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Purpose: Age-related maculopathy susceptibility 2 (ARMS2) is considered the most enigmatic of the genes
for age-related macular degeneration (AMD). We investigated the phenotypic course and spectrum of AMD for the
risk haplotype at the ARMS2 and high-temperature requirement A serine peptidase 1 (HTRA1) locus in a large
European consortium.

Design: Pooled analysis of 4 case-control and 6 cohort studies.
Participants: Individuals (N ¼ 17 204) aged 55 years or older participating in the European Eye Epidemiology

consortium.
Methods: Age-related macular degeneration features and macular thickness were determined on multimodal

images; data on genetics and phenotype were harmonized. Risks of AMD features for rs3750486 genotypes at
the ARMS2/HTRA1 locus were determined by logistic regression and were compared with a genetic risk score
(GRS) of 19 variants at the complement pathway. Lifetime risks were estimated with KaplaneMeier analyses in
population-based cohorts.

Main Outcome Measures: Age-related macular degeneration features and stage.
Results: Of 2068 individuals with late AMD, 64.7% carried the ARMS2/HTRA1 risk allele. For homozygous

carriers, the odds ratio (OR) of geographic atrophy was 8.6 (95% confidence interval [CI], 6.5e11.4), of choroidal
neovascularization (CNV) was 11.2 (95% CI, 9.4e13.3), and of mixed late AMD was 12.2 (95% CI, 7.3e20.6).
Cumulative lifetime risk of late AMD ranged from 4.4% for carriers of the nonrisk genotype to 9.4% and 26.8% for
heterozygous and homozygous carriers. The latter received the diagnosis of late AMD 9.6 years (95% CI,
8.0e11.2) earlier than carriers of the nonrisk genotype. The risk haplotype was not associated with hard or soft
drusen < 125 mm (OR, 1.2; 95% CI, 0.9e1.7), but risks increased significantly for soft drusen � 125 mm (OR, 2.1;
95% CI, 1.5e3.0), up to an OR of 7.2 (95% CI, 3.8e13.8) for reticular pseudodrusen. Compared with persons with
a high GRS for complement, homozygous carriers of ARMS2/HTRA1 showed a higher risk of CNV (OR, 4.1; 95%
CI, 3.2e5.4); risks of other characteristics were not different.

Conclusions: Carriers of the risk haplotype at ARMS2/HTRA1 have a particularly high risk of late AMD at a
relatively early age. Data suggest that risk variants at ARMS2/HTRA1 act as a strong catalyst of progression once
early signs are present. The phenotypic spectrum resembles that of complement genes, only with higher risks of
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Age-related macular degeneration (AMD) is a common
retinal eye disease and a leading cause of blindness among
elderly in European populations. The disease currently af-
fects approximately 200 million people worldwide and will
continue to increase the health care burden on our society
with a doubling of the number of affected people by
2040.1e3
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Genome-wide association studies have identified a rela-
tively small set of AMD susceptibility genes.4,5 A total
genetic risk score (GRS) based on these genes was shown
to be positive in > 85% of patients with late AMD. The
most prominent pathway is the complement cascade, which
is represented by 19 variants in or near 6 genes, and
clinical trials targeting this pathway are underway.
ommons.
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Thee et al � Phenotypic Course of AMD for ARMS2/HTRA1
Nevertheless, the locus carrying the highest risk is that of
age-related maculopathy susceptibility 2 (ARMS2) and
high-temperature requirement A serine peptidase 1
(HTRA1).5e7 The biological function of the ARMS2 gene
product is still under investigation, but a recent study sug-
gested that the ARMS2 protein can initiate complement
activation by recruiting the complement activator properdin,
enhancing C3b surface opsonization and phagocytosis.8

In the ARMS2/HTRA1 locus, the variants rs10490924
(p.A69S in the ARMS2 coding region) and rs3750846
(IVS1e858T/C in the HTRA1 promotor region) have
been associated with AMD. They lie within a haplotype
block, making them inseparable in statistical analyses, and
their minor (risk) allele is relatively frequent in the popu-
lation (minor allele frequency, 20%e25%). It has been
shown that the risk variants have a strong susceptibility to
reticular pseudodrusen and choroidal neovascularization
(CNV)9e15; however, details on the phenotypic course and
spectrum of AMD are missing.

It also remains unclear whether phenotypic differences
exist between carriers of the ARMS2/HTRA1 risk variant and
those with risk in complement genes. Recently, it was
suggested that the risk variant at ARMS2/HTRA1 leads to
markedly lower macular thicknesses than risk variants in or
near the complement factor H (CFH) gene, but this finding
has not been replicated in other studies.16

Using the large datasets of the European Eye Epidemi-
ology (E3) and EYE-RISK Consortia, we aimed to inves-
tigate the full range of AMD characteristics associated with
the risk haplotype at ARMS2/HTRA1 and with variants at the
complement pathway. We studied macular thickness; risk of
early, intermediate, and late AMD features; and lifetime risk
of late AMD and visual consequences.

