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Abstract

Age-related macular degeneration (AMD) is a major cause of visual impairment in the western

world. It is characterized by the presence of lipoproteinaceous deposits (drusen) in the inner layers

of the retina. Immunohistochemistry studies identified deposition of complement proteins in the

drusen as well as in the choroid. In the last decade, genetic studies have linked both common and

rare variants in proteins of the complement system to increased risk of development of AMD.

Here, we review the variants described to date and discuss the functional implications of

dysregulation of the alternative pathway of complement in AMD.
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1. Introduction

Age-related macular degeneration (AMD) is the leading cause of vision loss in the

developed world with approximately 50 million sufferers worldwide. Its prevalence is

continuing to rise due to the increasing numbers of older individuals in the population (Lim

et al., 2012; Sobrin and Seddon, 2014). AMD is a slow progressive, degenerative

ophthalmologic disease, which normally occurs during or after the sixth decade of life. In

populations of European ancestry, the prevalence of advanced AMD ranges from 1.4% at 70

years of age to 20% at 90 years of age (Rudnicka et al., 2012). The disease manifests itself

with the loss of photoreceptor cells (the rod and cone cells) in the central region of the retina

at the back of the eye (called the macula) (Figure 1). This leads to a loss of central vision,

leaving patients dependent on the acuity of their peripheral vision.

Not only does the disease cause emotional hardship, it also imposes a large socioeconomic

burden on healthcare services, patients and their caregivers. AMD affects reading and

driving, greatly reducing the ability of patients to contribute to work-related activities. AMD

is likely a syndrome with multiple environmental and genetic factors playing a role. While

diet and environmental factors (i.e. smoking) are associated with the risk of AMD, it has

become increasingly evident that AMD risk is driven by genetic factors as well (Cipriani et

al., 2012; Fritsche et al., 2013; Sobrin and Seddon, 2014).

A number of genetic alterations are associated with increased risk of developing AMD and

many reside in genes encoding the complement cascade (Klein et al., 2005; Maller et al.,

2006; Hughes et al., 2006; Maller et al., 2007; Fritsche et al., 2010; Sofat et al., 2012). These

variants span the allelic spectrum of disease from common variants that impart relatively

low risk of disease to rare variants with nearly complete penetrance. This, together with the

identification of a number of inflammatory mediators in drusen, the hallmark lesion of

AMD, has led to the hypothesis that an inflammatory response, driven by an inadequately

regulated complement cascade, significantly contributes to the progression of AMD

(Anderson et al., 2010; Ambati et al., 2013).

Drusen are extracellular deposits containing cellular debris, lipids and various protein

components including a number from the innate immune system (Johnson et al., 2000;

Mullins et al., 2000; Crabb et al., 2002; Anderson et al., 2010). These drusen form in the

extracellular matrix that separates the photoreceptor cells and the supporting retinal pigment

epithelium (RPE) from the choroid and the posterior eye's blood supply (Figure 1). This

disrupts the nutrient flow from the choroid to the RPE cells, leading to cell disruption and

death, which subsequently affects the health of the adjacent photoreceptor cells. The

consequences of drusen formation are also believed to contribute to excessive blood vessel

growth from the choroid into the retina, bleeding, macrophage recruitment through the

compromised Bruch's membrane, all of which leads to cell damage. The late-stage disease is

commonly subdivided into two categories, neovascular (`wet') and atrophic (`dry') and albeit

having different disease characteristics, both are usually preceded by formation of drusen

and retinal pigment irregularities.
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2. Common variants

2.1 Factor H and Factor H Related Proteins

The implication that complement was somehow involved in AMD initiation and/or

progression initially focused around the discovery of complement byproducts in drusen,

including the main soluble regulator complement factor H (FH) (Hageman et al., 2001).

Subsequent genetic studies identified a common single nucleotide polymorphism (SNP) in

the CFH gene (rs1061170) (Figure 2A) that is associated with increased risk of developing

AMD (Edwards et al., 2005; Hageman et al., 2005; Haines et al., 2005; Klein et al., 2005).

This SNP results in a histidine residue replacing a tyrosine residue at position 402 (using the

pro-protein sequence numbering; 384 in the mature protein) (Day et al., 1988).

