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Abstract

Genetic and genomic studies have enhanced our understanding of complex neurodegenerative
diseases that exert a devastating impact on individuals and society. One such disease, age-related
macular degeneration (AMD), is a major cause of progressive and debilitating visual impairment.
Since the pioneering discovery in 2005 of complement factor H (CFH) as a major AMD
susceptibility gene, extensive investigations have confirmed 19 additional genetic risk loci, and
more are anticipated. In addition to common variants identified by now-conventional genome-
wide association studies, targeted genomic sequencing and exome-chip analyses are uncovering
rare variant alleles of high impact. Here, we provide a critical review of the ongoing genetic
studies and of common and rare risk variants at a total of 20 susceptibility loci, which together
explain 40-60% of the disease heritability but provide limited power for diagnostic testing of
disease risk. ldentification of these susceptibility loci has begun to untangle the complex
biological pathways underlying AMD pathophysiology, pointing to new testable paradigms for
treatment.
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INTRODUCTION

Impairment of sight and blindness are debilitating and are among the three most feared
medical conditions, after cancer and cardiovascular disease. Age-related macular
degeneration (AMD) afflicts almost 10 million individuals in the United States alone, twice
the number of Alzheimer’s disease patients and roughly equal to the total of all cancer
patients combined (32, 39, 43). At least 2 million Americans over the age of 50 suffer from
late-stage AMD that severely affects the quality of their life and results in billions of dollars
in health care costs (72).Worldwide, AMD is the third-largest cause of vision loss (76). The
problem is expected to worsen as the population ages, and no effective treatment or cure is
currently available for a majority of affected patients.

AMD is a multifactorial, late-onset human disease characterized by the formation of lipid-
rich extracellular deposits, localized inflammation, and ultimately neurodegeneration in the
central part of the retina (termed the macula). The etiology of AMD is complex, with
advanced age and family history being major risk factors (52, 92). In addition, smoking and
nutrition have a significant impact on disease progression (8, 86). Patients with AMD
exhibit loss of central vision with a spectrum of clinical phenotypes.

Clinical examination of human retinas can reveal distinct hallmarks of AMD (Figure 1) that
can be broadly divided into early/intermediate and late (advanced) stages (29). Early/
intermediate AMD [Age-Related Eye Disease Study (AREDS) grades 2 and 3] is the most
common and least severe form, characterized by pigmentary abnormalities in the macula and
accumulation of extracellular aggregates (called drusen). Late AMD (AREDS grades 4 and
5) is usually subdivided into dry [geographic atrophy (GA)] and wet [choroidal
neovascularization (CNV)] (29). Vision impairment in AMD is largely irreversible. CNV
can be treated but not cured with inhibitors of vascular endothelial growth factor (VEGF)
(81). Monthly injections of VEGF inhibitors are expensive to the health care system and
burdensome to patients (20). Additionally, patients with CNV exhibit a great deal of
variability in response to anti-VEGF treatments (65). GA is not yet treatable (67).

We are ushering in an exciting era in medicine, with high expectations that genetic and
genomic advances will transform patient care (10, 28, 58). The influences of the Human
Genome Project, the International HapMap Consortium, and next-generation DNA
sequencing are clearly evident in ophthalmology and vision research (105). Five years ago
in this journal, we reviewed genetic studies of AMD and suggested a model of AMD
progression, providing a context for retinal biology and the impact of aging (104). Since
then, many articles have reviewed the clinical and biological aspects of AMD and discussed
the relationship of inflammation, the complement pathway, and cholesterol transport to
disease (2, 3,15, 30, 69, 74). Here, in addition to providing the current status of AMD
genetics, we critically review the genetic data and place it in the context of our
understanding of biological pathways and AMD pathogenesis. We also propose a multi-hit
“threshold” model of AMD pathogenesis, in which aging and environmental factors
synergistically augment the impact of genetic predisposition on disease onset and
progression.
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PHOTORECEPTORS-RETINAL PIGMENT EPITHELIUM-CHOROID: A
LIFELONG PARTNERSHIP

AMD can be considered a multifactorial disease of the photoreceptor support system, which
includes the retinal pigment epithelium (RPE), Bruch’s membrane (BrM), and the choroidal
vasculature. The fundamental cause of vision loss in AMD is progressive damage to
photoreceptors, which can be triggered by RPE dysfunction and atrophy; impaired transport
of oxygen, nutrients, and metabolites between vessels and outer retinal cells; and leakage
from choroidal capillaries that invade the retina through the RPE. We first explain the
anatomical features of the eye involved in AMD to provide a context for understanding the
impact of genetics on the disease biology.

