122(12):2003-7. PubMed PMID: 23814021. Pubmed Central PMCID: PMC3790943.
74.	Zhao J, Wu H, Khosravi M, Cui H, Qian X, Kelly JA, et al. Association of genetic variants in complement factor H and factor H-related genes with systemic lupus erythematosus susceptibility. PLoS Genet. 2011 May;7(5):e1002079. PubMed PMID: 21637784. Pubmed Central PMCID: PMC3102741.
75.	Edwards AO, Ritter R, 3rd, Abel KJ, Manning A, Panhuysen C, Farrer LA. Complement factor H polymorphism and age-related macular degeneration. Science. 2005 Apr 15;308(5720):421-4. PubMed PMID: 15761121.
76.	Hughes AE, Orr N, Esfandiary H, Diaz-Torres M, Goodship T, Chakravarthy U. A common CFH haplotype, with deletion of CFHR1 and CFHR3, is associated with lower risk of age-related macular degeneration. Nature genetics. 2006 Oct;38(10):1173-7. PubMed PMID: 16998489. Epub 2006/09/26. eng.
77.	Barbour TD, Ruseva MM, Pickering MC. Update on C3 glomerulopathy. Nephrol Dial Transplant. 2016 May;31(5):717-25. PubMed PMID: 25326473. Pubmed Central PMCID: PMC4848753.
78.	Magistroni R, D'Agati VD, Appel GB, Kiryluk K. New developments in the genetics, pathogenesis, and therapy of IgA nephropathy. Kidney Int. 2015 Nov;88(5):974-89. PubMed PMID: 26376134. Pubmed Central PMCID: PMC4653078.
79.	Rauterberg EW, Lieberknecht HM, Wingen AM, Ritz E. Complement membrane attack (MAC) in idiopathic IgA-glomerulonephritis. Kidney international. 1987 Mar;31(3):820-9. PubMed PMID: 3573542. Epub 1987/03/01. eng.
80.	Gharavi AG, Kiryluk K, Choi M, Li Y, Hou P, Xie J, et al. Genome-wide association study identifies susceptibility loci for IgA nephropathy. Nature genetics. 2011 Apr;43(4):321-7. PubMed PMID: 21399633. Epub 2011/03/15. eng.
81.	Kiryluk K, Li Y, Sanna-Cherchi S, Rohanizadegan M, Suzuki H, Eitner F, et al. Geographic differences in genetic susceptibility to IgA nephropathy: GWAS replication study and geospatial risk analysis. PLoS Genet. 2012;8(6):e1002765. PubMed PMID: 22737082. Pubmed Central PMCID: PMC3380840.
82.	Zhu L, Zhai YL, Wang FM, Hou P, Lv JC, Xu DM, et al. Variants in Complement Factor H and Complement Factor H-Related Protein Genes, CFHR3 and CFHR1, Affect Complement Activation in IgA Nephropathy. J Am Soc Nephrol. 2015 May;26(5):1195-204. PubMed PMID: 25205734. Pubmed Central PMCID: PMC4413755.
83.	Zipfel PF, Skerka C. Complement regulators and inhibitory proteins. Nat Rev Immunol. 2009 Oct;9(10):729-40. PubMed PMID: 19730437.


image1.png




image2.png
fH

8?%

FHR3

FHR4B

10?‘/. 100% 10|0% 100%

FHR4A

6 74 8 9

fH

FHR1 homodimer

\ 00% 98%

91%  85%

FHR2 homodimer

FHR5 homodimer

FHR1:FHR2 heterodimer

FHR5:FHR1 heterodimer

fH





