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Identifying Novel Genes and Variants in
Immune and Coagulation Pathways
Associated with Macular Degeneration
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Haijiang Lin, MD, PhD," Mark Daly, PhD,” Johanna M. Seddon, MD, ScM'

Purpose: To select individuals and families with a low genetic burden for age-related macular degeneration
(AMD), to inform the clinical diagnosis of macular disorders, and to find novel genetic variants associated with
maculopathies.

Design: Genetic association study based on targeted and whole-exome sequencing.

Participants: A total of 758 subjects (481 individuals with maculopathy and 277 controls), including 316
individuals in 72 families.

Methods: We focused on 150 genes involved in the complement, coagulation, and inflammatory pathways.
Single-variant tests were performed on 7755 variants shared among > 5 subjects using logistic regression. Gene-
based tests were used to evaluate aggregate effects from rare and low-frequency variants (at minor allele fre-
quency [MAF] < 5% or < 1%) in a gene using burden tests. For families whose affected members had a low
burden of genetic risk based on known common and rare variants related to AMD, we searched for rare variants
(MAF < 0.001) whose risk alleles occurred in > 80% of affected individuals but not in controls. Immunohisto-
chemistry was performed to determine the protein expression of a novel gene (coagulation factor Il thrombin
receptor-like 2 [F2RL2)) in retinal tissues.

Main Outcome Measures: Genotypes and phenotypes of macular degeneration.

Results: We confirmed the association of a synonymous variant in complement factor H (Ala473, rs2274700,
proxy to intronic rs1410996, * = 1) with maculopathy (odds ratio, 0.64; P = 4.5 x 10%). Higher AMD polygenic
risk scores (PRSs) were associated with intermediate and advanced AMD. Among families with low PRSs and no
known rare variants for maculopathy, we identified 2 novel, highly penetrant missense rare variants in ADAM15, A
disintegrin and metalloprotease, metallopeptidase domain 15 (p.Arg288Cys) and F2RL2 (p.Leu289Arg). Immu-
nohistochemistry analyses revealed F2RL2 protein expression in cone photoreceptor outer segments and Mduller
glia cells of human and pig retinas. Coagulation factor Il thrombin receptor-like 2 expression appeared increased
in fibrotic areas in advanced AMD samples with neovascularization, suggesting that F2RL2 may play a role in the
progression to advanced macular disease.

Conclusions: New missense rare variants in the genes ADAM15 and F2RL2 were associated with mac-
ulopathies. Results suggest that novel genes related to the coagulation and immune pathways may be involved in
the pathogenesis of macular diseases. Ophthalmology Science 2023;3:100206 © 2022 Published by Elsevier Inc. on
behalf of the American Academy of Ophthalmology. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

an Supplemental material available at www.ophthalmologyscience.org.

Age-related macular degeneration (AMD) is a multifactorial
neurodegenerative disease determined by human aging and
genetic and environmental factors. Age-related macular
degeneration is the leading cause of irreversible central
vision impairment and blindness worldwide. In the United
States alone, AMD affects approximately 11 million in-
dividuals. Some macular dystrophies and macular de-
generations can resemble the phenotypes of AMD,
especially in the late stages, including Stargardt disease and
some of the pattern dystrophies.” Both AMD and macular
dystrophy phenotypes can also occur in the same families.
In cases without Mendelian familial transmission or in the

© 2022 Published by Elsevier Inc. on behalf of the American Academy of
Ophthalmology. This is an open access article under the CC BY-NC-ND li-
cense (http://creativecommons.org/licenses/by-nc-nd/4.0/).

absence of classic signs of dystrophies versus AMD, the
etiology might only be confirmed by genetic analyses.
Genome-wide association studies (GWAS) have revealed
common and rare variants related to AMD.”'* About half
of those loci are in genes related to immune function, the
alternative complement system, and inflammatory path-
ways, including complement factor H (CFH), complement
factor I (CFI), complement component 3 (C3), complement
component 9 (C9), complement factor B, and others.
Functional studies have expanded knowledge about the
essential roles of these genes involved in those immune
pathways in AMD."”?° Despite the success of GWAS, the
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contribution of rare variants to AMD is more difficult to
explore because of the low occurrence of rare variants in the
general population. Compared with large-scale GWAS in
unrelated individuals, family-based designs provide unique
opportunities to detect pathogenic variants that are
extremely rare in the general population but have high
penetrance in affected families.