Methods

Study Population

Six population-based studiesd2 from France (ALIENOR [Anti-
oxydants, Lipides Essentiels, Nutrition et maladies OculaiRes]
3-City and Montrachet 3-City), 3 from The Netherlands (Rotter-
dam Study [RS]), and 1 from Portugal (Coimbra Eye Study)das
well as 4 case-control studiesd2 from Germany (European Ge-
netic Database [EUGENDA Cologne] and Muenster Aging and
Retina Study) and 2 from The Netherlands ([EUGENDA Nijme-
gen] and Combined Ophthalmic Research Rotterdam Biobank)d
were included in the study. All studies participated in the E3
Consortium, a European consortium that gathers epidemiologic
data on various eye diseases in 1 large database. A detailed
description of the consortium was published previously.17 All data
on AMD were harmonized and collected in the EYE-RISK
database (version 6.0). Participating studies were conducted
according to the tenets of the Declaration of Helsinki, and
written informed consent was obtained for all participants. The
recruitment and research protocols were reviewed and approved
by the local institutional review boards: the ALIENOR 3-City
study was approved by the Comité de Protection des Personnes
Sud-Ouest et Outre-Mer III; the Coimbra eye study was approved
by the Association for Innovation and Biomedical Research on
Light and Image Ethics Committee; the Combined Ophthalmic
Research Rotterdam Biobank study was approved by the medical
ethics review committee of the Erasmus Medical Center,
Rotterdam, The Netherlands; the EUGENDA study was approved
by the ethics committees in Cologne, Germany, and Nijmegen, The
Netherlands; the Muenster Aging and Retina Study was approved
by the institutional review board of the University of Muenster; the
Montrachet 3-City study was approved by the ethical committee of
the University Hospital of Kremlin-Bicêtre; the Rotterdam Studies
I, II, and III were approved by the medical ethics committee of the
Erasmus Medical Center (registration no.: MEC 02.1015) and by
the Dutch Ministry of Health, Welfare and Sport (Population
Screening Act WBO; license no.: 1071272-159521-PG).

A total of 17 204 participants had gradable fundus photographs,
genotype information for the ARMS2/HTRA1 rs3750846 risk
variant, and a baseline age of 55 years or older. For cross-sectional
risk analyses, all 17 204 persons were included. For prevalence
analyses, we included only the population-based studies, resulting
in a cohort of 13 213 persons. For incidence analyses, we excluded
participants who had an event at baseline or no follow-up (Fig S1,
available at www.aaojournal.org).

Evaluation of Genotype

The ALIENOR 3-City study and Montrachet 3-City study partic-
ipants were genotyped with Illumina Human 610-Quad BeadChip
(Illumina, Inc) and imputed with the 1000 Genomes phase I inte-
grated variant set (March 2012; SHAPEIT, version 2.r727) for
prephasing and IMPUTE2, version 2.3, for imputation. The RS
participants were genotyped using Illumina 550K, 550k due/610K
Illumina arrays (Illumina, Inc) and imputed with the 1000 Ge-
nomes (phase I, version 3) reference panel using Markov chain
haplotyping and minimac software. The EUGENDA participants
were genotyped with single-molecule molecular inversion probes
in combination with next generation sequencing or exome chip
analysis, as described previously.18 Combined Ophthalmic
Research Rotterdam Biobank and Coimbra Eye Study
participants were genotyped with single-molecule molecular
inversion probes in combination with next generation sequencing,
as described previously.18 Muenster Aging and Retina Study
participants were genotyped with single-molecule molecular
inversion probes in combination with next generation sequencing
or with the Infinium Global Screening Array chip, as described
previously.19 Similar quality control procedures were applied to all
cohorts to genotype data before analysis; imputation quality was r2

> 0.3. Before genetic analyses, differences in minor allele
frequencies for all AMD variants were checked, and minor and
major alleles were flipped when mistakes were apparent. Because
99.9% of study participants were of European ancestry, no
corrections were made for genetic ancestry.

A GRS for 49 AMD-associated risk variants (total GRS) was
calculated as the sum of the bs of the risk variants from the genome-
wide association study of the International AMD Genomics Con-
sortium, as described previously.2,18,20 In the same manner, a
complement-based GRS was calculated for 19 variants in or near
complement genes, including 8 variants in CFH (rs187328863,
rs570618, rs14855336, rs10922109, rs35292876, rs12191059,
rs61818925, and rs191281603), 2 in CFI (rs10033900 and
rs141853578), 4 in C2 (rs144629244, rs429608, rs181705462, and
rs11424831), 3 in C3 (rs12019136, rs147859257, and rs2230199), 1
in C9 (rs62358361), and 1 in TMEM97 (rs11080055). A total GRS
comprising 48 variants that did not include the ARMS2/HTRA1 risk
variant additionally was calculated.

Evaluation of AMD Features

Early, intermediate, and late AMD featuresddrusen in varying
size, type, and area; hyperpigmentation; retinal pigment epithelium
(RPE) degeneration; geographic atrophy (GA); CNV; and mixed
753
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late AMDdwere graded by clinicians and experienced graders on
color fundus photographs. From 2006 onward, features additionally
were confirmed on OCT, fundus autofluorescence, and near infrared
images in 6 of 10 studies, which is 7770 of 9137 study participants
(85%). Reticular pseudodrusen were defined as indistinct, yellowish
interlacing networks 125 to 250 mm wide on color fundus photo-
graphs, clusters of discrete round or oval lesions of hypoauto-
fluorescence or confluent ribbon-like patterns with intervening areas
of normal or increased autofluorescence on fundus autofluorescence,
and groups of hyporeflective lesions against a mildly hyperreflectant
background in regular patterns on near infrared images.21 Geographic
atrophy was considered present when a sharply delineated round or
oval area of RPE atrophy (�0.024 mm2) with apparent choroidal
vessels was visible and when RPE atrophy together with a region of
hypertransmission of at least 250 mm in diameter and photoreceptor
degeneration was visible on OCT.22 Choroidal neovascularization
was considered present when a subretinal or sub-RPE neovascular
membrane was visible or when retinal scarring, subretinal hemor-
rhage, or serous RPE detachment were visible in combination with
drusen on color fundus photographs and OCT.23 Mixed late
phenotype was considered present when a participant demonstrated
both GA and CNV (either 1 type per eye or both types in 1 eye).
Distinction between CNV and mixed late phenotype was not
reported by the Muenster Aging and Retina Study (n ¼ 118) or
Coimbra Eye Study (n ¼ 2) and was considered CNV. Age-related
macular degeneration features were classified into varying severity
stages according to the RS classification.24 Early AMD was
represented by RS stage 2 (presence of only soft indistinct drusen �
125 mm, only reticular pseudodrusen, or soft distinct drusen of
63e125 mm with pigmentary changes), intermediate AMD by RS
stage 3 (presence of soft indistinct drusen with pigmentary changes
or reticular pseudodrusen with pigmentary changes), and late AMD
by RS stage 4 (presence of GA, CNV, or both). The clinical status
was determined by the of the eye with more severe disease.