Heterozygous individuals for the Y402H polymorphism have a 2.3-fold increased risk of

developing the disease, and homozygotes 5.2-fold (Sofat et al., 2012). Around 30% of

people of European descent carry at least one copy of the 402H risk allele (Sofat et al.,

2012).

Structurally, the Y402H polymorphism occurs in the seventh of FH's twenty complement

control protein (CCP) domains (Figure 2B) and does not alter the overall conformation of

the protein (Herbert et al., 2007). Y402H, however, alters the binding of FH to a number of

ligands (see (Clark et al., 2010a) and references within), most notably C-reactive protein

(Sjöberg et al., 2007), Streptococcus M protein (Haapasalo et al., 2008) and sulfated

polyanions (Clark et al., 2006), such as the glycosaminoglycan (GAG) chains of

proteoglycans. Factor H anchors itself in part to the extracellular matrix and cell surface

through interactions with GAGs (Clark et al., 2010b). The Y402H polymorphism perturbs

the CCP 6–8 region of FH from binding GAG chains in Bruch's membrane (Clark et al.,

2010b). Decreased localization to Bruch's membrane, the site of drusen deposition, would

presumably lead to poorly controlled complement turnover and an excessive local, chronic,

inflammatory response. Furthermore, the Y402H polymorphism reduces the binding of FH

to malondialdehyde (MDA), a peroxidation product that accumulates in AMD as a result of

oxidative stress (Weismann et al., 2011). It has been proposed that MDA-mediated FH

recruitment inhibits complement activation in regions with drusen buildup, and therefore

reduced binding of the 402H FH form would be proinflammatory (Weismann et al., 2011).

A proposed explanation for the high prevalence of the Y402H polymorphism is that the

402H allele provides a survival advantage against streptococcal infections in early life

(Haapasalo et al., 2008). The FH binding protein of streptococcus has a lower affinity for

402H than 402Y, which would lead to enhanced alternative pathway activation on these

bacteria. Similarly, a second mechanism of positive selection was put forward by Dr. Robert

Avery, relative to the bacterium Yersinia pestis. He hypothesized that less binding by 402H

would prevent immune system evasion and confer protection from the Black Death, which

killed 30–60% of the European population during the Middle-ages (Avery, 2010).

A number of other SNPs further downstream on chromosome 1 are associated with AMD

and implicate the involvement of the factor H-related (FHR) proteins in disease

pathogenesis (Figure 2A) (Hageman et al., 2006). Each of the five FHR proteins are encoded

by their own gene and their exact function or role in immune homeostasis is still unclear. It

Schramm et al. Page 3

Mol Immunol. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



has been postulated that some of the FHR proteins may well act as competitors for FH

binding to various ligands and can even help form a novel C3 convertase by binding C3b

(Hebecker and Józsi, 2012). Recently, studies have demonstrated that FHR-1, -2 and -5

circulate in the blood as dimers or higher oligomers (Goicoechea de Jorge et al., 2013;

Tortajada et al., 2013). As such, it is likely that any competitive function they may possess

would be accentuated by oligomers due to higher avidity.

Complete deletion of the genes for FHR-1 and FHR-3 was found to be protective against

developing AMD (Hughes et al., 2006; Hageman et al., 2006; Fritsche et al., 2010). Other

studies though have shown that the deletion of these genes is not independent of the intronic

CFH SNP (rs 6677604) (Raychaudhuri et al., 2010; Ansari et al., 2013). The effect of the

FHR-1/FHR-3 deletion and the intronic CFH SNP may be hard to separate out due to this

linkage. With these recent discoveries and the presence of more rare SNPs in the FHR

genes, this area of complement biology should continue to provide new insights into FHR

protein contribution to immune regulation.