Light entering the eye is focused on the retina, where exquisitely specialized rod and cone
photoreceptors transduce the stimuli into chemical signals through a process termed
phototransduction (Figure 1). A complex neural circuitry within the retina relays these
signals to visual centers in the brain (62). Retinal photoreceptors are metabolically active
neurons with oxygen requirements that are among the highest in the human body (116). The
outer segments of rod and cone photoreceptors comprise stacks of flattened membranous
discs containing light-sensitive photopigments (rhodopsin in rods and spectrally tuned red-,
green-, or blue-sensitive opsins in cones) that must be regenerated after photon capture (77).
In humans, rods and cones exhibit a distinct topography; the macula (6 mm in diameter)
contains a cone-dominated fovea (0.8 mm in diameter) that is associated with high-acuity
vision (19) (Figure 14a).

A unique support system serves the needs of photoreceptors by delivering the resources to
carry out visual function. The photoreceptors have an intimate relationship with the RPE,
which is critical for recycling the retinoids for phototransduction. The RPE comprises a
single layer of polarized cells with extensive villi that interdigitate with the tips of rod and
cone outer segments (Figure 148). Approximately 10% of photoreceptor outer-segment discs
are shed daily and phagocytosed by the RPE (59, 119). The RPE maintains a blood-retina
barrier that isolates the photoreceptors on one side from the systemic circulation on the other
side. Rod and cone photoreceptors depend on the RPE for delivery of oxygen and
metabolites (101, 114). Photoreceptor support and choroidal maintenance functions are
performed by the RPE for the entire life span without respite.

The choroid is an extensive vascular complex lining the posterior part of the eye. The
innermost layer of choroidal vessels is a meshwork of capillaries that supply nutrients
utilized by the retina and act as a conduit for the by-products of photoreceptor and RPE
metabolism. Blood flow through the choroid sustains the high oxygen levels required by the
mitochondria-packed photoreceptor inner segments. The inner aspect of the choroid, next to
the RPE, is BrM, a laminar extracellular matrix (ECM) of collagen and elastin (16). BrM
represents a crucial link in the supply chain through its transport of oxygen, glucose, and
other metabolic components to the RPE and photoreceptors and its return of metabolic waste
to the systemic circulation.
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AGING-ASSOCIATED CHANGES IN THE RETINA

Age is the most significant risk factor for AMD. Disease prevalence for late AMD can peak
near 10% in persons over age 80 (72). When genetic risk and environmental triggers such as
smoking or diet act in concert with increasing age, the pathological changes of AMD
become more likely.

In the human retina, advanced age is associated with an almost 30% loss of rod
photoreceptors in the central macula, with a minimal effect on cone number (18). In
addition, the RPE cells accumulate autofluorescent granules termed lipofuscin, which are
remnants of retinoid metabolites from shed photoreceptor outer-segment membranes. A2E,
an abundant component of lipofuscin (21, 25, 101), is hypothesized to exacerbate AMD
through photooxidation and phototoxicity in RPE cells (96, 97). However, direct evidence
for a role of A2E in vivo is lacking.

Age-related ocular changes also include increased BrM thickness (27), a potential
mechanism for AMD onset (99). However, decreased thickness of the collagenous and
elastin components of BrM has also been reported in some AMD patients (9). Another
significant pathological change in BrM is the accumulation of lipoproteins that contain
apolipoproteins B and E, cholesterol (17), and a toxic oxidized product termed 7-
ketocholesterol (70). A preferential accumulation of these materials in the macula can act as
a diffusion barrier and stimulus for inflammation.

AMD PATHOLOGY

AMD histopathological analysis has focused on human donor eyes, as a good animal model
of AMD has yet to emerge. In early AMD, the macula has an abnormal RPE pigment
distribution and drusen in the sub-RPE space between the basal lamina of RPE and the inner
collagenous layer of BrM (85, 98), which may lead to a modest decline in visual acuity and
function. Large or soft drusen with indistinct borders are a major risk factor for AMD
progression (Figure 1). Drusen components include lipids (>40% of volume) and an array of
proteins, including those involved in complement regulation, TIMP3, vitronectin, f-amyloid,
and apolipoproteins (E, B, A-l, C-1, and C-Il), plus zinc and iron ions (12, 14, 71). The
abundance of a diffusely distributed and stereotypic thickening of RPE basal lamina, called
basal laminar deposit, also serves as a marker of disease severity, likely reflecting RPE
stress level (83). Other extracellular lesions between the photoreceptors and RPE, called
subretinal drusenoid deposits, are observed in many patients (Figure 16) and can confer risk
for AMD progression independent of drusen (16, 122).