Statistical Analysis

All statistical analyses were carried out using R software version
3.5.3 (R Foundation for Statistical Computing, Vienna, Austria)
and SPSS Statistics, version 24.0.0.1 (IBM). Differences in base-
line characteristics and associations between ARMS2/HTRA1 risk
genotypes and AMD features were analyzed using logistic
regression analysis, with adjustments for age, sex, and study site.
Carriers of the nonrisk TT genotype were used as the reference. We
considered a Bonferroni corrected P value of < 2.1 � 10e3 (0.05 /
(2 determinants � 12 outcomes) to be statistically significant.

Association analysis results were combined in a fixed and
random effects meta-analysis using the R package meta (R Foun-
dation for Statistical Computing). The heterogeneity in results
between studies was assessed using the I2 value. To determine the
association between ARMS2/HTRA1 genotype and AMD features
independent of other AMD variants, we repeated the logistic
regression analyses while additionally adjusting for the total GRS
that did not include the ARMS2/HTRA1 risk variant.

The attributable proportion of genetic variants to the occurrence of
late AMD in the exposed was estimated using the formulas presented
by Miettinen.25 The attributable proportion among the genetically
exposed was calculated with the formula (RR e 1) / RR, where RR
is the relative risk. The population-attributable fraction was calcu-
lated by multiplying the attributable proportion among the genetically
exposed by the proportion of cases exposed.

Phenotypic differences between ARMS2/HTRA1 risk genotypes
and risk genotypes of the complement pathway were investigated by
defining 4 risk groups. First, the complement-based GRS (19 vari-
ants) was divided into tertiles (low, <e0.29; intermediate, e0.28 to
754
0.57; and high, �0.58). Risk groups included (1) individuals with a
high-risk ARMS2/HTRA1 (CC) genotype and a low complement
GRS, (2) individuals with an intermediate-risk ARMS2/HTRA1 (CT)
genotype and a low complement GRS, (3) individuals with a nonrisk
ARMS2/HTRA1 (TT) genotype and a high complement GRS, and (4)
individuals with a nonrisk ARMS2/HTRA1 genotype and an inter-
mediate complement GRS. Associations between risk groups and
AMD features were determined by logistic regression adjusted for
age, sex, and study site. Individuals with a nonrisk ARMS2/HTRA1
genotype and a low complement GRS were used as the reference.

To determine whether interaction exists between ARMS2/HTRA1
risk genotypes and risk genotypes of the complement pathway,
interaction measures on both the additive (synergy index) and
multiplicative scale were calculated.18 Positive interaction on the
additive scale was considered present when combined effect of 2
exposures was greater than the sum of the individual effects.
Positive interaction on the multiplicative scale was considered
present when the combined effect of the 2 exposures was greater
than the product of the individual effects. Furthermore, prevalence
of AMD features at the last visit was calculated according to
ARMS2/HTRA1 genotype and complement GRS tertiles.

For incidence analyses, we included only population-based
studies. In these studies, participants 55 years of age and older were
followed up for AMDprogression, underwent fundus examinations at
baseline, and were reexamined every 2 to 4 years (up to 5 visits). For
individualswith incident events, follow-up ended at thefirst date of the
event. An event was assumed to have occurred halfway during the
interval between 2 subsequent visits. Associations between ARMS2/
HTRA1 risk genotypes and incidence of 3 different events were
analyzed usingCox proportional hazardsmodels adjusted for age, sex,
and study site: (1) unilateral late AMD, (2) bilateral late AMD, and (3)
bilateral visual impairment (best-corrected visual acuity [BCVA],
<0.3 according to theWorldHealthOrganization criteria). Carriers of
the nonrisk TT genotype were used as the reference. Cumulative
lifetime risks were calculated up to 85 years of age given a life ex-
pectancy of 80 to 85 years in most of Europe.26 Log-rank (Man-
teleCox) testswere performed to analyze differences between groups.

To determine whether associations between the ARMS2/HTRA1
risk genotype and AMD can be explained by a change in retinal
thickness, we investigated the association between ARMS2/HTRA1
risk genotypes and retinal thickness and between retinal thickness
and early or intermediate AMD. OCT volumes were segmented
using validated Iowa Reference Algorithms, version 3.6 (available at
https://www.iibi.uiowa.edu/content/shared-software-download).27