In 2010, we reported a method to find novel genetic as-
sociations in families with AMD.?' Our approach was based
on the hypothesis that if an affected family had less than the
expected genetic load because of known common or rare
variants associated with AMD, it would suggest that there
were likely other unknown rare, more penetrant variants in
the family to explain the burden of disease. We calculated
an AMD polygenic risk score (PRS) for each family
member as initially described”” and later expanded” *° and
then selected those families with low scores. These families
suspected to be at higher risk of harboring new variants were
good candidates for finding novel variants by performing
DNA sequencing. The application of this method has yielded
many new variants in family-based analyses in the past
decade. One of the most striking findings is the association our
team discovered between AMD and the rare variant, CFH
R1210C (rs121913059) with a minor allele frequency (MAF)
of 0.025% in the European population, which has a 20-fold
increased risk of AMD for individuals carrying the risk
allele.” We also found that this variant was associated with
earlier onset of AMD,*”’ a phenotype characterized by a
high burden of macular and extramacular drusen,27 as well
as earlier progression to advanced disease.”” *>** We
detected other highly penetrant rare variants in CFH in
other families with AMD, including R53C, D90G, R175P,
and C192F, as well as rare variants in the complement
pathway genes C3, CFI, and C9, using whole-exome
sequencing (WES) and targeted sequencing
approaches.”' "% 1°

In this study, we focused on genes involved in the
inflammation, coagulation, and complement pathways.
Several connections among these cascades have been
described and are involved at various steps in the develop-
ment of clinical inflammatory and thrombotic events.”’
Targeted sequencing and WES were performed to identify
novel risk variants and their role in the pathogenesis of
macular degeneration. We selected families with low PRS
based on genes known to be related to AMD with no
known pathogenic rare variants associated with AMD or
other forms of maculopathy. We identified novel rare
protein-coding variants that were highly penetrant in
affected subjects in those families. The functional impact of
a novel gene (coagulation factor Il thrombin receptor-like 2
[F2RL2]) was assessed by immunohistochemistry to iden-
tify its expression in human and pig retinas and in retinas
with advanced AMD pathologies.

Methods

Study Samples and Phenotypes

The overall design of this study is depicted in Figure 1. We
performed targeted sequencing of exonic regions of 150 genes
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involved in the inflammation, coagulation, or complement
pathways for 106 samples and WES for an additional 652
samples. We focused on the overlapping genomic regions
measured by targeted sequencing and WES. We selected patients
with a relatively low burden of known genetic risk of AMD or
younger age of onset of macular disease, as well as macular
dystrophies not typical for AMD. There were 758 participants of
European ancestry, including 481 cases with signs of advanced
macular degeneration (mean age, 79 years; 59% women) and
277 unaffected subjects (mean age, 80 years; 37% women).
Among those participants, there were 316 participants from 72
families. All participants were previously enrolled in ongoing
genetic and epidemiologic studies."* All affected and unaffected
individuals were evaluated by board-certified ophthalmologists,
and ocular records, fundus photographs, autofluorescence, and
OCT images were reviewed to determine grades according to the
Clinical Age-Related Maculopathy Staging system.’” Briefly, the
grades were defined as follows: (1) no AMD; (2) early AMD;
(3) intermediate AMD; (4) advanced dry AMD with central or
noncentral geographic atrophy; (5) neovascular AMD; and (6)
maculopathy other than AMD. Cases with advanced disease had
drusenoid retinal pigment epithelial detachment, central or
noncentral macular atrophy, or neovascular disease. Unaffected
status for this analysis was defined as no sign of macular
degeneration or only a few small drusen. Approval for this
research was obtained from the institutional review board, and
informed consent was obtained from all participants.

