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Abstract

Age-related macular degeneration (AMD) is one of the most well-characterized late-onset,
complex trait diseases. Remarkable advances in our understanding of the genetic and biological
foundations of this disease were derived from a recent convergence of scientific and clinical data.
Importantly, the more recent identification of AMD-associated variations in a number of
complement pathway genes has provided strong support for earlier, paradigm-shifting studies that
suggested that aberrant function of the complement system plays a key role in disease etiology.
Collectively, this wealth of information has provided an impetus for the development of powerful
tools to accurately diagnose disease risk and progression and complement-based therapeutics that
will ultimately delay or prevent AMD. Indeed, we are poised to witness a new era of a
personalized approach toward the assessment, management, and treatment of this debilitating,
chronic disease.

Advanced age-related macular degeneration (AMD), which affects approximately 5% of
persons older than age 75 years, is among the most debilitating of chronic human diseases.
Given that age is the primary risk factor for AMD, the prevalence and severity of the
condition are predicted to increase as human life expectancy increases. Fortunately for those
who have AMD, remarkable advances in our understanding of the genetic and biological
foundations of this disease have been made in the past 20 years. This knowledge came from
an amazing confluence between a wealth of previously generated data relating to the
etiology and biology of the disease on one hand, and the development of powerful new
investigative tools on the other.
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Early epidemiological studies established that the disease is heritable and clearly modulated
by nongenetic environmental risk factors,1~3 whereas biochemical and histological studies
demonstrated that the complement system—an important component of innate immunity—
was involved in drusen biogenesis and the etiology of AMD.*® Simultaneously, more than a
decade of genetic research directed our attention to multiple chromosomal loci that exhibited
significant associations with AMD.5-10 More recently, near completion of the Human
Genome Project, the development of the International HapMap Project library of single-
nucleotide polymorphisms (SNPs), and the development of statistical tools for analyzing
large quantities of data have provided powerful new tools to investigators seeking to identify
AMD-associated genes.11.12 These high-throughput genotyping technologies allowed
researchers to screen numerous unrelated individuals for common variations (eg, SNPs) that
could be analyzed statistically for their probable relationship to AMD.

A convergence of the collective scientific and clinical observations and new technologies
described above paved the way for a hallmark genetic discovery that changed the course of
AMD research, and most certainly the future diagnosis, management, and treatment of this
condition. Four articles published early in 2005 demonstrated an association between AMD
and common variants (or polymorphisms) in the complement factor H gene (CFH [OMIM
134370]) on human chromosome 1g31, a gene that encodes the major regulator of the
complement alternative pathway. Importantly, 1 of these 4 studies,’3 which was based solely
on the use of a candidate gene strategy, documented the existence of haplotypes of CFH that
confer an increased risk of, or protection from, developing AMD. These important
contributions ushered in a new era of research related to the genetics and biology of AMD
and, likely, other chronic human diseases.13-18

The results of the CFH-AMD discovery have been confirmed repeatedly since their initial
publication. Moreover, this observation led to accelerated research activities and the rapid
identification of additional genes in the complement pathway that were associated with
AMD risk. Variants in genes coding for complement factor B (CFB), complement
component 2 (C2), and complement component 3 (C3) proteins have been discovered and
shown to be associated with AMD risk and protection.19:20 Other studies documented the
existence of a large, common deletion encompassing the complement factor H-related 1
(CFHR1) and complement factor H-related 3 (CFHR3) genes.1?2 In addition to significant
associations of various complement genes with the AMD, it was also discovered that
variants in a cluster of 2 genes on chromosome 10g26 (LOC387715/ARMS2 and PRSLY/
HTRAL), neither of which have any obvious relationship to the complement pathway,
showed a strong and significant association with AMD risk.”:8 Studies indicate that the
effects of the AMD-related genes identified to date on AMD risk are additive.”+20:22

This review provides a concise summary of our present knowledge relating to the role of
genetic variation in determining AMD risk and protection, the potential biological
mechanisms through which these variations modulate the development of AMD
pathogenesis, an overview of the complement system, and insights relating to diagnostics
and pharmacogenetic therapies that are most certain to become commonplace in the future
management of this complex disease. Because of the clear genetic and biologic involvement
of the complement system in AMD, a brief review of this system is provided. This
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background information should prove helpful for the expanded discussions relating to each
of the major AMD-associated genes, their functional implications, and potential diagnostic
and therapeutic implications that follow.