2.2 C3

C3 is the central component of complement and functional changes directly affect the

downstream cascade. A common SNP (rs2230199) in C3 results in a R102G (pro-C3

numbering; R80G in the mature protein) substitution (Figure 2C) that is associated with risk

of AMD (odds ratio 2.6) (Maller et al., 2007; Yates et al., 2007). The R102G polymorphism

results in reduced FH binding to the 102G variant and subsequent decreased Factor I (FI)

mediated cofactor activity. By extending the convertase lifetime, AP amplification is

enhanced (Heurich et al., 2011). This effect on FH co-factor activity is specific as the C3

R102G polymorphism does not alter FH mediated decay accelerating activity nor does it

affect the activity of either decay accelerating factor (DAF; CD55) or membrane cofactor

protein (MCP; CD46) (Heurich et al., 2011). The R102G polymorphism is also associated

with a number of other diseases such as the kidney condition dense deposit disease (Abrera-

Abeleda et al., 2011).

2.3 Factor B

A common haplotype (set of variants that are highly correlated) spanning the genes of both

complement factor B (FB) and C2 are associated with a decreased risk of AMD. The genes

reside within 500 bp of each other in the major histocompatibility complex type III region of

chromosome 6. The L9H variant in FB is in strong linkage disequilibrium with the E318D

variant in C2, and the R32Q is in just as strong linkage disequilibrium with the intronic SNP

in C2 (Gold et al., 2006). Both haplotypes are considered highly protective against

developing AMD, although the current hypothesis is that the protection is mediated by the

FB mutations (Gold et al., 2006; Maller et al., 2006). Factor B antigenic fragments are found

in drusen at similar levels as FH and the R32Q mutation has been shown to result in a

decreased potential to form convertase and amplify complement activation (Montes et al.,

2009). The L9H mutation resides in the signal peptide for FB, and although it has to be fully

tested, may well affect the secretion levels of FB. A recent meta-analysis of 19 separate

studies has found that this locus lowers the risk of AMD in the general Caucasian population

by up to 6% (Thakkinstian et al., 2012).
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2.4 Factor I

A common polymorphism near the CFI gene has also been described (Fagerness et al.,

2009) and was supported by other studies (Ennis et al., 2010; Kondo et al., 2010). This SNP

(rs10033900) is 3' of the CFI gene. While alteration in FI expression or function would align

with the pattern of defective regulation of complement in AMD, the specific functional

effect of this variant remains to be elucidated.

3. Rare variants

3.1 Factor H

Since common variants in CFH had previously been associated with AMD, the CFH gene

was interrogated for rare variants of large effect (Raychaudhuri et al., 2011). One mutation,

R1210C (Figure 2B), was enriched in AMD cases compared to controls (1.4 % vs. <0.1 %,

respectively; Table 1). The R1210C variant is highly penetrant and leads to an earlier age of

onset compared to the overall AMD population (mean onset 65 vs. 71 yrs). This association

of the R1210C variant with AMD has been confirmed by several groups (Zhan et al., 2013).

Interestingly, this rare variant had previously been associated with atypical hemolytic

uremic syndrome (aHUS) (Manuelian et al., 2003; Józsi et al., 2006). It is a missense

mutation in the C-terminal region of the protein, which is responsible for FH localizing to

sites of complement activation and polyanions. Functional studies of recombinantly

produced R1210C protein, containing only CCPs 8–20, identified a defect in its binding to

glycosaminoglycans (GAGs) on cell membranes (Manuelian et al., 2003; Józsi et al., 2006),

although this has not yet been accomplished with the full length protein (i.e. in the presence

of the other GAG binding domain in CCP 7). Also, western blot analysis under non-

reducing conditions identified a higher mol. wt. band in the serum of R1210C carriers (210

vs the expected FH mol wt of 150 kDa), likely related to the presence of an extra cysteine in

the 20th domain in this variant (Sánchez-Corral et al., 2002). Further analysis demonstrated

that the R1210C protein forms a complex with albumin through formation of a disulphide

bridge (Sánchez-Corral et al., 2002). The interaction of the R1210C FH-albumin

heterodimer with immobilized C3b is also impaired. Thus, this variant in FH affects its

complement regulatory functions, particularly on a membrane, and thereby would lead to

increased AP activation at sites of debris deposition.