GA, a common manifestation of late AMD, includes the degeneration and death of RPE
cells, photoreceptors, and choroidal capillaries (66). In contrast to the typical slow
progression of GA, CNV can decrease vision acutely through the abrupt onset of edema and
bleeding from new capillaries invading the RPE and neural retina.
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1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fritsche et al. Page 5

THE GENETIC ARCHITECTURE OF AMD

AMD susceptibility is determined by a combination of aging, genetics, and environmental
factors (104). The strongest nongenetic risk factors are advanced age and smoking (23, 108).
Support for a genetic contribution is incontrovertible and comes from both classical
epidemiological and twin studies (38, 50,51, 68, 87) and gene-mapping studies. In the early
twenty-first century, family-based linkage studies suggested major susceptibility loci on
chromosomes 1 and 10 in addition to weak linkage at many other genomic regions (31, 103).
In a groundbreaking accomplishment, several groups reported and validated the
identification of complement factor H (CFH) on chromosome 1q as a strong AMD
susceptibility locus (24, 35,37, 56, 120), unleashing a flurry of research that successfully
identified many additional loci within a short period (11, 34,48, 78, 118). Risk alleles have
also been suggested in mitochondrial DNA, although the evidence remains inconsistent (6,
45,84, 110).

More recently, genome-wide association studies of large samples (7, 73) and subsequent
meta-analyses have uncovered common risk variants for advanced AMD in 19 susceptibility
loci (33) (Figure 2). In addition to the primary signals (Figure 3), independently associated
common variants have been identified at several loci (33), including—for example—the
CFHand C2ZICFB genes (7, 24,34, 61). Targeted genomic resequencing of selected loci has
identified nonsynonymous rare variants in four complement genes (CFH, CFI, C3, and a
new AMD susceptibility locus, C9) (Figure 2). One nonsynonymous variant, CFH:p.
Arg1210Cys, increases AMD risk by >20-fold and is virtually absent in control individuals
(1 heterozygous carrier in 2,268 sequenced controls) (121). Three other nonsynonymous
variants (CFl:p.Gly119Arg, C3:p.Lys155GIn, and C9:p.Pro167Ser) have allele frequencies
between 0.1% and 1% in controls and are associated with odds ratios of 2—4 (40, 75,90, 113,
121). Future studies with larger sample sizes and deeper coverage of exomic regions might
identify additional functional variants with larger effects.

The involvement of five complement genes in the AMD pathway, including CFHand CF/,
has highlighted the role of the innate immune system in the development of AMD. Although
pathways associated with the 15 other loci remain uncharacterized, each discovered novel
AMD risk locus provides a much-needed starting point for functional downstream analyses
that may ultimately uncover key players in AMD pathogenesis.

The common risk variants have been utilized recently to predict AMD risk. A risk score
analysis of the 19 common risk variants (minor allele frequency =1%) can distinguish cases
and controls rather well [area under the curve (AUC) = 0.734], at least when compared with
the performance of genetic risk scores for other complex diseases (33, 46). Adding the
observed secondary signals to the risk model can further improve the ability to differentiate
late-AMD cases from controls, as shown in Figure 4, which illustrates data from the
Michigan, Mayo, AREDS, Pennsylvania (MMAP) AMD case—control study of 1,628 late-
AMD cases and 1,150 controls of European ancestry (AUC = 0.80 and AUC =0.83,
respectively) (7). Recent data from the Three Continent AMD Consortium revealed that
nongenetic risk factors (age, sex, AMD baseline grade, smoking, and body mass index) have

Annu Rev Genomics Hum Genet. Author manuscript; available in PMC 2014 November 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fritsche et al. Page 6

similar predictive power (AUC = 0.78) (5). A combination of genetic and nongenetic factors
reached an AUC of 0.88 in three well-characterized population-based AMD studies.

To a casual observer, predictive testing for AMD might appear to be within reach, especially
for the most extreme end of the risk scale. The distribution of the genetic risk factors in the
MMAP AMD case—control study (7) demonstrated that approximately 95% of individuals in
the two top risk deciles are AMD patients, whereas almost 90% of the lowest-risk decile
represents control individuals (Figure 54). However, rescaling the AMD prevalence of 65%
in the MMAP case—control study (which is highly enriched for AMD patients) to a more
realistic disease value of 2.8% [corresponding to the estimated prevalence of late AMD in
individuals at age 75 years (82)] suggests that in a population of 75-year-olds,<15% of the
individuals within the highest-risk decile will present late AMD (Figure 55).

The proportion of affected individuals among those with a high genetic risk score increases
with age. For example, among 85-year-olds, the prevalence of late AMD in populations of
European ancestry was estimated at 10.9% (82). We estimate that 46% of 85-year-olds in
the top 10% of genetic risk would be affected by late AMD (Figure 5¢) and that >80% of
85-year-olds in the top 1% of genetic risk would develop AMD (Figure 54).