OVERVIEW OF THE COMPLEMENT SYSTEM

The CFH-AMD discovery provided additional robust support for the previously established
hypothesis that aberrant regulation and/or activation of the complement pathway is
associated with the development and progression of AMD. Beginning in the mid-1990s,
important new observations were published. They were derived from immunohistochemical
and biochemical studies of eyes from human donors with clinically documented histories of
AMD and dense deposit disease (DDD, also termed membranoproliferative
glomerulonephritis type Il), a complement-associated renal disease in which drusen that are
clinically indistinguishable from those associated with AMD develop at an early age.
Interestingly, the drusen in both diseases are histologically and biochemically
indistinguishable, containing a large proportion of complement pathway-associated proteins
(Figure 1 and Figure 2).2324 These observations formed the basis for the concept that drusen
are a byproduct of chronic, local, inflammatory processes characterized, in part, by robust
activation of the complement cascade at the retinal pigment epithelium—choroid interface, a
major paradigm shift related to the cause of AMD. Moreover, they suggested that the
pathobiology of DDD shares features with AMD and vice versa. Very recent studies have
shown a significant association among the incidence of AMD, CFH genotype, and chronic
renal disease,2°:26 further supporting the concept of potential clinical and biological
relationships between seemingly disparate diseases. Although these early studies strongly
suggested that complement dysfunction or dysregulation was involved in the pathogenesis of
AMD, traditional genetic studies conducted to this point had not yet yielded any significant
clues regarding a potential role of complement system-related genes in the pathogenesis of
this condition.

The complement system was initially described more than a century ago and, as suggested
by its name, was initially thought to play a supplementary role in the immune system. It is
now clear that this enzymatic cascade does more than just complement the body's ability to
ward off disease. Importantly, it performs an essential role in the interplay between adaptive
and innate immunity and contributes to overall physiological homeostasis by eliminating
damaged, necrotic, and apoptotic cells. The complement system also maintains the solubility
of circulating immune complexes, facilitating their elimination.2” This complement system
is composed of several soluble and membrane-bound factors and is active in intravascular
spaces, body fluids, and tissues (Figure 3). It is typically activated or triggered by 1 of 3
pathways—the classical, lectin, or alternative pathways—all of which converge at the point
of C3 activation. Recently, a fourth complement-activation mechanism, referred to as the
intrinsic pathway, has been discovered. In this pathway, serine proteases associated with the
coagulation/fibrinolytic cascade activate the complement system directly through cleavage
of C3 or C5, independently of the classical, alternate, and lectin pathways.28

In the classical pathway, the enzyme cascade is initiated by the interaction of pattern-
recognition receptors on C1q with antibodies and molecules released by inflammatory
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processes such as serum amyloid protein and C-reactive protein. The lectin pathway is
initiated by the binding of carbohydrates typically associated with microbes to lectin
proteins such as mannose-binding lectin.2® C1q and mannose-binding lectin form complexes
with serine proteases (C1r/C1s and MASP, respectively), which cleave C4 into functionally
active components, C4a and C4b. C4b binds to C2, facilitating its cleavage to an active C2a
component. The resulting C4bC2a complex functions as a C3 convertase, a protein complex
that activates additional C3.27 The alternative pathway functions via a C3 convertase that is
significantly different than that formed through the classical and lectin pathways. The
alternative pathway C3 convertase is formed via a spontaneous hydrolysis of an internal C3
thioester. This spontaneous “tickover” forms C3(H»0), a fluid-phase version of C3b, that
binds to factor B, thus changing its confirmation and facilitating further cleavage by factor D
into Ba and Bb fragments. C3(H0) binds with Bb, forming the initial alternative pathway
convertase C3(H,0)Bb.30 The spontaneous tickover of the alternative pathway allows the
complement system to react immediately to pathogens or cellular damage by constitutively
forming low levels of active C3 convertase. In addition to the spontaneous low-level
activation of the alternative pathway (which may account for <80% of complement
activation), various foreign substances can activate this pathway.2” Amplification is
probably the most important function of the alternative pathway.1’ Interestingly,
components of cigarette smoke and some components of intraocular lenses have been
demonstrated to activate the alternate complement pathway in vitro.31-37

Once a C3 convertase is formed through one of these pathways, C3 is cleaved into C3b and
the anaphylatoxin C3a. Formation of C3b exposes an internal thioester, which binds to the
surface of pathogens via patches of hydroxyl and amino groups. This binding-enhancement
process, or opsonization, is critical for the elimination of pathogens and apoptotic cells by
phagocytes.2’ In addition to its opsonizing properties, when surface-bound C3b can bind to
factor B and facilitate cleavage by factor D, forming the amplification loop C3 convertase of
the alternative pathway C3bBb. This complex is stabilized by properdin.27:30