Targeted Sequencing and Quality Control

Blood specimens were collected, and DNA extraction and quan-
titation were performed using standard procedures. We selected
150 genes in the complement, coagulation, and inflammatory
pathways and sequenced their coding exons, splice junctions,
nonrepetitive 3” and 5’ untranslated regions, and &+ 50 bp of these
regions. The libraries were pooled together in 24 sets of 5 or 6
samples for target capture using custom SeqCap EZ Probes. The
HyperCap Workflow from Roche (version 2.3) was used for library
capture. Samples and pools were quantified with Agilent Bio-
analyzer and Qubit Fluorometric quantification. The 24 sets of
enriched libraries were combined into 2 equimolar pools for
sequencing. Each pool was loaded onto 2 lanes of an Illumina
HiSeq 3000 flow cell and sequenced using paired-end 150 cycle
reads. The reads from the samples were demultiplexed using Illu-
mina’s bcl2fastq utility based on the single indexes of the library
fragments.

Sequence reads were mapped to the human reference build
hgl9 using NovoAlign. Sentieon software was used to remove
duplicate reads, realign reads around indels, recalibrate quality
scores, and call variants. Variants were called in the target region
using the Sentiecon DNAscope variant caller. Variant numbers
across the sample were plotted to determine the normal distribution
of variants. Samples with sex inconsistencies and with more var-
iants than expected based on the normal distribution were removed.
Additionally, all samples were cross-compared with each other
based on sequence variants to identify related samples. There were
106 samples, including 80 cases and 26 unaffected subjects in the
targeted sequencing.

WES and Quality Control

The samples for WES were sequenced at the Perkin Elmer Center
for Genome Innovation at the University of Connecticut.'’”
Genomic DNA extracted from blood samples was used to
construct [llumina libraries with indexing barcodes to uniquely
identify each sequenced individual. Samples were combined
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Figure 1. Overall study design. In the discovery phase, single-variant and gene-based association analyses were performed for 758 samples. We also searched
for highly penetrant variants in families with > 2 affected members, low PRS among affected family members, and no known complement rare variants (26

families). Two rare variants displayed high penetrance in >80% of affected members in 2 families. Immunochemistry was performed to determine the
expression of a new gene F2RL2 in pig and human retinas. AMD = age-related macular degeneration; CFH = complement factor H; F2RL2 = coagulation
factor 11 thrombin receptor-like 2; MAF = minor allele frequency; PRS = polygenic risk score; SKAT = sequence kernel association testing.

from the indexed libraries at an equimolar ratio and then hybridized
to the Nimblegen 3.0 human exome reagent, designed to capture a
total of 60 Mb consisting of the coding exons and splice junctions,
nonrepetitive 3' and 5' untranslated regions, and selected
noncoding RNA sequences. We isolated the hybridized
library fragments, quantitated with quantitative polymerase chain
reaction, produced 2 x 100 bp reads, and then sequenced them
with the Illumina HiSeq2000 TM  platform.  After
the deconvolution of barcodes from each lane, individual reads
were aligned to the human reference genome hgl9 using the
Burrows—Wheeler Aligner resulting in BAM files. Variant
calling was performed using the best practices recommendations
of the tools in the Genome Analysis Toolkit, version 3.1 (www.br
oadinstitute.org/gatk/guide/best-practices).

We removed variants that did not pass variant quality score
recalibration using the Genome Analysis Toolkit best practices
thresholds and a tranche sensitivity threshold of 99.0% or that were
present in < 95% of samples. Samples were removed based on the
following criteria: (1) samples with < 20x depth for > 80% or
< 10x depth for > 90% of the targeted regions in the WES; (2)
samples showing sex inconsistency using the PLINK sex-check
tool; (3) samples with more exome-wide heterozygosity than
expected; (4) samples showing unexpected relatedness or unrelat-
edness with other samples in the datasets; (5) samples that were
self-reported White but did not cluster closely with other members
of the dataset; and (6) samples with < 95% of the variants geno-
typed. There were 652 subjects, including 401 cases and 251
controls, included in the WES. We extracted the genomic regions
of the 150 targeted sequenced genes from the WES *.bam files.

Single-Variant Association Analysis

Genotypes of 14 180 biallelic variants (after removing duplicated
sites) for 758 samples were combined. Single-variant association
analysis required the minor allele to occur in at least 5 sequenced
samples. Genetic variant effects were modeled additively. Logistic
regression was used to model the association between each variant
(single nucleotide polymorphism [SNP], as the independent vari-
able) and case status (0 or 1, as the outcome), implemented in the
glmr R package. Covariates included age, sex, ever smoking, 10
principal components computed from genotyping data, and
pedigrees.