A major limitation of genetic risk scores for AMD is that no prophylactic treatments are
available for individuals identified with high disease risk. As shown by the AMD Gene
Consortium, predictive power did not increase much when 7 newly identified AMD risk loci
were combined with the 12 previously reported loci (33). Although larger studies may
uncover additional common variant risk loci, we expect that their effect sizes will be smaller
than those of currently known common AMD risk variants (see Figure 3) and result in only
minor improvements in AUC. Rare variants with strong risk effects might help predict
disease progression in their carriers, but each variant is expected to influence only a small
number of individuals. For example, the rare, highly penetrant CFH:p.Arg1210Cys variant
(75) was found in only 2 of 4,300 European individuals studied by the National Heart, Lung,
and Blood Institute (NHLBI) Grand Opportunity Exome Sequencing Project, whereas three
other low-frequency risk variants (CFl:p.Gly119Arg, C3:p.Lys155GIn, and C9:p.Prol167Ser)
were observed in 11-66 individuals (ESP6500SI-V2; http://evs.gs.washington.edu).

One approach for evaluating progress in AMD genetics is to compare the variance between
disease risk explained by the genetic variants and disease risk estimated through twin and
family studies. However, these comparisons are quite sensitive to disease prevalence (33).
Depending on the prevalence of AMD, known loci might explain 28-43% of the variance in
disease risk, with the lower estimates corresponding to a prevalence of 2.8% and the higher
value to a prevalence of 10.9% (Figure 6). Assuming that the genetic factors for late AMD
account for 71% of the variation in disease risk among individuals (88), the current set of
known risk variants explains 40-60% of this total.

Notably, common risk factors that are near the complement genes CFH, C2/CFB, C3, and
CF/account for approximately 57% of the contribution of known variants to disease risk,
emphasizing the major role of the complement system in AMD pathogenesis (Figure 6).
Thus, although complement-pathway defects play a critical role in AMD pathogenesis, other
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mechanisms are clearly involved. Additional pathways are also implicated by the failure to
replicate a full range of AMD-like retinal pathology in a mouse with laser-induced CNV
with complement deficiency (80).

Various groups have reported a preferential association of CFH and ARMSZ HTRAI risk
variants with different forms of advanced AMD. Specifically, CFH risk variants appear to
slightly favor progression toward GA, and the ARMSZrisk variant favors progression
toward CNV (7, 33, 94). Although this might indicate a divergent impact of the two genes,
variants at the two loci significantly increase risk in both forms of late AMD, suggesting
their involvement in biological processes active before the onset of advanced disease. Future
studies with more accurate phenotyping of patient cohorts using high-resolution imaging
techniques might allow the identification of specific risk variants associated with
subphenotypes that influence progression toward one of the late-AMD forms, but using
genetic risk to make specific predictions about the type of advanced AMD is not currently
feasible.

We have also assessed the impact of complement risk gene variants on AMD risk scores.
We did identify individuals with differences in the contribution of risk variant groups
(ranging from 20% to 70%), but even in the large MMAP AMD case—control study, no
affected individual had a risk profile that was based solely on complement or
noncomplement risk variants (Figure 7). It is not surprising that no single pathway can
explain advanced disease. The current evidence strongly favors combinatorial and
synergistic mechanisms involving gene or pathway interactions leading to AMD
pathogenesis.

POPULATION DIFFERENCES

AMD prevalence differs among racial and ethnic groups (72). In the Multi-Ethnic Study of
Atherosclerosis (MESA), the frequency of early manifestations of AMD was 4.2% in
Hispanics, 4.6% in Chinese Americans, 5.4% in whites, and 2.4% in blacks (54).
Observations in the National Health and Nutritional Examination Survey were similar, with
a prevalence of 5.1% in Mexican Americans, 7.3% in whites, and 2.4% in blacks (53). These
differences could be due to either environmental or genetic factors. A recent reanalysis of
the MESA data for common factors such as smoking, body mass index, inflammatory
factors, diabetes, and alcohol was unable to explain the significant difference in risk between
whites and blacks. In addition, genetic analysis of MESA data with the risk variant
CFH:p.Tyr402His did not explain the higher frequency of early AMD in whites compared
with blacks (55).

To obtain a better genetic understanding in different populations, we compared the effects of
the allele frequencies of the known AMD risk variants between ancestry groups of the 1000
Genomes Project, including 379 European, 286 East Asian, and 244 West African samples
(see Figure 3). This comparison confirms reported population differences. For example, the
ARMSZ2IHTRAI locus (rs10490924) plays a larger role in Asian populations (where it has a
risk allele frequency of approximately 40%) than it does in European populations (where it
has a risk allele frequency of approximately 20%) (Figure 3). The CFH variant rs10737680
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was observed with similar effect allele frequencies in all three ancestry groups (Figure 3);
however, the independently associated CFH:p.Tyr402His risk variant (rs1061170) was
reported to have markedly lower frequencies in East Asian populations than in European
populations (5% and 35%, respectively) (57, 107). Similarly, the nonsynonymous C3variant
rs2230199 is common in Europeans but rare in Asians and Africans (Figure 3). In
connection with the observation that the ARMSZrisk variant seems to predispose toward
progression to the neovascular form of advanced disease, although CFH variants might be
stronger risk factors for GA, one might speculate that the different genetic risk profile in
Asians would favor the neovascular disease, which indeed seems to be more common in
Asian than in European populations (49). However, differences in the prevalence of GA and
CNV between Europeans and Asians are much larger than can be explained by the
frequency distribution of CFHand ARMSZrisk alleles.