More recently, two FH rare variants that exhibit high penetrance for AMD and an early

onset of disease were identified through whole-exome sequencing of nine families with

AMD. They were selected based on a high burden of disease but a low load of known

genetic risk (Figure 2B; Table 1). In these families, the R53C and D90G missense variants

segregated perfectly with AMD (Yu et al., 2014). Upon functional assessment, each had

decreased regulatory activity. R53C, while binding to C3b normally by surface plasmon

resonance, had reduced decay accelerating activity for the AP C3 convertase. Also, R53C

and D90G displayed a defect in FH-mediated cofactor activity. Together, these rare variants

(minor allele frequency <0.1%) support the concept that FH is key to maintaining a balance

between complement activation and regulation in the posterior retina (Bradley et al., 2011).
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3.2 Factor I

Following the identification of the rare, defective, highly penetrant R1210C FH variant,

targeted deep sequencing was used to screen for other rare variants in 687 targeted genes

including all 59 complement components and regulator genes in a cohort of 2,493 cases and

controls. To our surprise, only FI variants had an unequivocal enrichment of rare variants in

cases compared to controls. 7.8 % of cases vs 2.3 % of controls carried a variant (Seddon et

al., 2013). 59 rare CFI variants were identified in 140 cases and 18 controls and these

variants were confirmed by Sanger sequencing (Figure 2D). Factor I, a 100 kDa serine

protease of plasma that inactivates C3b, is a two-chain protein with a 35 kDa catalytic

domain located in the light chain. Notably, the excess of rare variants was largely present in

the catalytic domain of the protein. Furthermore, a high proportion of the variants identified

in cases were predicted to be deleterious by Polyphen-2 analysis. Perhaps not unexpected, a

subset of these variants (13) had already been studied in the context of aHUS and resulted in

either a protein with a secretion defect, or one that was defective in C3b and C4b cofactor

activity (Seddon et al., 2013). Another study described two variants in FI, G119R and

G188A, and in a replication cohort, G119R remained significant (van de Ven et al., 2013).

Functional studies of recombinant G119R FI demonstrated that the mutant protein is

secreted at a lower level than WT and had a decrease in FI mediated cleavage of C3b.

3.3 C3

A single rare variant in C3, K155Q, was reported to be associated with AMD risk by three

separate groups in 2013 (OR=2.68–3.8; Table 2; Figure 2C). K155 in C3 is in close

proximity to the FH binding site (Wu et al., 2009). In surface plasmon resonance

experiments, binding of this mutant to FH was reduced compared to WT C3. Furthermore,

FH is a cofactor for FI-mediated cleavage of C3b and fluid phase cofactor assays

demonstrated a significant reduction in K155Q C3b cleavage compared to WT (Seddon et

al., 2013). This variant was independent of the common risk variant R102G (rs2230199)

and, in fact, was in phase with the protective allele; thus, its substantial risk apparently

overpowered the weaker protective effect of the common polymorphism.

Subsequently, in a cohort of 84 AMD cases from the Netherlands, three rare C3 variants

were identified: K155Q, which was previously reported, and R735W and S1619R (Figure

2C) (Duvvari et al., 2014). In two replication cohorts (from the EUGENDA and Rotterdam

studies), the frequency of the rare variants R735W and S1619R was determined. Two

variants previously identified in aHUS, K65Q and R161W were also included in this

analysis. In the replication analysis, only K65Q remained significantly associated; a larger

sample size will be required to rigorously determine if there is a significant association.

3.4 C9

The first C9 variant which was significant was P167S (Seddon et al., 2013). This variant

was enriched approximately two-fold in AMD cases compared to controls and was

significant (p= 6.5 × 10−7) and has been confirmed. While there is no functional data

available regarding P167S, it was predicted to be damaging by PolyPhen-2 analysis.

Interestingly, no missense mutations were observed in CD59 (the regulator of the membrane

attack complex) in the 2,493 individuals sequenced (Seddon & Atkinson, unpublished data).
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Another C9 variant, a stop codon resulting in the change R95*, was reported to be

associated with reduced risk of AMD in a small study, (Nishiguchi et al., 2012), but was

nominally associated and has not been confirmed. These two variants suggest that the

terminal complement pathway is playing a role in AMD pathogenesis. We have the

hypothesis that the stop codon would lead to haploinsufficiency and therefore reduced C9

membrane perturbing activity and thus be protective in AMD while P167S increases activity

through an unknown mechanism and increases risk.

