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Abstract
Age-related macular degeneration (AMD) is a progressive blinding disease and represents the leading cause of visual
impairment in the aging population. AMD affects central vision which impairs one’s ability to drive, read and recognize faces.
There is no cure for this disease and current treatment modalities for the exudative form of the disease require repeated
intravitreal injections which may be painful, are incompletely efficacious, and represent a significant treatment burden for
both the patient and physician. As such, AMD represents a significant and important clinical problem.
It is anticipated that in three years’ time, 196 million individuals will be affected with AMD. Over 250 billion dollars per year
are spent on care for AMD patients in the US. Over half of the heritability is explained by two major loci, thus AMD is
considered the most well genetically defined of the complex disorders. A recent GWAS on 43,566 subjects identified novel loci
and pathways associated with AMD risk, which has provided an excellent platform for additional functional studies. Genetic
variants have been investigated, particularly with respect to anti-VEGF treatment, however to date, no pharmacogenomic as-
sociations have been consistently identified across these studies. It may be that if the goal of personalized medicine is to be
realized and biomarkers are to have predictive value for determining the magnitude of risk for AMD at the genetic level, one
will need to examine the relationships between these pathways across disease state and relative to modifiable risk factors
such as hypertension, smoking, body mass index, and hypercholesterolemia. Further studies investigating protective alleles
in populations with low AMD prevalence may lead to this goal.
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Introduction
Age-related macular degeneration (AMD) is a progressive blind-
ing disease and is the leading cause of visual impairment in the
aging population, especially in those over 55 years of age, for
which there remains no cures. In 3 years’ time, an anticipated
196 million individuals will be affected with AMD (1). As of 2013,
11 million new cases were being diagnosed per year in the
United States alone (2), this is more than double the number of
Alzheimer disease cases diagnosed per year (3). The yearly cost
for direct health care due to AMD in the U.S. is $255 billion,
which is almost half the direct cost for all vision loss ($513 bil-
lion), making AMD the leading cause of visual disability in the
developed world and the third globally (4). AMD compromises
one’s central, fine vision, which impairs the ability to drive, rec-
ognize faces and read. As we age, changes take place in the ret-
ina, and include small hard drusen, which are considered part
of normal aging and 95% of the population over the age of 43
has such changes (5). Drusen are lipoproteinaceous deposits
and acellular debris. When vision becomes compromised due to
these changes becoming pathophysiological accompanied by
hypo and/or hyper pigmentation of the Retinal Pigment
Epithelium (RPE) cells of the retina,), enlargement or increase in
confluence to the drusen, the term age-related macular degen-
eration is used. This is considered the early/intermediate stages
of AMD. In the more advanced stages of AMD, the advanced dry
form is termed geographic atrophy (death of cells) and the wet
or exudative form is termed neovascular AMD (this is the
growth of abnormal blood vessels from beneath the retina). At
present, most therapies are directed toward treatment of neo-
vascular AMD, target established abnormal blood vessel growth
through antibody-based inhibition of VEGF, and demonstrate a
range of efficacy. For a small subset of patients, anti-VEGF treat-
ment results in stable to improved visual acuity without the
need for ongoing treatment. However, the majority of patients
require indefinite treatment, do not regain vision, or demon-
strate progression of disease despite therapies. For in depth re-
views on the clinical description of AMD, please see Yonekawa
(6), Miller (7), Rufai (8), Sacconi (9), and Gemenetz (10). With 22
million individuals expected to be diagnosed with AMD by 2050
(4), unless the disease can be prevented, delayed, or treated ef-
fectively, affected individuals will continue to suffer and health
care costs will rise exponentially.

Risk Factors
Men and women can both be affected with AMD, though some
reports show that woman are 1.3 times at greater risk for AMD
(11). Age and a positive family history of AMD are the two stron-
gest risk factors for AMD. Twin studies demonstrating greater
concordance in monozygotic (37%) than dizygotic (19%) twins%
(12) as well as studies demonstrating clustering of AMD in fami-
lies, a hallmark of a disease with complex inheritance, were the
first to underscore the genetic basis for AMD (13,14). It has been
shown that an individual with a sibling or a parent with AMD is
12-27 times more susceptible than someone from the general
population to develop AMD (15).

With 50% or more of the heritability of AMD already ex-
plained by two major loci harboring coding and non-coding var-
iation at chromosomes 1q (CFH) and 10q (ARMS2/HTRA1), AMD
is considered the most well genetically defined complex disor-
ders (16–24). This is further emphasized by the largest genome
wide association study to date for AMD conducted by the
International age-related macular degeneration genomics

consortium (IAMDGC) that was sponsored by the NEI/NIH/CIDR
and comprised of 27 study partners from throughout the world
(24). In the IAMDGC study of 43,566 subjects, mostly of
European ancestry comprised of 17,832 controls, 16,144 ad-
vanced AMD cases and 6,657 with intermediate AMD, 52 inde-
pendently associated variants spanning 34 loci were identified
at genome-wide significant association (P< 5.0�10�8) (24).
Though the custom chip that was interrogated had common
variants, it also contained protein coding and rare variants (fre-
quency of 0.1%). After burden testing, only rare variants in the
previously associated AMD genes, CFH, CFI, and TIMP3 reached
genome wide significance. However, this highlighted the impor-
tance of CFI and TIMP3 to AMD pathophysiology (25–27). All
these data are available to the research community through
dbGAP (https://www.ncbi.nlm.nih.gov/gap/ddb/).