THE GENETICS OF DISEASE PROGRESSION

Substantial variation exists in the progression from early to late AMD(109).Although
current nongenetic and genetic risk factors are suggested to predict this progression (89), our
understanding of AMD development is limited because most of the published genome-wide
association studies have been conducted on samples from either exclusively or
predominantly late-AMD cases. This reflects the use of clinic-based recruitment of cases
and controls, where asymptomatic patients are less likely to be seen. The single published
genome-wide association study of early AMD (including 4,089 early-AMD cases and more
than 20,000 control individuals) reported no significant associations beyond CFH and
ARMSZ, perhaps hinting at an undiscovered genetic and phenotypic heterogeneity that will
require larger sample sizes and more focused investigations (42). Modern imaging tools
(such as optical coherence tomography) and next-generation DNA sequencing may be
needed to unlock the hidden complexities of early AMD. A better understanding of the
genetic and phenotypic architecture of early-stage disease will be helpful in identifying new
mechanistic models and effective therapies for slowing progression from early to late stages.

Most of the functional variants at previously reported AMD loci will likely be uncovered by
targeted genomic resequencing. These functional variants will include rare nonsense and
loss-of-function variants with a high impact on disease risk, which are expected to accelerate
the progression from genetic association to biological understanding and eventual new
therapies. In particular, the study of individuals with rare but highly penetrant variants, such
as naturally occurring “human hypomorphs or knockouts” (22), might reveal new avenues
for functional assays and treatment design. The most interesting knockout mutations, if they
exist, would be variants that prevent the disease irrespective of other prevailing risk factors.
Mimicking such extreme genetic effects by pharmaceutical intervention (for example,
through local RNA interference or antibody treatment) may provide an opportunity to
postpone or prevent the development of late-stage AMD.
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BIOLOGICAL PERSPECTIVES FROM AMD GENETICS: A MULTI-HIT
THRESHOLD MODEL

Extensive clinical characterization of patients, in vitro studies of RPE and other cultured
cells, research on animal models, and examinations of human donor eyes have provided a
wealth of knowledge; however, the field is still struggling to generate a cohesive, integrated,
and mechanistic framework that more accurately reflects the complex degenerative
processes underlying AMD. Like other complex neurodegenerations, many molecular and
cellular pathways are involved in the AMD phenotype, particularly because of the
involvement of both neurons (photoreceptors) and their support system (the RPE and
choroid). Over the past decade, the picture that has emerged includes pathological changes
through complement activation and inflammatory processes surrounding the RPE and BrM,
altered lipid transport and accumulation of oxidized lipids beneath the RPE, alteration in the
maintenance of BrM, and (in the case of CNV) the activation of proangiogenic processes.
Initial genetic findings on CFH strongly corroborate the inflammatory hypothesis of AMD
(3, 36); however, complement activation and systemic immune response are not sufficient to
produce the complex AMD phenotypes in model organisms.

In an amazing spirit of collaboration and cooperation, numerous groups have joined
resources to identify the genetic architecture of AMD. So far, 20 chromosomal regions have
been identified that harbor genetic variants associated with AMD. Based on the information
in public databases, we can broadly cluster almost all of the genes at the 20 AMD loci into
five biologically relevant pathways that are also suggested by biochemical and pathological
data: (&) the complement pathway and immune response (CFH, C2/CFB, CFI, C3, and C9),
(b) lipid transport (APOE, LIPC, CETP, and BAIAP2L2), (¢) ECM remodeling (COL8A1,
COL10A1, TIMP3, ADAMTSY, TGFBRI1, HTRAL and B3GALTL), (d) angiogenesis
(VEGFA, TGFBRI1, and ADAMTS9), and (é) cell survival, including DNA repair,
apoptosis, and stress response (ARMS2, RAD51B, and TNFRSF10A).

Although functional validation of most of these genes is still required, we can begin to
integrate the genetic information with components of the photoreceptor support system. In
any comprehensive attempt to explain AMD disease, we must incorporate the facts that (a)
the genetic risk variants are inherited, () a single variant or gene alone is unlikely (or even
insufficient) to cause the complex disease phenotype, and (¢) the disease phenotypes are
manifested late in life. Although most patients have multiple risk alleles, many individuals
with risk alleles never exhibit the disease phenotype in their lifetimes. The only common
associated risk factor in all patients is advanced age, suggesting that disease onset results
when physiological damage reaches a certain threshold. We expect that the rate of
physiological damage may be modified by a set of risk alleles and environmental factors
unique to each individual and that the trigger for disease initiation might be provided by life
events, such as chronic inflammation or immune response to infection.