4. Conclusions

Together, these common and rare variants in the AP establish the key role of this ancient

innate immune system in the pathogenesis of AMD. The implication of these findings is that

a balance must be reached between activation and regulation in clearing debris to avoid

collateral tissue damage in the posterior retina. Specifically, several protein-protein and

protein-target interactions must be in homeostasis. First, FH must bind to a damaged surface

via exposed GAGs and/or C3b/iC3b/C3d fragments. Second, FI variants teach us that

cofactor activity is the critical regulatory activity as it is in aHUS (Liszewski and Atkinson,

2011). Cofactor deficiency can be achieved in multiple ways: low FI levels or activity, low

FH levels or activity, or mislocalization of FH not at critical sites. Decay accelerating

activity does not appear to be as critical or limited. The discovery of two independent C9

variants (one protective and one risk) associated with AMD also points towards the

membrane attack complex playing a role in mediating tissue injury.

The complement fragment(s) causing damage to the retina is (are) not known. The four

major candidate fragments are outlined in Box 2. The two anaphylatoxins bind to their

respective receptors to promote the local inflammatory response. The C3b fragment and its

limited degradation products all serve as ligands for complement receptors (CR1, CR2, CR3,

CR4). The membrane attack complex (MAC; C5b-9) can damage membranes. Any or all of

these proinflammatory or cellular altering fragments could contribute to the disease.

The initial observation of FH, C3b and about 20 other components (including other

complement proteins) being deposited in drusen and surrounding structures was largely

unappreciated as to its biologic significance (Hageman et al., 2001). However, the

subsequent and now overwhelming genetic evidence conclusively shows that AMD is

strongly related to an overactive AP. The hyperinflammatory complement phenotype has

been implicated in other diseases (Richards et al., 2003; Kavanagh et al., 2008; Lachmann,

2009). An instructive example is atypical hemolytic uremic syndrome (aHUS). Atypical

HUS is characterized by the triad of microangiopathic hemolytic anemia, thrombocytopenia

and acute renal failure induced by thrombosis in the capillaries of the glomerulus. Excessive

activation of the AP is central to the development of aHUS and rare variants with large

effects on risk have been identified in FH, FI, MCP, C3 and FB (Frémeaux-Bacchi et al.,

2008; Goicoechea de Jorge et al., 2007; Kavanagh et al., 2005; Manuelian et al., 2003; Noris

et al., 2003; Richards et al., 2001). Functional characterization of these variants has provided

insight relative to the mechanism of disease. The variants in the inhibitory proteins (FH, FI

and MCP) result in decreased regulatory activity: either a defect in protein secretion (Type I

mutation) or a secreted protein that has reduced regulatory activity for C3b via cofactor
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activity (Type II mutation). In contrast, mutations in C3 and FB lead to a secondary gain of

function and are generally resistant to the regulation. In several cases, the variant is located

in the binding site for FH or MCP. In others, the missense mutation interferes with FI

mediated inactivation of C3b. Using aHUS as an example of an hyperinflammatory

complement disease, “complementopathy” (Lachmann, 2009), together with the variants

described thus far in AMD, we have gained enormous insight into the pathogenesis of these

diseases.

Remarkably, one is an acute injury state predominantly affecting young children involving

glomerular endothelial cells, while the other is a chronic disease of the aged retina primarily

involving epithelial cells and debris handling. On first glance, it is hard to imagine two more

distinct and contrasting disease states in which pathogenesis is due to the same innate

immune system overreacting to an injured state. AMD and aHUS also point out how little

we know about immune responses in most specialized tissues and organs. A major question

now relates to whether inhibition of C5 that has been successfully used in aHUS or

inhibition of another AP target will be a successful therapeutic intervention in AMD.