Gene-Based Burden and Sequence Kernel
Association Testing Analysis

Gene-level analysis was used to evaluate aggregate effects from
rare and low-frequency variants at MAF < 5% (T5 test) or MAF <
1% (T1 test) in a gene using the standard burden and sequence
kernel association testing (SKAT) analysis, implemented in the
SKAT R package. Variants residing within the sequenced region of
each gene were grouped for tests. Covariates included age, sex,
ever smoking, 10 principal components, and pedigrees. Burden
tests assumed that all variants in a gene either increased or
decreased the disease risk. Sequence kernel association testing al-
lows variants with opposite directions of effect to reside in the
same gene. Odds ratio estimates of the burden were derived by
logistic regression using the Wald test on the collapsed burden.
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Identifying Highly Penetrant Variants in Families

We used the family-based analysis method developed previously to
search for rare variants that have a high penetrance in maculopathy
families, suggesting a dominant inheritance pattern.”’ We selected
families for analysis based on the following criteria: (1) there were
at least 2 family members affected with signs of advanced macular
disease; (2) most of the affected family members were diagnosed
before age 75; (3) the affected family members had a lower PRS
for AMD, that is, the mean value of the PRS of the affected
subjects in the family was < 1. Data from our previous targeted
sequencing and whole-genome genotyping studies were used to
calculate the PRS and to identify carriers of known AMD variants
in 5581 subjects in our longitudinal cohort study (Fig 1).!%%:11:14.25
Polygenic risk score was calculated using the weighted sum of the
number of disease risk alleles in each subject using the model
previously described”>*® (an online application of most
predictive variants is available at www.seddon
amdriskscore.org)®’; and (4) family members that did not carry
known deleterious rare mutations associated with AMD in C3
(K155Q), CFI (59 rare variants),” CFH (R1210C, D90G, R53C,
R175P, C192F, and P503A), and C9 (P167S).

Because we searched for highly penetrant variants, our
assumption was that such variants would have strong functional
effects. We only focused on variants that were predicted to alter
protein-coding sequences (missense, nonsense, read-through, or
splice variants) by SnpEft/SnpSift (https://pcingola.github.io/
SnpEff/)*" and were also very rare in the population (at MAF
< 0.1% in 1000 Genomes and gnomAD databases). A highly
penetrant variant was defined as following: (1) the minor allele
was carried by > 80% of the affected family members when
there are > 4 affected members in the family; or (2) only 1
affected member did not carry the variant in a family when there
were 3 to 4 affected members in the family; and (3) there were
no carriers among all sequenced unaffected subjects. We used
Combined Annotation Dependent Depletion (CADD)* and
PolyPhen2®® to predict the functions of identified variants. A
scaled CADD score of 20 means that a variant is among the top
1% of deleterious variants in the human genome. The PolyPhen2
scores ranged from O to 1. Variants with scores closer to 1 in
PolyPhen2 suggested the variant to be deleterious.

We further confirmed that members of the 2 families (pedigrees
A and B) did not carry pathogenic or likely pathogenic rare variants
in other maculopathies, including rare variants in adenosine
triphosphate (ATP) binding cassette subfamily A member 4,
bestrophin 1, catenin alpha-1, interphotoreceptor matrix proteo-
glycan 1, interphotoreceptor matrix proteoglycan 2, peripherin 2,
and epidermal growth factor (EGF) containing fibulin extracel-
lular matrix protein 1. The rare variants related to maculopathies
were downloaded from the Leiden Open Variation Database
(www.lovd.nl), ClinVar (www.ncbi.nih.gov/clinvar), and the Hu-
man Gene Mutation Database (www.hgmd.cf.ac.uk).

Immunohistochemistry of F2RL2 in Human and
Pig Retinas

The human retinal tissues were obtained from patient donors with
AMD who participated in our eye donation program.’**> The
clinical diagnosis and severity of AMD were determined by
reviewing and grading ocular examination records and
multimodal imaging of eye donors in the Seddon Longitudinal
Cohort by J.M.S.. The collection of human donor tissue was
performed according to the protocol approved by the Institutional
Review Board of the University of Massachusetts. We performed
immunohistochemistry and immunofluorescence analyses on
retinal cross sections of 6 human donor eyes from 6 donors
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(mean age, 88 years; 4 women and 2 men). Three eyes had no
clinical evidence of AMD, and 3 eyes had neovascular AMD. The
time from death to enucleation ranged from 2 to 9 hours.