Segmentations were used to calculate the total retinal thicknessdthe
distance between the inner boundary of the internal limiting
membrane to the outer boundary of the RPEdin 9 regions of the
Early Treatment Diabetic Retinopathy Study (ETDRS) grid. To
preserve good-quality images (high signal, low noise) and to
exclude scans with segmentation errors, we followed published
recommendations on quality control according to the OSCAR-IB
consensus criteria (O, obvious problems including violation of the
protocol; S, poor signal strength defined as <15 decibels; C, wrong
centration of scan; A, algorithm failure; R, retinal pathology other
than multiple sclerosiserelated; I, illumination; and B, beam
placement) and Advised Protocol for OCT Study Terminology and
Elements guidelines.28 Included scans had a segmentability index of
30% or more and an undefined region of 20% or less (measures of
segmentation or algorithm failures) as well as a quality factor of 30
or more (measure of signal strength). For the total retinal thickness
analysis, the eye with the best quality control outcome was
selected; otherwise, one was selected randomly. Participants with
late AMD were excluded. Logistic regression analyses were
performed, adjusted for age, sex, smoking status, and drusen area
per relevant circle in the ETDRS grid.

https://www.iibi.uiowa.edu/content/shared-software-download


Table 1. Baseline Characteristics of Participants According to ARMS2/HTRA1 Genotype

Demographics

Genotype

P ValueNonrisk TT Heterozygous CT High-Risk CC

Percentage (no.) 60.2 (10 361) 33.8 (5812) 6.0 (1031)
Age (y), mean � SD 68.9 � 10.1 69.7 � 10.1 71.1 � 9.5 1.0
Follow-up time
No. of participants 6312 3382 441
Mean � SD 8.2 � 4.8 8.3 � 4.8 7.7 � 4.7 0.993

Male sex (%) 41.6 41.0 42.5 0.615
Body mass index
No. 9853 5508 932
Mean � SD (kg/m2) 26.7 26.6 26.7 0.061

Hypertension
No. 9484 5338 932
Present (%) 52.4 52.0 47.9 0.032

Diabetes
No. 6528 3770 753
Present (%) 11.3 11.4 10.9 0.920

Smoking status (%)
Never 41.9 41.1 38.4
Former 40.7 42.0 45.1
Current 17.5 16.9 16.5 0.071

ARMS2 ¼ age-related maculopathy susceptibility 2; HTRA1 ¼ high-temperature requirement A serine peptidase; SD ¼ standard deviation.
Participants in analysis (n ¼ 17 204) were older than 55 years with gradable fundus photographs and ARMS2/HTRA1 genotype according to risk variant
rs3750846. Analyses adjusted for age, sex, and study site.

Thee et al � Phenotypic Course of AMD for ARMS2/HTRA1
Results

Baseline demographics for the study population are presented in
Table 1. Mean age of participants was 69.3 years (standard
deviation, 10.1 years); 41.4% were men. Participants who were
carriers of the high-risk CC genotype for the ARMS2/HTRA1
risk variant rs3750846 showed significantly less hypertension
(47.9% vs. 52.4% for noncarriers; P ¼ 0.032) but did not differ
significantly from others by diabetes, BMI, or smoking status
after adjusting for age, sex, and study site. Distributions of most
baseline demographics differed between population-based studies
and case-control studies (Table S1, available at
www.aaojournal.org). The prevalence of the ARMS2/HTRA1
risk allele (rs3750846, C allele) was 24.7% in the population-
based studies.

Population Prevalence of AMD per ARMS2/
HTRA1 Genotype

The prevalence of AMD in the population cohorts as a function
of ARMS2/HTRA1 genotype is shown in Figure S2 (available at
www.aaojournal.org). Overall prevalence of late AMD ranged
from 1.1% for carriers of the nonrisk TT genotype to 1.7%
for carriers of the heterozygous CT genotype and 5.2% for
carriers of the high-risk CC genotype; prevalences increased
with age and were similar among late AMD subtypes (GA,
CNV, mixed; Figs S2 and S3, available at
www.aaojournal.org).

ARMS2/HTRA1 Genotype and AMD Phenotype

Distribution of ARMS2/HTRA1 genotype versus other genetic risks
were calculated for AMD phenotypes (Fig 1). Homozygous and
heterozygous genotypes of the ARMS2/HTRA1 risk variant were
present in 40% of patients with early or intermediate AMD and
in 65% of patients with late AMD.
Odds ratios (ORs) for presence of individual AMD features were
calculated according to ARMS2/HTRA1 risk genotype with the
nonrisk TT genotype as reference (Table 2). Those with ARMS2/
HTRA1 risk genotypes (rs3750846, CT or CC) showed high odds
of intermediate and late AMD features. They showed no
significant association with hard drusen (<63 mm) or soft distinct
drusen (63e125 mm). The high-risk CC genotype showed the
highest ORs: soft indistinct drusen (>125 mm; OR, 2.1; 95% con-
fidence interval [CI], 1.5e3.0), drusen area of 10% or more within
the ETDRS grid (OR, 6.6; 95% CI, 4.3e10.2), reticular pseudo-
drusen (OR, 7.2; 95% CI, 3.8e13.8), GA (OR, 8.6; 95% CI,
6.5e11.4), CNV (OR, 11.2; 95% CI, 9.4e13.3), and mixed late
phenotype (OR, 12.2; 95% CI, 7.3e20.6). As compared with CT
genotype, CC genotype was associated with>2 times higher risks of
drusen area of 10% or more, reticular pseudodrusen, and late AMD
subtypes (Table 2). The CC genotype was the only one of ARMS2/
HTRA1 genotypes associated with hyperpigmentation (OR, 1.6;
95% CI, 1.3e2.0) and RPE degeneration (OR, 1.5; 95% CI,
1.2e1.9). Additional adjustment for smoking did not change the
results (Table S2, available at www.aaojournal.org).

Because other AMD variants may contribute to AMD features,
the analyses were repeated using the ARMS2/HTRA1 genotype
while additionally adjusting for a total GRS that did not include the
ARMS2/HTRA1 risk variant. ARMS2/HTRA1 risk genotypes
remained associated independently with all analyzed features
(Table S3, available at www.aaojournal.org).