C3b also functions to create the classical/lectin pathway and alternative pathway C5
convertases by binding to form C4bC2aC3b and C3bC3bBb, respectively. These C5
convertases function similarly to cleave C5 to Cba, a potent anaphylatoxin, and C5b, which
initiates the downstream formation of the membrane attack complex. The membrane attack
complex, composed of C5b, C6, C7, C8, and 1 or more molecules of C9, creates a physical
pore in the cell membrane of its targets (microbes, damaged cells, and when poorly
regulated, healthy normal cells), ultimately leading to cell lysis and death.30 The ana-
phylatoxins C3a and C5a (and C4a to a lesser extent) function to increase vascular
permeability, initiate degranulation of mast cells and neutrophils, induce cytokine release
from macrophages, and mediate leukocyte chemotaxis and extravasation.29

Alternative pathway regulation occurs via a number of structurally similar complement
proteins, including CFH, decay accelerating factor, membrane cofactor protein, C4-binding
protein, and complement receptor 1. It is noteworthy that CFH is the only fluid-phase
regulator of the pathway; the other alternative complement pathway regulators are
membrane-bound. Complement factor H, decay accelerating factor, and complement
receptor 1 regulate the pathway by accelerating the decay of convertases, whereas CFH,
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membrane cofactor protein, and complement receptor 1 act as cofactors for factor |-
mediated degradation of C3b to iC3b (inactive C3b). An inhibitor of the final common
complement pathway, CD59, intercalates between C8 and C9 subunits, preventing formation
of the membrane attack complex.2” Our discussion of the complement cascade illustrates the
intricacy and complexity of this system.

Abnormalities in the structures and/or functions of complement pathway regulatory proteins
can lead to an imbalance in normal homeostasis of the complement system, often resulting
in “bystander” damage to healthy cells and tissues. This phenomenon accounts for
substantial tissue damage in a variety of complement-mediated disease, including Alzheimer
disease and atherosclerosis. Polymorphisms in genes that encode complement regulatory
proteins are associated with numerous diseases, for example, atypical hemolytic uremic
syndrome.1” Age-related macular degeneration and DDD can now be added to that growing
list. Because CFH is the major fluid-phase regulator of the alternative pathway, any change
in CFH function can have a profound effect on alternative pathway regulation. Thus,
genetically determined protein dysfunction, a deficiency of CFH, the presence of an
inhibitor of CFH, and an autoantibody directed against CFH can all lead to uncontrolled
activation and/or regulation of the alternative complement pathway.17-38-40

AMD-ASSOCIATED COMPLEMENT PATHWAY GENES

CFH was the first major gene found to be linked to AMD, though we refer readers to earlier
studies that showed minor associations of APOE and ABCA4 genes#1-43 with AMD; these
associations have been confirmed by most, but not all, other investigators. Most of the early
studies—and in fact many of the more recent studies—focused on a single SNP in the
coding region of CFH, Y402H, as the causal variant. However, it was clear from the
beginning®? that multiple CFH variants (and their tagged haplotypes) rather than the Y402H
variant in isolation, confer either an elevated or reduced risk of developing AMD. Three
significant haplotypes—a major risk haplotype, tagged by the Y402H coding SNP and 2
protective haplotypes tagged by intronic variants and/or coding SNPs—were identified.13
Similar haplotype analyses were conducted subsequently in a Japanese population; Okamoto
and colleagues** confirmed the CFH association in a nonwhite population, identifying an
additional risk haplotype. More recent studies further refined the analysis and association of
the CFH locus, providing evidence for an additional risk haplotype®® and astrongly
protective haplotype tagged by a complete deletion of 2 CFH-related genes, CFHR1 and
CFHR3.19:21 Moreover, important associations between CFH genotype and environmental
risk factors, such as smoking and obesity, disease progression, and the effect of genotype on
response to treatment, have been determined. We refer readers to a host of excellent recent
reviews pertaining to these associations.3:46-55