Pig eyes were obtained from animal medicine, and all procedures
involving animals were in compliance with the Association for
Research in Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision Research. Eyes were processed by
fixing the superior quadrants of each eye in 4% paraformaldehyde,
embedding in optimal cutting media, and then processing for cryo-
sectioning. Dissection, fixation, and embedding of human and pig
tissue were performed and processed for immunohistochemistry as
previously described.”® In short, retinas were sectioned at 20-pm
thickness. Samples were permeabilized in phosphate-buffered sa-
line with 0.3% Triton X-100 and 0.01% sodium dodecyl sulfate for 24
hours at room temperature. The following primary antibodies were
used: (1) rabbit anti-F2RL2 (1:300, MyBioSource, Cat no:
MBS2523405); (2) mouse anti-glutamine synthetase (GS) (1:300,
Millipore, Catno: MAB302); and (3) mouse anti-Platelet Endothelial
Cell Adhesion Molecule 1 (PECAM1; aka: CD31) (1:300, Invitrogen
(JC/70A), Cat no: MAS-13188). The following reagent had a chro-
mophore conjugate: fluorescein peanut agglutinin lectin (1:500,
Vector Laboratories, Cat no: FL1071). All primary and secondary
antibodies were diluted in phosphate-buffered saline with 0.3%
Triton X-100 and 5% bovine serum albumin (Cell Signaling Tech-
nology). Incubation of primary antibody was performed overnight at
4° C, whereas the incubation of secondary antibody was performed at
room temperature for 2 hours. Secondary antibody controls were
performed in parallel, using the same incubation times, while omit-
ting the primary antibody. All fluorescent secondary antibodies were
purchased from Jackson ImmunoResearch and were purified F(ab)2
fragments that displayed minimal cross-reactivity with other species.
Nuclei were counterstained with 4’,6-diamidino-2-phenylindole
(Sigma-Aldrich; Cat no. 9542) for the immunofluorescence stain-
ing. For the immunohistochemistry staining, a horseradish
peroxidase-conjugated anti-rabbit antibody (1:500, Cell Signaling;
Cat no: 711-036-152) was used with the ImmPACT VIP kit (Vector
Laboratories, Cat no: SK-4605). All images were visualized using a
Leica DM6 Thunder microscope with a 12-bit color camera and a 16-
bit monochrome camera for fluorescent images.

Results

Single-Variant and Gene-Based Association
Analyses

Single-variant association tests were performed for the 758
samples on 7755 variants occurring in at least 5 sequenced
samples. The genomic control lambda was 1.04. The top
result of single-variant analysis was rs2274700 (a synony-
mous variant, Ala473, with MAF = 0.48) in CFH (odds
ratio, 0.64; P = 4.5 x 10_4). This variant, rs2274700, is a
perfect proxy of the previously discovered intronic SNP
151410996 in CFH (linkage disequilibrium, 7 = 1) asso-
ciated with advanced AMD" and is the most significant
common variant related to AMD.

Gene-based burden and SKAT test results revealed a
burden of 8 low-frequency variants with MAF < 0.05 (T5
test) in endoglin (ENG) associated with disease status at the
suggestive significant threshold (Pg,,gen = 2.7 X 10~* and
Psgar=12.2 X 10_3). The 8 low-frequency variants in ENG,
including 4 synonymous variants, 2 missense variants, and 2
intronic variants, were found more often in patients than in
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Figure 2. Polygenic risk score (PRS) distribution in 5581 samples. A, Polygenic risk score distribution in advanced AMD (n = 2485), early and inter-
mediate AMD (n = 1208), and controls (n = 1888). B, Summary of PRS values in advanced AMD (median PRS = 1.4), early and intermediate disease
(median PRS = 0.61), and controls (median PRS = 0.06). Genotypes previously measured by HumanCoreExome arrays were used to calculate the PRS,

. . i . 222
using 26 genotyped variants known to be associated with AMD.'*
known variants associated with age-related macular degeneration.

controls (2.7-fold). Endoglin has been reported to be
involved in retinal neovascularization."