To reconcile existing genetic and biological data into a testable hypothesis, we propose that
AMD phenotypes result from a breakdown in complex functional relationships between the
photoreceptors and their support system (RPE-choroid complex), which are critical for a
stringent control of the two-way flow of nutrients and waste material (Figure 8). All of the
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above-mentioned biological functions/pathways can be developed into a “threshold” model
(117) and linked to discrete aspects of AMD pathogenesis, as discussed below.

Advanced age and environmental factors impact all components of the photoreceptor
support system concurrently. Oxidative stress is believed to be a major mediator of the effect
of age because mitochondrial oxidation is impaired with aging and oxidative damage is
widely observed (60, 95, 100). In addition, aging is associated with increased DNA damage
and deficiency of repair mechanisms (41). Oxidative damage has also been implicated in
AMD (115). Thus, the age of onset and the severity of AMD phenotype could result from
combinations of aging, environment, and protective or risk variants. Genetic variants might
alter the balance in key biological pathways, leading to AMD pathology. Alternatively,
advanced age and environmental insults might lower the threshold for AMD, allowing risk-
associated alleles to initiate a process of degeneration in a biological system whose function
is compromised. For example, the formation of sub-RPE drusen can be compared with
extracellular lipid deposition in a vessel wall of the systemic circulation in atherosclerotic
cardiovascular disease (14, 15) and might be promoted by certain variants of lipid
transporters. RPE-secreted lipoproteins are a major source of peroxidizable lipids under the
RPE, and reactive oxygen species from basolaterally localized RPE mitochondria can lead to
oxidized lipids (and proteins). The ECM is implicated in the retention of lipoproteins in
BrM. Oxidized cholesterol can also induce inflammation (79).

As illustrated in Figure 8, the development of AMD lesions can be partially explained by the
AMD susceptibility genes identified so far. LIPC and CETP are expressed in the subretinal
space and may participate in rapid cholesterol transfer from the RPE to the neural retina
(111, 112). ApoE and CFH are detected in subretinal and sub-RPE lesions and in BrM.
TIMP3 is present in drusen and BrM, where it plays a crucial role in ECM maintenance and
remodeling (26, 47). AMD-associated variants in ECM proteins can alter the structure and
permeability of BrM, making it more susceptible to aging and environmental abuse.

The presence of inflammatory modulators in AMD lesions suggests that local processes
driven by complement dysregulation play a crucial role in the development and progression
of AMD (3, 44). The identification of multiple complement genes at AMD susceptibility
loci validates a major role of the immune response in AMD. In addition, several lines of
evidence implicate inflammation and the recruitment of microglial cells as key mediators of
AMD pathology (2, 63,64, 91, 106). RPE and choroidal cells express many immune-
modulatory proteins at significant levels (3, 102). Local expression and dysregulation of
inflammatory modulators may therefore explain why AMD is not tightly correlated with
systemic or diffuse inflammatory processes. If AMD risk alleles were exclusively associated
with complement activation or immune response, then modeling the process of degeneration
leading to photoreceptor cell death would be less challenging. However, the identification of
risk alleles associated with lipid transport and metabolism, ECM deposition and remodeling,
cell survival, and angiogenesis increases the challenge of creating a comprehensive model
for AMD pathogenesis.

How do we integrate a diverse set of risk factors into an accurate model of pathogenesis that
captures the biology of degeneration while leaving room for variability in disease
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progression and severity? By treating risk alleles and pathways to which they belong as
discrete entities operating in isolation, we run the real risk of building models that are not
physiologically relevant. Given the extraordinary interdependence of photoreceptors, RPE,
BrM, and choroidal capillaries, it may be more fruitful and biologically relevant to envision
a scenario where perturbation in one (or more) of the relevant pathways compromises the
viability of neighboring and interdependent cellular partners within the support complex. As
the viability of one of the components is compromised, so too are the metabolic processes
they support. The process of cascading dysfunction, originating at a diverse set of loci but
converging through a handful of interdependent physiological pathways, provides a flexible
model to accommodate a diverse set of risk alleles with aging and environmental factors as
well as an array of shared pathophysiological features.

We emphasize that this is just one way to incorporate genes from many pathways into a
pathogenic sequence and that there may be other sequences that are equally plausible, both
for the extracellular lesions and for other specific pathologies, such as RPE or photoreceptor
death and neovascularization. Nevertheless, it is reassuring that the genetics is now
converging with the biology and pathology of AMD.