A number of complement inhibitors are under evaluation for the treatment of AMD (Ambati

et al., 2013). They target the complement cascade at several levels in the AP. POT-4 (Alcon)

is a peptide that prevents activation of C3 and is currently in Phase II trials. Eculizumab

(Alexion) is a monoclonal antibody that prevents cleavage of C5 by a C5 convertase, and is

FDA approved for use in aHUS. A combined Phase I/II trial was recently completed

evaluating the effect of eculizumab on the growth of geographic atrophy in AMD patients

(Yehoshua et al., 2014). In this placebo- controlld randomized trial, Eculizmab or placebo

was delivered intravenously to thirty patients. No differences were seen in the growth of

geographic atrophy between the treatment group and placebo. However, this was a small

study and perhaps a different delivery method would be more effective (e.g. intravital

injection). An anti-FD antibody that blocks cleavage of the C3bB proconvertase by FD is

also currently in clinical trials, but no results are available to date (Genentech). Based on the

genetic evidence for a role of the AP in AMD, manipulation of complement activity

systemically or locally is a promising therapeutic avenue to continue to pursue.
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Highlights

1. Age-related macular degeneration is a leading cause of visual impairment in the

elderly.

2. Common and rare variants in the complement system are associated with risk of

AMD.

3. Functional studies of a subset of variants demonstrate over-activation of the AP.
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Box 1. Factor I Variants in AMD

1. 7.8% AMD cases vs. 2.3% controls (OR=3.6), p=2×10−8

2. 59 distinct variants; 140 total rare varia nts in cases (137 confirmed by Sanger

sequencing)

3. Variants in cases versus controls were:

a. Predicted to be loss of function

b. Observed in aHUS (13 cases, 0 controls)

c. Enriched in the catalytic domain

d. About 50% had antigenic FI levels <30 ug/ml

e. Independent of common risk allele (rs4698775)

4. Class IV and V AMD patients: 5% carry a rare FI variant and ~50% of those

have low FI levels (haploinsufficiency).

Schramm et al. Page 16

Mol Immunol. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Box 2. AP Complement Activation: Who is causing the damage in AMD?

Effectors: C3a Anaphylatoxin

*C3b/iC3b/C3dg/C3d Ligand for receptors

C5a Anaphylatoxin

C5b-C9 Membrane perturbation/Cell Lysis

* These C3 fragments would all be covalently bound to the target via an ester linkage at the site of the thioester
bond in the C3d portion of the α-chain.
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Figure 1.
A cross-section diagram of the human eye (A) indicating the location of the retina and

macula. In early AMD (B) accumulation of subretinal drusen can block nutrient uptake and

cause damage in the photoreceptor cell layer, eventually leading to geographic atrophy (or

`dry') AMD (C) with complete RPE cell loss and photoreceptor neurodegeneration.

Neovascular or `wet' AMD (D) is characterized by invasion of abnormal, leaky blood

vessels and macrophages in the retina, leading to photoreceptor cell degeneration.
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Figure 2.
Schematic diagram of single nucleotide polymorphisms in Factor H and the Factor H related

proteins (A). Factor H (B) is composed of 20 CCP repeats with multiple ligand binding sites.

Locations of the variants associated with AMD are indicated. Factor I (C) is composed of

two chains (heavy and light). The number of variants identified in each domain are indicated

for the cases (above) and controls (below). C3 (D) is composed of two chains (α and β);

variants associated with AMD in C3 are indicated.
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Table 1

Highly Penetrant Rare Variants of FH that Predispose to AMD

VARIANT FREQUENCY (%) CCP FUNCTIONAL IMPLICATIONS REFERENCE(S)

C3b binding DAA CA

R1210C 1.4* 20 ↆ Normal Normal (Raychaudhuri et al., 2011)

R53C <0.01 1 Normal ↆ ↆ (Yu et al., in press)

D90G <0.01 1 Normal Normal ↆ (Yu et al., in press)

CCP, complement control protein repeat; DAA, decay accelerating activity; CA, cofactor activity

*
In AMD population. NHLBI ESP identified the frequency as <0.01% in 6,501 individuals.
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Table 2

Minor Allele Frequency of C3 K155Q

SEDDON, ET AL HELGASON, ET AL ZHAN, ET AL

Cases (%) 2.5 1.6 1.1

Controls (%) 0.7 0.4 0.4

OR 3.8 3.99 2.68
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