PRS and Identification of Highly Penetrant
Variants

Figure 2 shows the distribution of the PRS for AMD in
5581 samples in our cohort, including 2485 advanced
subjects with AMD, 1208 with early and intermediate
AMD, and 1888 controls, whose genotypes were
measured in previous studies.”*””'*?*7?° The median
PRS values for advanced AMD, early and intermediate
AMD, and controls were 1.4, 0.61, and 0.06, respectively
(P values for advanced group vs. control group, and for
intermediate group vs. control group were < le-16, by 2-
sided ¢ test). These results demonstrate a definite rela-
tionship between higher genetic risk score and stage of
AMD, with higher scores for more advanced disease. They
also underscored the importance of common and rare ge-
netic risk for risk stratification of both onset and pro-
gression to advanced AMD subtypes as in previous

726 AMD = age-related macular degeneration; PRS = polygenic risk score based on

Among the 72 families in this study, there were 26
families that had affected members with relatively low
PRS (the average PRS of affected members was < 1), and
there were 6 families with PRS < 0. Each family had > 2
family members who were diagnosed with signs of
advanced macular degeneration before age < 75 years. We
extended our analysis in these 26 families to search for
highly penetrant variants that may confer disease risk in
some of those families. We hypothesized, a priori, that
there were unknown variants carried by affected members
of those families, which may be very rare in the general
population and could not be identified in previous GWAS.
We focused on 95 rare variants with MAF < 0.1% (based
on 1000 Genomes and gnomAD cohorts), which were also
predicted in protein-altering sequence. We identified 2
rare variants showing penetrance in > 80% of affected
members of 2 families including rs757672473 (p.Arg288Cys)
in ADAMI5 and rs147969213 (p.Leu289Arg) in F2RL2
(Table 1). Both rs757672473 and 15147969213 affect highly
conserved amino acid residues (Fig SI, available at
www.ophthalmologyscience.org.) and are predicted to be

models. 2% 25:28 deleterious with PolyPhen2 score = 1 and CADD score of > 20.
Table 1. Potential Pathogenic Protein-coding Rare Variants Identified in 2 Families
Mean PRS  Number of Affected Members
of Carrying the Risk Allele (Total
Position PolyPhen2 Minor/ MAF Affected Number of Affected Members in the
Gene dbSNP ID Chr (hgl9) Function CADD (Score) Major (gnomAD) Family Members Family)
ADAMIS5 15757672473 1 155028673 Missense, 26.1 Probably  T/C 0.0003 A 0.47 6 (7)
p-Arg288Cys damaging
(1)
F2RL2 rs147969213 5 75913666 Missense, 24.1 Probably  G/A 0.0001 B —0.6 5(5)
p-Leu289Arg damaging

6))

ADAMIS5 = a disintegrin and metalloprotease, metallopeptidase domain 15; CADD = Combined Annotation Dependent Depletion; dbSNP ID = single
nucleotide polymorphism database identifier; Chr = chromosome; F2RL2 = coagulation factor II thrombin receptor-like 2; MAF = minor allele frequency;
PRS = polygenic risk score based on known variants associated with age-related macular degeneration.
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Table 2. Demographic, Clinical, and Genetic Characteristics of Pedigrees A and B

Rare

Age at
Diagnosis or

1D Record Variant PRS Record of Disease Grade
— Pedigree A
111 E, 95 yrs ADAMIS 0.90 55 yrs 4,58
1I:2 M, 97 yrs ADAMI5 0.87 84 yrs 4,4
[II:1 M, 88 yrs ADAM15 —0.42 58 yrs 2A, 1
111:2 M, 76 yrs No  —0.17 55 yrs 3A, 3A
1I:3 M, 64 yrs ADAMI15 0.81 60 yrs 3A, 3A
111:4 F, 82 yrs ADAMI5 1.75 53 yrs 3B, 3B
1IL:5 F, 79 yrs No  —0.25 65 yrs I, 1
I11:6 M, 83 yrs ADAMI15 —1.11 70 yrs 2A, 2A
— Pedigree B
1I:1 F,94 yrs F2RL2 —1.07 74 yrs 2A, 2C
11:2 F, 83 yrs F2RL2 —0.27 78 yrs 4, 5B
1I:3 M, 85yrs  No 0.34 75 yrs 2A, 2C
11:5 F, 83 yrs No 0.50 83 yrs 3A, 3A
II:2-spouse M, 75 yrs  No  —1.95 - 1,1
[II:1 F, 72 yrs F2RL2 —-1.61 58 yrs 3A, 3A
111:2 F, 71 yrs F2RL2 —0.98 66 yrs 3A, 4
111:4 M, 83 yrs F2RL2 —1.10 58 yrs 6, 6