THE EMERGING PICTURE, GENETIC LOAD, AND OPEN QUESTIONS

We are left with two unresolved dilemmas in AMD genetics. First, the most significantly
associated common variants do not have a known functional impact either on the expression
or processing of the nearby gene transcripts or on the structural and functional integrity of
the encoded proteins. For example, there is strong evidence that the alternative complement
pathway plays a role in causing AMD, but this evidence cannot be based on a demonstration
of the role of a variant in a single gene. Rather, the influence of complement proteins is
generally dependent on the overall impact of risk and protective genetic variants in all
components of the complement pathway. Second, we know very little about the tissue-
specific triggers for AMD pathogenesis, and discovering these may also require identifying
the pathways leading to specific early pathologies, such as RPE atrophy and drusen. Like
other complex diseases, AMD is not caused by a single factor, and multiple pathogenic
mechanisms that need not be mutually exclusive are almost certainly involved. Therapeutic
strategies based on a single pathway are expected to provide only partial treatment. The cure
for AMD may come by intervening at an early stage or perhaps even before the disease
process is initiated.

We must realize that complex human traits and common clinical phenotypes arise from an
individual’s unique set of variants under the influence of nongenetic factors. The currently
known risk variants and AMD genes represent a rather atypical situation in the spectrum of
complex diseases, in that they include a few strong susceptibility variants (in CFH and
ARMSZIHTRAI) and many others with smaller effects (in ECM genes). As a consequence,
their combined predictive power is unparalleled in the field of complex diseases. Yet it is
evident that nongenetic risk factors, such as age and environment (specifically smoking),
still have a major influence on the outcome of the disease. Presymptomatic genetic testing is
especially challenged by the lack of preventive treatments and cure. It therefore remains
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unwise to make population-wide predictions based on limited genetic data, as suggested by
some reports (4).

Future genetic studies with larger sample sizes of earlier AMD stages (defined by high-
resolution imaging methods) and comprehensive analyses of the genome are likely to add to
the overall picture of underlying AMD risk factors. Extensive targeted genomic sequencing,
whole-exome sequencing of AMD families where available, and whole-genome sequencing
of AMD cases would be valuable for explaining missing heritability and—together with
deeper RNA, microRNA, and epigenome profiling—would help in clarifying the biological
mechanisms that underlie disease. In addition, the time has come to focus on combining
genetic insights with biologically relevant model systems to assess pathogenic mechanisms
and initiate knowledge-based interventions for this debilitating disease.
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Figure 1.
(a) Normal retina. (Lef?) Anatomical depiction of the human eye viewed in sagittal section.

Light entering the eye passes through the cornea and is focused by the lens onto the retina.
The macula (Latin for “spot”) is a feature of human and most nonhuman primate retinas and
lies in the central visual axis. The fovea (Latin for “pit”) is a small region at the center of the
macula adapted for high-acuity vision. Two vascular networks—one in the neural retina and
the other in the choroid—support the high metabolic demands of the retina. Rod and cone
photoreceptors rely principally on the choroidal blood supply. Metabolites destined for the
rods and cones are shuttled from the choroid to the photoreceptors by the retinal pigment
epithelium. Neuronal impulses generated in the retina are conveyed to the brain by the optic
nerve. (Center) Fundus photograph of the retina of a healthy individual. Using an
ophthalmoscope, the retina can be evaluated as part of a routine eye exam. The optic nerve,
macula, and retinal blood vessels provide ophthalmologists with clues about patients’ ocular
health. (Righi) Confocal microscopy image of a human retina labeled with fluorescent
probes to show the close apposition of photoreceptors, retinal pigment epithelium, Bruch’s
membrane, and choroidal blood vessels. Cell nuclei in the outer nuclear layer of
photoreceptors are red, photoreceptor outer segments are green, and structures containing
high concentrations of filamentous actin (cell—cell junctions and vessel walls) are blue. The
inner segments of photoreceptors contain metabolic components, including numerous
mitochondria. (6) AMD pathology. (Left center) Fundus photographs depicting two distinct
pathological features of AMD. The photograph on the left shows the characteristic
accumulation of drusen, which appear as yellow splotches and flecks within the macula. The
photograph in the center shows the unmistakable evidence of hemorrhage beneath the retina
resulting from the pathological process of choroidal neovascularization (CNV). The decline
in visual function associated with CNV hemorrhage is often rapid and irreversible. (Righi)
Micrograph showing pathological changes characteristic of AMD, outside the zone of
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geographic atrophy (GA). Layers of cells and extracellular lesions have been pseudocolored
to highlight the extensive disorganization that has occurred at the interfaces between the
photoreceptors, the retinal pigment epithelium, Bruch’s membrane, and the choroid. The
outer plexiform layer includes synapses of photoreceptors with neurons in the inner retina.
Lipid-rich deposits accumulate between the retinal pigment epithelium and Bruch’s
membrane (aull yellow), and between the retinal pigment epithelium and photoreceptors
(bright yellow). These deposits compromise the delivery of metabolites from the choroid to
the photoreceptors and may initiate or exacerbate inflammatory processes, resulting in
retinal pigment epithelium and photoreceptor cell death. Adapted in part from Reference
104.
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Figure 2.
Schematic of human chromosomes showing reported association signals of common (minor