Associations between AMD and other complement genes have been identified since
discovery of the CFH-AMD association. Single-nucleotide polymorphisms in the
complement regulators CFB and C2 on chromosome 6p21 and C3 on chromosome 22q11,
as well as a large deletion of the CFHR1 and CFHR3 genes, 19?1 have been revealed.
Although the influence of C2/CFB variation on AMD is less than that of the CFH and/or
HTRAL loci, combined analyses of the CFH and C2/CFB haplotypes showed that variation
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in the 2 loci can predict the clinical outcome in 74% of AMD cases, indicating that C2/CFB
protective alleles can, to an extent, negate the effect of risk alleles from other loci.2%:22 The
precise role of CFB in AMD has not yet been established, although it has been shown that
the protective CFB protein, which contains glutamine at position 32, has reduced hemolytic
activity compared with the arginine-containing form.%6 Based on these data, it has been
postulated that CFB with reduced activity may provide a lower risk of chronic complement
response, leading to AMD.20

Complement component 3 can be thought of as the pivotal protein on which the classical,
lectin, and alternative complement cascade pathways merge. Owing to its critical role in the
complement system, it was only logical to examine it as a candidate AMD gene. Yates and
colleagues®’ identified 2 nonsynonymous SNPs (rs2230199 and rs1047286) in C3 that was
associated with late-stage AMD in 2 independent populations. Subsequent studies have
validated the association of the rs2230199 SNP with AMD in several additional
populations.>8:59 The causal SNP has yet to be identified conclusively, though one common
C3 polymorphism (rs2230199) that exhibits a strong association with AMD risk is known to
encode proteins with functional differences. This Arg80Gly variant encodes the so-called
C3S (slow) and C3F (fast) protein isoforms, the latter of which is associated with AMD risk.
Although some in vitro studies have not been able to provide conclusive evidence of
functional differences between the C3F and C3S alleles,59:61 other lines of evidence suggest
that there are marked functional differences between proteins encoded by the C3F and C3S
alleles. For example, C3F has lower activity than C3S in hemolytic assays.52 Moreover, the
C3F allele is associated with a number of other diseases, including 1gA nephropathy,63
systemic vasculitis,54 partial lipodystrophy,®> and DDD.56 The association with DDD and
lipodystrophy is particularly relevant to this review, as individuals with these diseases also
develop macular drusen. The patients with DDD also carry the same risk CFH genotype as
individuals with AMD, once again suggesting that there are common pathways and causes
among seemingly different diseases.

OTHER MAJOR NONCOMPLEMENT PATHWAY AMD-ASSOCIATED GENES

Evidence for a major AMD locus on chromosome 10g26 was initially provided from
genomewide linkage analyses.”~10 In latter studies, the association was refined to variation
within a chromosomal segment several kilobases in length and encompassing the 2 genes
LOC387715/ARMS2 and PRSLI/HTRAL.7:67-69 Genetic studies conducted thus far have
made it impossible to assign causality to either of these 2 genes, and additional data will be
required to determine which gene (and which specific variant) is associated with AMD risk.
This aside, individuals homozygous for identified chromosome 1026 risk variants and who
are also homozygous for the CFH risk genotype almost invariably progress to late-stage
AMD. One initial study suggested that the strongest association in the region was related to
a coding polymorphism (Ala69Ser) within ARMS2, a gene that encodes a protein of
undetermined function; whereas 2 subsequent groups suggested that a polymorphism in the
promoter region of HTRAL (rs11200638), a serine protease, was more significantly
associated with risk.57:68 More recently, Fritsche and colleagues’® identified the presence of
an insertion-deletion polymorphism in the 3’ region of ARMS2 that appears to mediate rapid
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turnover of messenger RNA in patients who carry a risk haplotype, data that support a
functional role for ARMS2.

Other available data support a causal role for both HTRA1 and ARMS in disease
pathogenesis. Both the HTRAL and LOC387715/ARMS2 genes are transcribed in human and
primate retina and the retinal pigment epthelium.”! One study provides preliminary data
showing that the risk allele of HTRAL is associated with elevated levels of HTRAL
messenger RNA and protein and that the HTRA1 antibody reacts with drusen.” Yet another
team examined the association of HTRAL and ARMS2 variants in macaque monkeys with
and without drusen,’2 concluding that disease association was completely attributable to a
promoter polymorphism (-558G>T) in the HTRAL promoter region. HTRAL is a serine
protease known to participate directly or indirectly in the degradation of the extracellular
matrix, to mediate cell death, and to localize with f amyloid deposits.6%73 Thus, it is
intriguing to speculate that HTRAL could participate in the development of late-stage AMD
by the degradation of the Bruch membrane that most certainly precedes choroidal
neovascularization membrane formation, the deposition of § amyloid peptide in drusen,
and/or retinal pigment epithelium and photoreceptor cell death.>24.74.75 However, only time
and the generation of additional data will help to determine which of these 2 genes is
associated with the development of AMD.