The ORs of AMD stages according to the Rotterdam classifi-
cation system were also calculated.24 The high-risk CC genotype
was not associated with AMD RS stage 1 (OR, 1.0; 95% CI,
0.8e1.3) but showed significant association with AMD RS stage 2
(OR, 1.6; 95% CI, 1.3e2.1), AMD RS stage 3 (OR, 2.9; 95% CI,
2.1e4.0), and AMD RS stage 4 (OR, 10.5; 95% CI, 9.0e12.3;
Table S4, available at www.aaojournal.org).

Fixed and random effects meta-analysis showed that
association results were highly consistent among the different studies
(I2 ¼ 0%e8%) (Supplemental Material, available at www.aao
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Figure 1. Pie graphs showing the distribution of ARMS2/HTRA1 genotype per age-related macular degeneration (AMD) stage: (A) for late AMD and (B)
for early or intermediate AMD. Other genetic risks were represented by a total genetic risk score (GRS) that did not include the ARMS2/HTRA1 risk
variant. ARMS2¼ age-related maculopathy susceptibility 2; CC ¼ high-risk genotype; CT ¼ intermediate risk genotype; GRS ¼ genetic risk score; HTRA1
¼ high-temperature requirement A serine peptidase; TT ¼ nonrisk genotype for ARMS2/HTRA1.
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journal.org). Only for intermediate and large drusen, late AMD, and
GA was some heterogeneity between studies observed (I2 < 49%).

We also performed incidence analyses and found higher risks of
incident late AMD (hazard ratio [HR], 2.4 [95% 1.9e3.2] and 5.9
[95% CI, 3.7e9.4]) for CT and CC versus the nonrisk TT genotype
(Table S5, available at www.aaojournal.org). The risk of incident
late AMD in the second eye also was higher for the CT (HR,
2.2; 95% CI, 1.4e3.5) and CC (HR, 9.3; 95% CI, 4.9e17.8)
genotypes than the nonrisk genotype (Table S5).
Proportion of Late AMD Attributed to ARMS2/
HTRA1 in the General Population

First, we calculated that 63.6% of late AMD development in
ARMS2/HTRA1 carriers can be attributed to the ARMS2/HTRA1
risk variant (attributable proportion among exposed: Fig S4,
available at www.aaojournal.org). Next, we identified that
64.7% of patients with late AMD carried the ARMS2/HTRA1
risk allele. This enabled us to calculate a population-attributable
fraction of 41.1%; that is, 2 of 5 cases of late AMD in the
756
general population could be attributed to the ARMS2/HTRA1 risk
variant.

ARMS2/HTRA1 versus Complement Genes

Previous research proposed major phenotypic differences between
carriers of the ARMS2/HTRA1 risk variant versus those with risk in
complement genes, in particular CFH.16 Therefore, we compared
risks of AMD features between 2 risk groups: individuals with
high ARMS2/HTRA1 risk and low complement risk (n ¼ 266)
and individuals with no ARMS2/HTRA1 risk but high
complement risk (n ¼ 3286; Fig 2; Table S6, available at
www.aaojournal.org). To classify complement risk, the
complement-based GRS (19 variants) was divided into tertiles
(low, <e0.29; intermediate, e0.28 to 0.57; and high, �0.58).

Confidence intervals for the 2 risk groups overlapped for all
features except CNV and late AMD. We also investigated macular
thickness in the 9 subfields of the ETDRS grid and found no sig-
nificant differences between the risk groups (Fig 3; Table S7,
available at www.aaojournal.org). Adjustment for age, sex,
smoking status, and drusen area did not alter risk estimates.
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Table 2. Associations between ARMS2/HTRA1 Genotype and Age-Related Macular Degeneration Phenotype

Geographic Atrophy (n [ 482)
Choroidal Neovascularization

(n [ 1357) Mixed Late Phenotype (n [ 229)
Late Age-Related Macular
Degeneration (n [ 2068)

Odds Ratio
(95% Confidence Interval) P Value

Odds Ratio
(95% Confidence Interval) P Value

Odds Ratio (95%
Confidence Interval) P Value

Odds Ratio
(95% Confidence Interval) P Value

rs3750846
CT 2.420 (1.973e2.969) * 2.582 (2.278e2.927) * 2.235 (1.478e3.380) * 2.533 (2.274e2.821) *
CC 8.566 (6.462e11.356) * 11.172 (9.419e13.250) * 12.217 (7.257e20.564) * 10.531 (9.028e12.285) *

Hard drusen <63 mm
(n ¼ 1705)

Soft distinct drusen 63e125 mm
(n ¼ 2732)

Soft indistinct drusen
�125 mm (n ¼ 1699)

Any drusen (n ¼ 6136)

rs3750846
CT 0.912 (0.760e1.096) 0.326 1.129 (0.986e1.293) 0.079 1.375 (1.184e1.596) 2.88e-5 1.123 (0.997e1.267) 0.056
CC 1.478 (0.876e2.496) 0.144 1.224 (0.857e1.748) 0.266 2.115 (1.475e3.033) 4.66e-5 1.441 (1.055e1.967) 0.021

Drusen area �10%y

(n ¼ 461)
Reticular drusen

(n ¼ 148)
Hyperpigmentation

(n ¼ 2013)
RPE degeneration

(n ¼ 2049)
rs3750846

CT 2.377 (1.908e2.961) 1.16e-14 2.227 (1.521e3.259) 3.81-e5 1.124 (1.012e1.247) 0.028 1.105 (0.996e1.226) 0.059
CC 6.619 (4.295e10.202) * 7.211 (3.777e13.767) 2.12e-9 1.591 (1.253e2.020) 1.37e-4 1.519 (1.196e1.929) 6.14e-4