allele frequencies 21%) and rare variants (minor allele frequencies <1%) for 20 AMD
susceptibility loci/genes. Locus names indicate genes that overlap or are close to the
observed association signal but do not necessarily represent the underlying disease-causing
gene (33, 40,75, 90, 113, 121). The visualization was created using quantsmooth R package
version 1.24.0.
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Figure 3.
Effect sizes and 95% confidence intervals for the 19 common AMD risk variants in the

discovery study of the AMD Gene Consortium meta-analysis (33). Box sizes indicate the
precision of effect estimates. The 7 loci that were reported with genome-wide significance
(P< 5 % 1078) for the first time are highlighted in green. Population-based effect allele
frequencies are given for European (V= 379), East Asian (/= 286), and West African (V=
244) ancestry groups of the 1000 Genomes Project (phase | v3) (1). rs5749482 for TIMP3
was not available in the 1000 Genomes Project, and effect allele frequencies in this row
(indicated by asterisks) are instead given for the highly correlated rs5754227 [/2 = 0.92 in
CEU (Utah residents with ancestry from northern and western Europe) samples from the
International HapMap Project].
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Specificity

Risk scores for individuals in the large Michigan, Mayo, AREDS, Pennsylvania (MMAP)
AMD case—control study (7), defined as the product of the number of common risk alleles at
each locus and the associated effect size for each allele (measured on the log-odds scale,
with each variant conditioned on the other variants). The plot summarizes the ability of these
overall genetic risk scores to distinguish late-AMD cases (geographic atrophy and choroidal
neovascularization) and controls. Secondary variants—i.e., variants reported to be
independently associated within the reported 19 AMD loci—improved discriminatory power
(panel &), whereas variants within/near complement genes as well as noncomplement genes
contributed to the overall risk score (panel 6). Abbreviation: AUC, area under the curve.
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MMAP case-control study a Population at age 85 years C
(prevalence: 10.9%)

(prevalence: 65%)

Deciles of risk Deciles of risk
Population at age 75 years b Population at age 85 years d
(prevalence: 2.8%) (prevalence: 10.9%)

Deciles of risk Top 10 percentiles of risk

Figureb5.
Multilocus genotypes and disease risk. A summary of the proportion of affected individuals

in each risk decile is shown, with the highest-risk decile on the left. (4) Michigan, Mayo,
AREDS, Pennsylvania (MMAP) AMD case—control samples segregated according to the
risk of disease predicted by a simple logistic regression model. (6,¢) Equivalent predictions
at the population level, after assigning different weights to cases and controls and taking into
account that the sample is enriched for cases and that the disease prevalence might actually
be 2.8% (panel 6) or 10.9% (panel ¢) (method described in Reference 7). (@) Top 10 risk
percentiles of a population with 10.9% disease prevalence.
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Figure6.

Estimated disease variance explained by 27 common risk genomic variants reported in 19
AMD loci. Relative risks were estimated using the independent risk effects of each variant
conditioned on all other variants, assuming disease prevalences of 2.8%, 5.6%, and 10.9%,
which correspond to the predicted prevalences of late AMD in European populations at ages
75, 80, and 85 years, respectively (82). Reference 93 describes the methods applied to
measure the variance of the disease. Abbreviation: SNP, single-nucleotide polymorphism.
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favors combinatorial and synergistic mechanisms involving gene or pathway interactions
leading to AMD pathogenesis.
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|
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Attributable contributions of variants within or near complement genes to overall risk scores

(19 primary and 8 secondary signals) (33) (see also Figure 3) in 1,628 late-AMD cases and
1,150 control individuals from the large Michigan, Mayo, AREDS, Pennsylvania (MMAP)

AMD case—control study (7). The dashed red lines indicate the average contributions in

cases (49.3%) and controls (47.5%). Individuals were sorted by increasing percentage of
their risk score attributable to risk variants near complement genes. Ticks on the x axis
represent 100 individuals.
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Figure8.

A multi-hit “threshold” model of AMD. Advanced age and environmental factors have an
impact on all components (in green) associated with the photoreceptor support system. The
assignment of genes to distinct groups is based on published literature and not on functional
studies. Each gene group can be associated with a specific function/pathway that may
influence one or more components— e.g., alterations in extracellular matrix (ECM)-
associated genes can affect both the retinal pigment epithelium (RPE) and Bruch’s
membrane. Some of the genetic variants (e.g., those in the complement pathway) are
expected to have a stronger impact on specific clinical findings. The cellular changes (in
blue) are shown next to (or near) components (in green) that are likely impacted. Some of
the changes in one or more components can have a domino effect, leading to pathology
phenotypes (red) in AMD. The appearance of late-stage disease [geographic atrophy (GA)
or choroidal neovascularization (CNV)] would depend on the acquisition of threshold levels
that can be reached by the cumulative effect of multiple hits, including genetic
susceptibility, aging-associated changes, and environmental factors.
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