INTERACTION OF ENVIRONMENTAL AND GENETIC RISK FACTORS IN

AMD

Age-related macular degeneration risk is also influenced by external, nongenetic risk factors.
In addition to age, AMD risk factors that have consistently been identified in
epidemiological studies include smoking, obesity, fat intake, and dietary antioxidant
intake.”6-83 More recent epidemiological studies carried out in light of genetic risk support
the hypothesis that when external risk factors are superimposed on the genetic risk factors
identified thus far, the genetic and environmental risk factors are not merely additive. In
some cases, the resultant risk of AMD development conferred by a combination of
environmental and hereditary risk factors is greater than that conferred by each risk factor
individually.53:84-86

The Age-Related Eye Disease Study, as an example, demonstrated that a formulation of
antioxidant multivitamins (ascorbic acid, o.-alpha tocopheryl acetate, beta carotene, and
zinc) used in the study reduced the risk of developing advanced AMD by 25% and moderate
vision loss by 19% at 5 years. A high dietary intake of these same vitamins also showed an
association with a considerably reduced risk of AMD among elderly individuals in the
Rotterdam Study. These studies were performed without the benefit of knowledge of genetic
risk factors.87.88

The recent observations that one's genetic risk can be exacerbated by modifiable external
risk factors raise the possibility that genetically susceptible individuals could be identified in
preclinical stages of the disease when external risk factor modification might prevent or
delay onset of clinical AMD. Although current studies such as the Age-Related Eye Disease
Study 2 are not funded for genetic risk analysis, hopefully future large population-based
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studies will include genetic risk evaluation so that we can begin to grapple with this issue.
One small study has demonstrated a reduced progression to late-stage AMD in individuals
with a homozygous low-risk (TT) genotype at position 402 on the CFH gene compared with
individuals with high-risk (CC) Y402H substitution when being treated with zinc.89
However, much more research in this area, including the development of more sensitive
methods of detection of preclinical disease, will be necessary to determine if preventive
strategies are having the desired effect many years before clinical disease develops.

A RATIONALE FOR CURRENT DIAGNOSTIC TESTING FOR AMD RISK AND
PROTECTION

Age-related macular degeneration is posed to be one of the first major chronic human
diseases that may benefit from the application of the new science of pharmacogenetics and
personalized medicine. Taken together, 3 SNPs—CFH Y402H, ARMS2 A69S, and C3
R80G—account for approximately 76% of attributable risk of the development of AMD.>°
Of these, CFH is the most strongly associated with disease, followed by ARMS2/HTRA1,
smoking status, and finally C3 mutations. Despriet and colleagues® calculated that when a
population reference group (based on the average risk in a population) was compared with
those with a high-risk genotype at these 3 loci, the risk of AMD was 14-fold higher than that
of the general population, whereas individuals who carried only low-risk genotypes had a
20-fold decreased risk of disease. An even more recent multivariant analysis shows that the
predictive value of genetic testing for CFH, ARMS2/HTRAL, C3, and CFB/C2 is 86% and
diagnostic analyses can discriminate between in dividuals who will develop late-stage AMD
and those who will not.91 Importantly, this same analysis shows that the risk of developing
late-stage AMD by 80 years of age for individuals who do not carry a risk allele of any of
these genes is less than 1%.

The ability to screen patients at a preclinical stage for risk of a genetic disease affords an
opportunity to prevent or attenuate the disease later in life. Although pharmacogenetic
therapy for AMD is still in its earliest stages of development, there does seem to be a role
for AMD risk factor modification in light of genetic risk. As noted, genetic association can
explain 75% of the attributable risk of AMD. It can be speculated that knowledge of an
individual's genetic AMD risk should allow caregivers to better counsel potential AMD
patients regarding risk factor modification before they have clinical disease. Genetic
association should also provide patients and health care professionals with knowledge about
which patients require more frequent eye screening for AMD. Once an individual has
acquired early clinical AMD, there is still a defensible rationale for genetic screening. For
example, the number and nature of AMD gene-associated alleles that patients possess may
significantly influence the rate of progression of their disease. Current studies of AMD
progression as it relates to genotype are under way and the field anxiously awaits their
conclusions. Should such studies demonstrate an ability to stratify risk and rate of
progression based on genetic risk profile, diagnostic testing will likely prove useful to the
clinician in the management of patients.