ARMS2 ¼ age-related maculopathy susceptibility 2; CC ¼ high-risk genotype; CT ¼ intermediate risk genotype; HTRA1 ¼ high-temperature requirement A serine peptidase; RPE ¼ retinal pigment
epithelium.
Reference is the nonrisk TT genotype. Data were adjusted for age, sex, and study site. The Bonferroni-adjusted P value of <2.1e-3 was considered statistically significant.
*P < 2e-16.
yWithin the Early Treatment Diabetic Retinopathy Study grid.
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Figure 2. Graphs showing associations between high ARMS2/HTRA1 or complement risk and age-related macular degeneration (AMD) phenotype.
Reference refers to individuals with no ARMS2/HTRA1 risk (TT genotype) and low complement risk (lowest complement genetic risk score [GRS]).
Adjusted for age, sex, and study site. þ ¼ intermediate complement GRS; þþ ¼ high complement GRS; e ¼ low complement GRS; A/H ¼ ARMS2/
HTRA1; ARMS2 ¼ age-related maculopathy susceptibility 2; CI ¼ confidence interval; Comp ¼ complement GRS; HTRA1 ¼ high-temperature
requirement A serine peptidase; OR ¼ odds ratio; RPE ¼ retinal pigment epithelium. *Within the Early Treatment Diabetic Retinopathy Study grid.
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We subsequently performed interaction analysis to investigate
synergistic effects between high ARMS2/HTRA1 risk and high
complement risk. We observed a positive interaction on the addi-
tive scale (i.e., synergy) for drusen area of 10% or more (synergy
index, 3.5; 95% CI, 2.4e5.1), reticular pseudodrusen (synergy
index, 3.0; 95% CI, 1.6e5.6), and late AMD (synergy index, 3.5;
95% CI, 2.9e4.2). We did not find evidence for interaction on a
multiplicative scale. Figure S5 (available at www.aaojournal.org)
displays the visual representation of both GRSs.

Cumulative Risk of Late AMD per ARMS2/HTRA1
Genotype

During a mean follow-up of 8.7 years (standard deviation, 4.9
years), 220 participants demonstrated incident late AMD, 94 par-
ticipants (42.7%) demonstrated CNV, 88 participants (40.0%)
demonstrated GA, and 38 participants (17.3%) were diagnosed
with mixed late AMD. Of all patients with incident late AMD,
40.0% were carriers of the nonrisk TT genotype, 49.5% were
carriers of the heterozygous CT genotype, and 10.5% were carriers
of the high-risk CC genotype.

The cumulative risk of incident late AMD from the age of 55
years onward is presented as a function of the ARMS2/HTRA1
genotype (Fig 4). The overall cumulative lifetime risk of incident
late AMD was 6.8%. The lifetime risk (cumulative incidence at
758
85 years of age) of late AMD was 4.4% for carriers of the
nonrisk TT genotype, 9.4% for carriers of the heterozygous CT
genotype, and 26.8% for carriers of the high-risk CC genotype.

The age at onset of late AMD for carriers of the high-risk CC
genotype on average was 9.6 years earlier (95% CI, 8.0e11.2
years) than for the nonrisk genotype; this was 1.7 years earlier
(95% CI, 1.0e2.4 years) for the heterozygous CT genotype.
Furthermore, the lifetime risk of late AMD for a high complement
GRS (highest risk score tertile) at 85 years of age was notably
lower than that of the high-risk CC genotype (12.9% vs. 26.8%;
Fig S6, available at www.aaojournal.org).
Bilateral Late AMD

A total of 87 participants demonstrated incident late AMD in the
second eye, of whom 39.1% were carriers of the nonrisk TT ge-
notype, 46.0% harbored the CT genotype, and 14.9% were carriers
of the high-risk CC genotype. Cumulative risk of bilateral late
AMD increased with age, particularly for carriers of the high-risk
CC genotype (P < 0.0001; Fig S7, available at
www.aaojournal.org). Age at onset of bilateral late AMD on
average was 9.4 years earlier (95% CI, 7.9e10.8 years) for the
high-risk CC genotype and 0.5 years earlier (95% CI, 0.1e0.9
years) for the CT genotype.

http://www.aaojournal.org
http://www.aaojournal.org
http://www.aaojournal.org


Figure 3. Associations between high ARMS2/HTRA1-specific or complement risk and region-specific retinal thickness. Reference refers to individuals with
no ARMS2/HTRA1 risk (i.e., TT genotype) and low complement risk (i.e., lowest complement genetic risk score [GRS] tertile). Adjusted for age, sex,
smoking, and drusen area according to the relevant circle in the Early Treatment Diabetic Retinopathy Study (ETDRS) grid. þ ¼ intermediate complement
GRS; þþ ¼ high complement GRS; e ¼ low complement GR; A/H ¼ ARMS2/HTRA1; ARMS2 ¼ age-related maculopathy susceptibility 2; CI ¼
confidence interval; CC ¼ high-risk genotype; CT ¼ intermediate risk genotype; Comp ¼ complement GRS; HTRA1 ¼ high-temperature requirement A
serine peptidase; TT ¼ nonrisk genotype for ARMS2/HTRA1.
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ARMS2/HTRA1 Genotype, Low Vision, and
Blindness

The distribution of low vision and blindness (World Health Organiza-
tion criteria) among patients with late AMD is shown according to
ARMS2/HTRA1 genotype in Fig S8 (available at www.aaojournal.org).
Patients with the high-risk CC genotype showed the highest proportion
of bilateral blindness (10.0%; BCVA, <0.05) and bilateral low vision
(41.0%;BCVA, 0.05e0.3). Figure 5 shows that the cumulative lifetime
risk of bilateral blindness and visual impairment was 4.2% for patients
with thenonriskTTgenotype, 9.0%for thosewith theCTgenotype, and
15.9% for those with the high-risk CC genotype versus 8.6% for the
entire patient group. Patients with the CT and CC genotypes showed a
higher risk of bilateral visual impairment (HR, 2.0 [95% CI, 1.2e3.3]
and4.5 [95%CI, 2.2e9.0]) than thosewith theTTgenotype (Table S5).