Clinical utility of SNP findings: what has been done and
where do we go from here?

The clinical utility and translational significance of disease asso-
ciated SNPs varies by pathology. Recent work has increased our
understanding of disease pathways and hence the potential clini-
cal significance of genetic variation in AMD. In the case of the re-
cent GWAS experiment (24), genes were found to function not
only in known AMD pathways but highlighted the importance of
additional pathways as well, including complement activation,
collagen synthesis, lipid metabolism/cholesterol transport,
receptor-mediated endocytosis, endodermal cell differentiation,
and extracellular matrix organization. Of importance was that
ten variants located in seven extracellular matrix genes
(COL15A1, COL8A1, MMP9, PCOLCE, MMP19, CTRB1-CTRB2 and
ITGA7) were associated with only advanced AMD (neovascular
AMD and geographic atrophic AMD) and not intermediate AMD,
suggesting that extracellular remodeling pathway(s) of the retina/
RPE are activated in the development of the more advanced
stages of AMD. Pathway analysis may also indicate that there
may be upstream regulators/modulators for the gene/variant of
interest that are important as therapeutic targets. This will fur-
ther allow for greater insight into the relationship between ge-
netic variation and disease mechanism as well as identify novel
therapeutic targets. However, appropriate in vivo and in vitro mod-
els are needed to assess these relationships.

Greater understanding of multifactorial AMD risk is also ad-
vancing the future possibility of a personalized approach to
AMD screening and treatment. The goal of personalized medi-
cine is to predict individual disease risk based upon analysis of
his or her environment and genetic variation. Moreover, this in-
formation is hypothesized to aid in identification of individually
significant therapeutic targets and to predict a patient’s re-
sponse to therapy. The use of genetic testing to predict progres-
sion to advanced AMD in the clinical setting has not been
proven to improve outcomes and is not recommend for routine,
general use by the American Academy of Ophthalmology
(28,29). However, it has been demonstrated that adding geno-
type information, particularly from the CFH and ARMS2/HTRA1
loci, to phenotypic features from clinical examination,
increases the precision of predicting risk of advanced AMD (30).
Genotype has also been examined with respect to treatment
response with inconsistent results. For example, some studies
have suggested that the beneficial effect of the Age Related Eye
Disease Study (AREDS) vitamin supplements (antioxidants with
zinc) in reducing progression to advanced AMD was influenced
by genotype (31,32). However, other analyses did not validate
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this finding (28,33). As stated previously, most therapeutics for
AMD are directed towards the advanced neovascular form of
AMD. Several studies have investigated the relationship of
genetic variants, particularly in CFH, ARMS2/HTRA1, and the
VEGF pathway, and a patient’s response to anti-VEGF treatment.
However to date, no pharmacogenomic associations have been
consistently identified for anti-VEGF therapies across these
studies. An initial GWAS of treatment response to anti-vegf
therapy for neovascular AMD led to the identification of a vari-
ant in the olfactory receptor gene, OR52B4 (42). However, addi-
tional studies will need to be performed to replicate such
results.

As stated earlier, AMD is etiologically complex, meaning it has
many epidemiologic and genetic factors that influence suscepti-
bility to risk. While some of these epidemiological risk factors are
modifiable, and include body-mass index (BMI), smoking ciga-
rettes and blood lipid and cholesterol levels, other factors are not,
and include genotype at a given risk locus, sex, ethnicity, and age
(for reviews please see Klein (43) and DeAngelis and Pennington
(44)). Further insight into AMD mechanism and risk mitigation
can be gained by examining similarly complex disease states that
demonstrate overlapping pathophysiology with AMD including
Alzheimer disease and cardiovascular disease (44–60). It may be
that if biomarkers are to have predictive value for determining
the magnitude of risk for AMD at the genetic level, one will need
to examine the relationships between these pathways across dis-
ease state and relative to modifiable risk factors such as hyper-
tension, smoking, body mass index, and hypercholesterolemia.
One would hypothesize that if similar pathways, for example,
lipid metabolism/cholesterol biosynthesis, are involved in the
pathophysiology of AMD, then proteins that are intrinsic to these
pathways would function differently between patients with and
without AMD. It is the investigation of those differences that
would lead to personalized, targeted treatment pathways as de-
picted in Figure 1.