Given increasingly limited health care resources and increasing interest in preventive
medicine, diagnostic genetic testing will allow prudent application of resources directed
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toward risk factor modification and clinical disease screening. In the future, genetic risk
determination will almost certainly influence the choice of therapy used.

PHARMACOGENOMIC THERAPY FOR AMD

There is early evidence that one's genetic profile may influence already existing therapies for
AMD.89.92-97 The complexities of the complement system, superimposition of
environmental/external factors, and recent discoveries of complement dysregulation in other
chronic diseases raises important questions about potential pharmacologic and genetic
manipulation of the complement system to treat and prevent AMD. Because modulation of
the complement system is essentially immunomodulation, genetically directed (ie,
pharmacogenetic) AMD therapies must take into account potential effects on other organ
systems. In this final section, we discuss complement-based therapies currently under study
as well as the potential for genetically directed complement-based therapies for AMD.

Because there is no cure for AMD, current treatment is palliative and has been mainly
focused on delaying and reversing vision loss caused by late-stage, exudative (wet) AMD.
Ophthalmologists are well acquainted with the treatment of exudative AMD, but a brief
review of the chronology of AMD treatment will place the exciting potential for
pharmacogenetic therapy in perspective. Treatment of exudative AMD between the years
1986 and 2000 was based on important findings made during the Macu lar Photocoagulation
Study,%-101 which demonstrated that thermal laser photocoagulation delayed vision loss in
patients with well-defined extrafoveal, juxtafoveal, and small subfoveal classic choroidal
neovascular membranes. However, the fraction of patients with wet AMD for which this

therapy applies is relatively small,192 and recurrence rates with subsequent vision loss are
high_103,104

In 2000, the Food and Drug Administration (FDA) approved photodynamic therapy (PDT)
with verteporfin as a therapy for exudative AMD. Visual results with verteporfin treatment
were superior to those obtained with thermal laser,1051096 byt 3% to 4% of patients
experience severe vision loss, and even under the best circumstances, very few patients
experienced an improvement in vision with PDT using verteporfin. Interestingly, 1 recent
pharmacogenetic study shows visual acuity outcomes with PDT to be significantly worse in
individuals with the CFH TT genotype compared with the TC or CC genotypes with classic
neovascular lesions when treated with PDT. There was no significant difference in response
to PDT for LOC387715 genotypes.96:197 |n the current era of therapy for exudative AMD,
antineovascular/antipermeability agents are administered by intraocular injection. In 2004,
pegaptanib was the first of the vascular endothelial growth factor inhibitors to be approved
by the FDA for exudative AMD.108

The FDA approved ranibizumab in 2006 for the treatment of exudative AMD. Ranibizumab
not only stabilized vision in 94.6% of patients, but was the first therapy for exudative AMD
to produce significant visual improvement, with a mean of 33.8% experiencing 3 or more
lines of visual acuity increase compared with 5% in the control group.19® Bevacizumab, a
monoclonal antibody derived from the same “parent” molecule from which ranibizumab was
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derived, is approved for use in colon cancer and has been used as an off-label therapy for
wet AMD since 2005.110

The superimposition of AMD genetic risk information on the results of current therapies for
AMD supports the concept that future treatment of AMD will be influenced positively by
genetic risk information. One study of ranibizumab use in 156 patients reports a 37% higher
risk of requiring additional injections for individuals with the homozygous high-risk CFH
Y402H allele during a 9-month period.%3 A study of bevacizumab use in 86 patients has
shown that visual acuity outcomes are better for the CFH TT and TC genotypes compared
with individuals with CC genotypes. Patients with TT and TC genotypes showed a mean
increase in vision, with 53.7% of patients demonstrating improved visual acuity. Patients
with the CC genotype showed a mean decrease in vision, with only 10.5% of patients
demonstrating an increase in visual acuity.39:96

It is clear that the complement pathway, particularly the alternative pathway amplification
loop, is a realistic target on which to base the development of new treatment modalities.
Armed with a wealth of important new information relating AMD pathology to complement
dys-function, numerous companies are currently developing genetically based and
complement-targeted therapeutics with the goal of reducing complement-related AMD
disease processes. Potential therapeutic target mechanisms include inhibition of C3
activation, inhibition of C3 convertase assembly, promotion of C3 convertase decay
promotion of factor I-mediated C3B proteolysis, inhibition of C3 and/or C5 convertase
activities, inhibition of membrane attack complex assembly by CD5-9, and reestablishment
of normal alternative complement pathway control by augmentation with protective CFH
protein (Figure 3).