ARMS2/HTRA1 Genotype and Macular Thickness

In a subanalysis, we further investigated the previously reported asso-
ciation between ARMS2/HTRA1 genotype and retinal thickness.16 This
cross-sectional analysis consisted of 1982 people with available data on
these variables; 64.5%were carriers of the nonrisk TT genotype, 31.4%
were carriers of theCTgenotype, and4.1%were carriers of thehigh-risk
CC genotype (Table S8, available at www.aaojournal.org). We did not
find a significant difference in retinal thickness in any region among the
ARMS2/HTRA1 genotypes (Table S7). We then investigated the
association between retinal thickness and early or intermediate AMD
adjusted for drusen area. Total retinal thickness in any region of the
ETDRS grid was not associated significantly with early or
intermediate AMD (Table S9, available at www.aaojournal.org).

Discussion

We investigated genotypeephenotype associations for risk ge-
notypes at the ARMS2/HTRA1 locus in the large European
dataset of the E3 and EYE-RISK consortia. Compared with
other genetic variants, theARMS2/HTRA1 risk variant showed a
similar phenotypic pattern of AMD but also showed strikingly
greater risksof the end stages at earlier ages.Approximately65%
of patientswith lateAMDcarried theARMS2/HTRA1 risk allele.
TheARMS2/HTRA1 risk genotypeswere not associatedwith the
early manifestations of smaller drusen. This suggests that
ARMS2/HTRA1 is a strong enhancer, rather than an initiator, of
AMD.
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Figure 4. Cumulative risk plot showing late age-related macular degeneration (AMD) per ARMS2/HTRA1 genotype as a function of age. Number at risk
per group shown below plots. Cumulative risk of late AMD at 85 years of age was 4.4% for the nonrisk TT genotype, 9.4% for the heterozygous CT genotype,
and 26.8% for the high-risk CC genotype. The overall cumulative risk of late AMD at 85 years of age was 6.8%. Carriers of the high-risk CC genotype on
average were 9.6 years younger (95% confidence interval, 8.0e11.2) when they first received a diagnosis of late AMD. ARMS2 ¼ age-related maculopathy
susceptibility 2; CC ¼ high-risk genotype; CT ¼ intermediate risk genotype; HTRA1 ¼ high-temperature requirement A serine peptidase; TT ¼ nonrisk
genotype for ARMS2/HTRA1.

Figure 5. Cumulative risk plot showing bilateral visual impairment (World Health Organization criteria) resulting from age-related macular degeneration
per ARMS2/HTRA1 genotype. Number at risk per group shown below plots. Cumulative risk of bilateral visual impairment at 85 years of age was 4.2% for
the nonrisk TT genotype, 9.0% for the heterozygous CT genotype, 15.9% for the high-risk CC genotype, and 8.6% overall. ARMS2 ¼ age-related mac-
ulopathy susceptibility 2; CC ¼ high-risk genotype; CT ¼ intermediate risk genotype; HTRA1 ¼ high-temperature requirement A serine peptidase; TT ¼
nonrisk genotype for ARMS2/HTRA1.
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The ARMS2/HTRA1 locus at chromosome 10q26 was iden-
tifiedfirst in 2005and, since then, has been recognized as amajor
contributor to the genetic predisposition of AMD.4,29 So far,
studies have pointed out that carriers of the ARMS2/HTRA1
risk haplotype have a strong susceptibility to CNV, reticular
pseudodrusen, large drusen, GA progression, and more severe
visual outcome.6,9,11e15,21,30e34 We confirmed these findings.
In our study, homozygous carriers showed a 3 times higher risk
of intermediate AMD, a 5 times higher risk of a large macular
area covered by drusen, and a 6 times higher risk of reticular
pseudodrusen than noncarriers of the risk variant at ARMS2/
HTRA1. With respect to the end stages, homozygous ARMS2/
HTRA1 carriers showed a significantly higher risk of all end
stages, in particular CNV and mixed late AMD, for which the
risk was 13 times higher than that of noncarriers. Homozygous
carriers showed a cumulative lifetime risk of 26.8%of lateAMD
developing and heterozygous carriers showed a 9.4% risk of late
AMDdevelopingversus noncarriers,who showed a4.4%riskof
late AMD developing. Not only did carriers show higher risks;
age of development of severe stages was also earlier. We found
age at late AMD diagnosis to be 9.6 years earlier for homozy-
gous carriers, almost twice as early as was reported by
others.35,36 Correspondingly, these patients showed a> 4 times
increased risk of bilateral visual impairment (<0.3). Placing
these data in a broader perspective, the risk haplotype at
ARMS2/HTRA1 shows higher risks of the more severe AMD
features than any other single AMD risk variant.37