CARMS Last
CARMS Known Grade
Initial and Follow-up Visual Acuity Visual Acuity

Time (yrs)

4, 5B (16)

5B, 5B (13)

4, 5B (29)

4, 5B (23)

3B, 3A (3)

4,4 (31)

2C, 2C (12)
4, 3A (17)

6, 6 (19)

3A, 3A (10)

5B, 3B (9)

3A, 4 (4)

6, 6 (20)

Baseline

(OD; OS)

20/80; 20/400

20/200; 20/80

20/15; 20/15

20/20; 20/20

20/20; 20/20

20/20; 20/40

20/20; 20/20

20/20; 20/20

20/40; 20/50

CF; CF

20/20; 20/25
20/30; 20/25

20/40; 20/40
20/20; 20/20

20/25; 20/25

20/30; 20/25

Last Known

(OD; OS)

CF; CF

CF; CF

20/40; 20/50

CF; CF

20/80; 20/25
20/200; 20/400
20/30; 20/30

20/30; 20/25

CF; CF

20/30; 20/200

20/30; 20/25

20/40; 20/30

20/30; 20/30

CF; CF

Ocular Phenotypic Description

Macular atrophy with temporal
and peripheral drusen OU; area
of fibrosis, consistent with NV
OS; peripheral patches of
atrophy OU

Atrophy OU (OD > OS)
progressed to NV with scar
QU. Nasal and peripheral
drusen

Progression from few drusen to
large drusen to drusenoid
RPED, then atrophy OD;
progression from noffew drusen
to large drusen, drusenoid
RPED, then NV OS; reticular
drusen and peripheral reticular
pigment changes

Progression from large drusen to
atrophy OD and NV OS. Large
drusen around atrophy;
peripheral reticular pigment;
Fuchs’ corneal dystrophy

Large drusen OU with
progression to drusenoid RPED
oD

Drusenoid RPED OU evolved to
atrophy OU; peripheral drusen
and reticular pigment changes

No AMD to early AMD OU

Progressed from early AMD to
large drusen OU, then atrophy
OD; extramacular drusen;
Fuchs’ corneal dystrophy

Progression from few drusen and
minimal pigment irregularities
to irregular shaped, circular
pattern of atrophy in macula
ou

OD - central atrophy; OS -
atrophy, fibrosis, and pigment
mottling. Laser treatment for
NV OS

OD - drusen; OS - pigment
irregularity and drusen

Drusen and pigment irregularities
OU based on medical records
No sign of AMD, no drusen

Large drusen with small drusenoid
RPED OU, progressed to larger
RPED OU and NV OD. Anti-
VEGEF injections OD

Few small drusen OD and patches
of atrophy OS

Drusen and central atrophy with
foveal sparing OU

ADAMIS = a disinte%{in and metalloprotease, metallopeptidase domain 15; AMD = age-related macular degeneration; CARMS = Clinical Age-Related
Maculopathy Staging™; CF = count fingers visual acuity; F2RL2 = coagulation factor II thrombin receptor-like 2; NV = neovascularization; OD = oculus
dexter, right eye; OS = oculus sinister, left eye; OU = oculus uterque, both eyes; PRS = polygenic risk score; RPED = retinal pigment epithelial