With these therapeutic mechanisms in mind, consideration will have to be given to a number
of issues that will influence the risk-benefit ratio of each potential therapeutic agent. Issues
to consider include chronic vs acute administration, local ocular vs systemic delivery,
intraocular vs extraocular delivery, the nature of the compound to be used (eg, small
molecule vs large biologic), and potential systemic effects of chronic complement pathway
modulation or inhibition. The issue related to the involvement of the systemic immune
system is especially pertinent at this time given that recent studies have associated AMD
with other chronic systemic diseases. If AMD is, indeed, the result of chronic, systemic
complement dysregulation, then local ocular therapy may result in only a transient benefit.
Alternatively, systemic therapy, possibly even genetic therapy, may be required to prevent,
retard, or ameliorate AMD in the long run. Whereas preventive systemic therapy can be
supported on both clinical and scientific grounds, potential risks and other adverse effects
that might be associated with chronic inhibition of the complement system will need to be
addressed.

Therapies to both treat exudative AMD and retard the progression of nonexudative AMD are
under development (Figure 4).27 Phase 2 clinical trials are currently enrolling subjects to test
compstatin/POT-4, a C3-peptide inhibitor, for intravitreal use in geographic atrophy.
Compstatin/POT-4 effectively inhibits the central step of the complement cascade by
preventing cleavage of C3 to its active fragments C3a and C3b. A trial using systemic
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administration of eculizumab, a humanized anti-C5 antibody used for the treatment of
paroxysmal nocturnal hemoglobinuria, has been approved by the FDA to examine its use in
geographic atrophy. Another complement component inhibitor, ARC1905, a pegylated,
aptamer-based C5 inhibitor, inhibits the cleavage of C5 into C5a and C5b, thus blocking
downstream complement activation. Intravitreal administration of ARC1905 is currently
being examined in combination with ranibizumab in an open-label phase 1 safety study for
future studies directed toward the treatment of wet AMD. Other complement pathway-
modulating compounds currently being considered for and/or under preclinical development
for possible use in AMD include TNX-234 (a humanized antibody directed against
complement factor D), TA106 (a Fab fragment of an anti-CFB antibody), CR2-CFH hybrid
proteins, JPE-1375 (a small molecule C5aR peptidomimetic), anti-properdin antibody
(which should, in theory, destabilize the C3 convertase), C1-INH (a protein that inhibits
activation of the classical pathway), and sCR1 (a soluble form of endogenous complement
receptor 1, which promotes the degradation of active C3bBb). Yet another compound in pre-
clinical development is a recombinant, protective form of CFH. The strategy here is based
on the concept that augmentation of dysfunctional risk CFH protein with protective CFH
protein should be effective in re-establishing homeostatic regulation of the complement
alternative pathway, thereby protecting host cells from complement-induced damage.

COMMENT

In summary, decades of clinical, epidemiological, and biological studies demonstrated that
AMD is heritable and strongly associated with complement dysfunction. The discovery in
2005 that genetic variation in the complement pathway gene CFH confers risk of or
protection from developing AMD further enhanced our understanding of the disease, led to
the rapid identification of yet other AMD-associated genes, and created a realistic potential
that new diagnostics and complement-based therapeutic treatment modalities will be
developed. Although there is much still to be learned about the complement system and its
role in chronic diseases, including AMD, the pace of AMD-related research has accelerated
substantially and is providing important new information almost daily. More importantly,
the identification of roles for specific gene-directed pathways in the etiology of AMD, a
chronic condition that develops over the span of many years, opens the door to the
possibility that this and other chronic human diseases with similar genetic associations can
be prevented or at least greatly ameliorated. In tandem with recent improvements in high-
throughput and relatively inexpensive genetic technologies, we are poised to witness the
development of a new era of a personalized approach toward the assessment, management,
and treatment of this devastating disease.
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Figure 1.
Immunolocalization of complement factor H (CFH) and the membrane attack complex