The AMD research field is unsettled about the specific
contribution of AMD risk genes to the AMD phenotype,
particularly about the roles of the chromosome 10 (ARMS2/
HTRA1) versus the chromosome 1 (CFH-CFHR5) locus. Zou-
ache et al38 suggested that the risk haplotype at ARMS2/HTRA1
leads tomarkedly lowermacular thickness than 3 risk variants at
theCFH-CFHR5 locus in a studyof 299patients.With respect to
macular thickness, our study included 19 AMD risk variants in
or near complement genes and included 1982 participants. We
did not observe major differences in macular thickness
between the risk haplotype at ARMS2/HTRA1 and a high-risk
score of variants related to the complement system (Fig 3).
Both decreased the macular thickness to the same extent
compared with low-risk polymorphisms. With respect to
AMD features, we observed significant differences only for
CNV, which was reflected in differences for late AMD, but the
occurrence of the end stage was considerably earlier than those
with high-risk scores for complement (Fig S6). Associations
with GA, mixed late AMD, large drusen area, and reticular
pseudodrusen showed higher point estimates for ARMS2/
HTRA1 than for complement risk, but CIs overlapped. Hence,
we conclude that marked phenotypic differences between
these 2 genetic signatures exist only for CNV; they show
substantial overlap for other AMD characteristics.

The 10q26 locus encodes ARMS2 and HTRA1, and discus-
sions on which of these genes is causative for AMD are not yet
settled. Because of high linkage disequilibrium within the
ARMS2/HTRA1 locus, statistical methods have been unable to
confirm whether ARMS2 or HTRA1 is causative for AMD
risk.39e41 Therefore, the variant rs3750846 used in this study
should not be interpreted as the causative agent of the biological
mechanism underlying AMDbut rather as a risk indicator of the
haplotype at locus 10q26. Functional studies to find biological
evidence have been performed for both ARMS2 and HTRA1.
HTRA1 codes for a serine protease, is expressed widely in
numerous tissues including the retina, and can be found inmany
species. The HTRA1 protein is involved in various physiologic
processes, including cell migration, embryogenesis, protein
aggregate degradation, and transforming growth factor b
signaling, but also in calcification and remodeling of extracel-
lularmatrix andcleavageofproteins involved in the regulationof
the complement pathway.42,43 The ARMS2/HTRA1 linkage
disequilibrium block includes the HTRA1 promoter variant
rs11200638, which likely regulates HTRA1 expression.
Several studies reported upregulation of HTRA1 by the high-
risk AMD genotype, but this has been challenged by other re-
ports.44,45 A phase I clinical trial using an antigen-binding
fragment directed against HTRA1 recently was completed,
and a phase 2 clinical trial is currently recruiting patients.46

ARMS2 codes for a secreted 11k-Da protein, which is
expressed highly in placenta and is unique to primates.47 A
moderate expression has been found in intercapillary choroid
pillars with the highest ARMS2 signal adjacent to Bruch’s
membrane.48 A recent study by Micklisch et al8 has implicated
ARMS2 in complement activation. The authors showed that
ARMS2 is expressed by human monocytes and microglial
cells of the human retina and that the protein is absent in
patients who are homozygous for the ARMS2 risk variant
(rs10490924, rs2736911). They additionally demonstrated that
ARMS2 adheres to late apoptotic T cells, necrotic T cells, and
heparan sulfate and that ARMS2 promotes C3b opsonization
and binds to properdin (factor P) in a dose-dependent manner.
These findings suggest thatARMS2 and complement genesmay
have similar pathogenic effects, which corresponds to the sig-
nificant synergy that we found in this study. In this study, the
combined effect of increased genetic risk at both genetic tra-
jectorieswasmoredetrimental than the separate effects, afinding
for which smaller studies with only few variants failed to find
statistical significance.32

Mutations near or in ARMS2/HTRA1 have also been impli-
cated in small-vessel diseases, suggesting that ARMS2/HTRA1
may have additional pathogenic mechanisms in AMD devel-
opment and possibly CNVdevelopment.49 An early report from
Grassmann et al50 also revealed that individuals with a high
genetic risk of hypertension are at decreased risk for late
AMD. Our data correspondingly showed that homozygous
ARMS2/HTRA1 carriers demonstrated significantly less
hypertension. These findings are intriguing and warrant further
investigation into effects of ARMS2/HTRA1 on retinal vessels
in AMD patients.

The E3 and EYE-RISK consortia provided the unique op-
portunity to investigate the effect of ARMS2/HTRA1 on AMD
phenotypes on such large scale. Other strengths of this study
include the carefully harmonized AMD phenotype data and the
availability of longitudinal data from population-based studies
with examinations and imaging at regular intervals. Limitations
include the small number of incident bilateral end points of late
AMD. Fundus photography was the gold standard for AMD
grading at baseline for most studies. The gradings from OCT,
fundus autofluorescence, and near infrared images introduced at
follow-up helped to improve the accuracy of AMD phenotypes
in most study participants (85%). The study sample predomi-
nantly included White people of European descent (99.9%);
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therefore, findings may not be applicable to other ethnic pop-
ulations. Finally, themodifying effect of lifestyle factors, such as
diet and physical activity, was outside the scope of this study but
is an interesting focus for future studies.

In summary, this large-scale study showed that the risk
variant at the ARMS2/HTRA1 locus was associated highly
with intermediate and late AMD features but not with initial
signs of AMD, that is, hard and soft distinct drusen (<125
mm). Homozygote carriers conferred a high risk of late
AMD at a relatively young age. Marked phenotypic risk
differences between ARMS2/HTRA1 and complement genes
were found only for CNV and not for other lesions. This
implies that intervention studies cannot select important
AMD genotypes based on AMD characteristics. More
762
in-depth investigation into the biological properties of
ARMS2/HTRA1 will be a significant step toward unraveling
AMD pathogenesis.
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