In a recent study by Burgess and Davey Smith (61),
Mendelian randomization was employed to assess known lipid
gene associations with AMD risk on 33,536 individuals utilizing
coronary artery disease as a positive control and Alzheimer dis-
ease as a negative control. Specifically in this instance, a
Mendelian randomization approach was utilized to measure
185 variants that included gene proxies for lipid therapy, span-
ning 157 genes to examine the effect of HDL cholesterol, LDL
cholesterol and triglycerides on AMD risk. They found that vari-
ants in the CETP gene (also identified in the GWAS by Fritsche
et al. (24)), were associated with AMD risk, and that inhibiting
CETP to increase HDL-cholesterol levels may increase AMD risk.
Thus, they concluded that the mechanism for the known HDL-
cholesterol/AMD association (62) is through the modulation of
CETP. This clever study provides a foundation to test a feasible
in vivo or in vitro model of AMD for potential AMD therapy.

Currently, both in vivo and in vitro models for the study of
AMD are limiting. There have been some successes at recapitu-
lating aspects of the AMD phenotype in various mouse models
of AMD (63–69). Though the mouse has a retina and RPE, hu-
mans are the only species with a macula, the 2mm region in the
retina, where AMD manifests. Additionally, it is unclear if AMD
is a localized disease (occurring only in the affected eye tissues),
a systemic disease, or if there are aspects of the disease that are
a combination of both. One area of intense effort to further the
field, particularly in the area of multi-omic approaches for AMD,
is the collection and assessment of fresh donor eye tissue. We
and others are actively engaged in creating well phenotyped re-
positories with short duration post mortem time (6 h or less)

(70). Such tissues can then be used for studies including epige-
netics, RNASeq, microRNAs, metabolomics, and proteomics.
Results can then be tied back to the donors to assay biomarkers
in the serum or plasma. Results from these studies can then be
widely shared with the scientific research community.

Protective alleles and their role in AMD

Much interest has been given to the role of protective alleles in
complex disease (for review please see Harper (71)) and that it
has been hypothesized that protective alleles may prove to be a
better therapeutic target than alleles that increase disease risk.

Prevalence of AMD varies greatly by ethnicity, with whites of
European descent having the greatest disease burden. A recent
study by Wong et al. (1) calculated pooled prevalence of ethni-
cally diverse population-based studies of AMD (mapped to an
age range of 45–85 years) and confirmed that the prevalence
was greatest among those of European descent at 12.3% - 30%
with increasing age. Disease burden, although slightly less, is
still significant amongst Hispanics (10.4%), Africans (7.5%) and
Asians (7.4%) (1). Still others have estimated the disease burden
within the United States as lower with non-Hispanic White
Europeans having the highest at almost 7.3% and African-
Americans at 2.4% (72). Regardless, it is clear that the prevalence
of AMD varies by ethnicity and racial group and therefore the
role of genetic variants, environmental exposures, and their in-
terplay in AMD susceptibility will likely as well.

The Population Architecture Using Genomics and
Epidemiology (PAGE) study demonstrated that AMD risk appears
to differ with respect to lipid metabolism and cholesterol-related
genes in Mexican Americans, Asian Americans, African
Americans and non-Hispanic White Europeans when all types of
AMD were examined (73). In fact, none of the major risk variants
for AMD i.e. ARMS2 or CFH were significant in the non-white
European populations after correction for multiple testing (73).
Similarly, Cheng et al. (74) found a different variant in a known
CETP lipid gene (previously associated with AMD risk in whites of
European descent) as well as novel AMD lipid/cholesterol genes
associated with AMD risk in East Asians. Moreover, the CETP risk
variant was found to interact with high serum HDL levels in indi-
viduals of Japanese ancestry and Chinese from Singapore (74).

Figure 1. Predictive, preventive, personalized medicine. Model for approaching

the integrative analysis of patient phenotype in the context of individual ‘omic’,

environmental and experimental data. The significance of each of these factors

for an individual patient may vary as demonstrated.
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While these examples illustrate the differences in genetic varia-
tion and allele frequency at important loci they do not explain
why certain ethnicities may have a slightly lower disease preva-
lence. It may be that protective alleles may be more important in
different populations. For example, in a study of individuals from
Timor-Leste, it was found that AMD occurs at a very low fre-
quency (< 1%) (75). When examining AMD-disease associated
SNPs, those with AMD in this cohort did not have risk alleles at
the two most associated AMD loci, CFH Y402H (rs1061170) and
ARMS2/HTRA1 A69S (rs10490924). However, the Timor population
as a whole had increased frequency of protective alleles at CFH
(19), CFHR2 (76), and C2 (77) underscoring the importance of those
alleles. As others have shown, for other complex disorders pro-
tective alleles may be as important, if not more important in
than risk alleles (71). Studying other populations where AMD
prevalence is low in the context of environmental exposures
along with genetic variants will require well-powered studies to
move forward for the goal of personalized medicine to be fully
realized.
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