(MAC)/C5b-9 in the retinal pigment epithelium (RPE)/choroid (Chor) complex. A and B,
Confocal immunofluorescence images from an 84-year-old man with atrophic age-related
macular degeneration (AMD). Anti-CFH antibody labels substructural elements (arrows) in
drusen (Dr) and the sub-RPE space (green; Cy2 channel). C and D, Localization of CFH in
drusen and the sub-RPE space in an 83-year-old man with AMD (green). Drusen
immunoreactivity (IR) is homogeneous; CFH IR is associated with the choriocapillaris and
the sub-RPE space (arrowheads). E-L, The brown pigment in the RPE cytoplasm and Chor
is melanin. E, Localization of CFH in drusen of a 79-year-old donor eye. Anti-CFH labeling
(purple reaction product) is apparent in Dr, along the Bruch membrane (BM), and on the
choroidal capillary walls (arrows). F, Control section of the same eye with no primary
antibody; labeling is absent. G, Extensive labeling is present along the BM, the choroidal
capillary walls, and intercapillary pillars (arrows) in a 78-year-old individual with AMD. H,
Control section from the macula of a donor without AMD; much less labeling is apparent.
Localization of C5b-9 in the RPE-Chor underlying the macula (I) and extramacula (J) in the
same eye of an 81-year-old AMD donor. I, Intense anti-C5b-9 IR is associated with Dr, BM,
and the choroidal capillary endothelium. J, Outside the macula, there is only sporadic
labeling in the vicinity of the BM. Localization of C5b-9 in the macula from a donor with
AMD (K) and from a second donor without AMD (L). K, Anti-C5b-9 labeling is associated
primarily with the choroidal capillary walls (black arrowheads) and intercapillary pillars
(white arrowheads). Labeling is much more intense in the AMD eye. Note the strong
similarity to the anti-CFH labeling pattern in the macula from the same donor (G). Ret
indicates retina. Reproduced with permission from Hageman et al.13
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Figure 2.
Confocal microscopic localization of the membrane attack complex (C5b-9) in drusen (Dr)

and in compromised retinal pigment epithelium (RPE) cells. A, Anti-C5b-9 labeling pattern
at low magnification. Labeling in the choroid (Chor) (blue channel) is unremarkable except
for staining in the Bruch membrane (BM) and around the choriocapillaris. Two RPE cells
that may be the targets of complement attack are labeled (arrows). A nucleic acid-binding
dye (YO-PRO; Invitrogen, Carlsbad, California) that also binds to the elastic layer of BM is
used to visualize cell bodies on the green channel. No nucleic acid staining is evident in the
anti-C5b-9-labeled RPE cells. B, Anti-C5b-9 labeling of Dr (blue channel). A condensed
clump of lipofuscin granules (arrow) may have been expelled from the adjacent RPE cell. C,
High magnification of a cell on the BM with anti-C5b-9 immunoreactivity on the basal
surface. The only indication of its identity is the presence of a single red autofluorescent
granule (arrow). Tightly packed vesicles in the cytoplasm are stained by the YO-PRO dye
(green channel). D, C5b-9 immunoreactivity is present in the sub-RPE nodules that flank the
Dr (blue channel). In this example, the nodule may have coalesced with the adjacent Dr.
Reproduced with permission from Anderson et al.®
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Figure 3.
The complement system is composed of proteins that are activated through a cascade of

enzymatic cleavage. Precursor proteins are depicted in green, enzymes in red, byproducts in
purple, and inactivated proteins in gray; red arrows indicate enzymatic reactions.
Complement factor H (CFH) plays a key regulatory role by inhibiting the binding of
complement component 3b (C3b) to complement factor B (CFB), thus preventing the
formation of the alternative pathway's amplification loop C3 convertase (C3bBb) as well as
acting as a cofactor for the complement factor | (CFI)-mediated degradation of the same
convertase to inactive components iC3b and Bb. MAC indicates membrane attack complex;
MBL, mannose-binding lectin.

Arch Ophthalmol. Author manuscript; available in PMC 2015 April 21.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Gehrs et al.

Page 21

&£

Compstatin

© X ©-°

SCR1/TP10 &

o————*——‘°+®

Eculizumab

Figure4.
A number of strategies for modulating the complement system are being considered for use

in the treatment of various stages of age-related macular degeneration. These include, in
general, approaches to (1) inhibit activation and the assembly of convertases, (2) promote
the decay and proteolysis of macromolecular complexes, including the convertases, (3)
block various effector molecules, such as C3a and C5a, and (4) reestablish control and
homeostasis of the system, such as augmentation with protective complement factor H
(CFH). This figure is a modified version of Figure 3; it depicts 4 potential targets within the
complement pathway that are being considered for therapeutic intervention: C1-INH, which
inhibits activation of the classical pathway; compstatin, which inhibits the activation of C3;
SCR1, which promotes the degradation of the C3 convertase C3bBb; and eculizumab, which
inhibits the system at the level of C5, thereby preventing formation of the membrane attack
complex (MAC/C5b-9) and C5a. MAC indicates membrane attack complex; MBL,
mannose-binding lectin.
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