detachment.
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Figure 3. Pedigree A, carrying the ADAMI5 rare variant 1s757672473 (p.Arg288Cys). A, The pedigree diagram. B, Multimodal retinal imaging of subjects
in pedigree A. II:1 had macular atrophy with temporal and peripheral drusen in both eyes (OU) and fibrosis consistent with neovascular age-related macular
degeneration (AMD) in the left eye (OS). 11:2, brother of II:1, had atrophy OU seen on infrared imaging OU (Il:2-a) with progression to neovascular disease
(NV) (II:2-b). 1II:1, son of 1I:2, had few drusen OU (IlI:1-a), which progressed to geographic atrophy (GA) OD and NV OS (Ill:1-b-d). The son, I11:2, a
noncarrier, had large drusen that progressed to GA in the right eye (OD) and NV OS (Ill:2-a-d). The son III:3 had large drusen OU with progression to
drusenoid retinal pigment epithelial detachment OD. I1I:4, daughter of 1I:2, had drusenoid retinal pigment epithelial detachment OU that progressed to GA
OU (1l:4-a-d). Individual III:6, also son of 11:2, progressed from early AMD to large drusen OU and GA OD.

Phenotypic Characterization of ADAMI15 and
F2RL2 Rare Variants

Table 2 and Figures 3 and 4 display the phenotypic
characteristics of the 2 families, each harboring a rare
loss-of-function variant in ADAMI5 (pedigree A) or

F2RL2 (pedigree B) in association with their macular
degeneration. In pedigree A, there were 7 affected family
members. The mean PRS of the 7 affected family members
was 0.47. Six of the 7 individuals carried the ADAM15 rare
variant (rs757672473), except for subject III:2. Three of the
6 subjects with atrophy also had neovascularization. Four of
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the 7 affected members of pedigree A (II:2, III:2, 1II:3, and
[I:6), including one without the ADAMI5 variant (III:2),
carried a rare nonpathogenic variant rs148919174 in fatty
acid elongase 4 (ELOVL4) (MAF = 0.0012), which has
been reported in 2 Turkish patients with Stargardt disease
but was labeled as a nonpathogenic variant in that study.’®
Of note, 2 of these family members also have Fuchs’
corneal dystrophy. Another member of this family recently
examined and not displayed in the table, the daughter of
II:1, has advanced AMD with drusen and atrophy
diagnosed at age 50, and she also has Fuchs’ corneal
dystrophy (not yet genotyped).

In pedigree B, there were 5 family members with
advanced macular disease. The mean PRS of the 5 affected
family members was —0.6. All 5 affected members carried
the F2RL2 rare variant (rs147969213), including 2 in-
dividuals with neovascular AMD. The other 3 family
members with intermediate macular degeneration (n = 2)
and no AMD (n = 1) did not have this rare variant. Two
family members, II:1 and her nephew, IIl:4, had atrophic
fundus features, which are atypical for AMD.

Localization of F2RL2 Protein in the Retina

One previous study showed that ADAM15 might promote
VEGF-induced ocular neovascularization in mice.”’ F2RL2
has not yet been reported to be associated with any retinal
disorders. Therefore, we further performed a functional
analysis of the novel gene F2RL2. As shown in publicly
available repositories of RNA-sequencing data measured
in  multiple tissues  (https://www.proteinatlas.org/
ENSG00000164220-F2RL2/tissue), the RNA expression
level of F2RL?2 is specific in the retina (the scaled tags per
million [TPM] is 38.1 in the retina, which is 3 times higher
than its expression in the other 59 tissues; Fig S2A,
available at www.ophthalmologyscience.org.). Figure S2B
shows the distribution of log transformed TPM values for
18 156 genes in 60 tissues from functional annotation of
the mammalian genome (FANTOMS).4O The mean TPM
value for all genes was 63.3. Therefore, F2RL2 showed a
relatively low expression. Single-cell RNA-sequencing
showed F2RL2 was expressed in rod 4photoreceptor cells in
human retinas (TPM = 23, Fig S2C)."" To further elucidate
F2RL2  function in  pathology, we  performed
immunohistochemistry of F2RL2 in human retinas from 6
eyes from 6 donors (mean age, 88 years, 4 women and 2
men, Fig 5A). Three eyes had no clinical evidence of
AMD, and 3 eyes had neovascular AMD. Coagulation
factor II thrombin receptor-like 2 protein was enriched in
cone photoreceptor outer segments, at the level of the gan-
glion cell layer where the first vascular plexus is located,
and in a diffuse pattern throughout the retina, suggesting a
possible expression in Miiller glia cells. The expression in
cone outer segments seemed to be higher than in other areas
(Fig 5A). To confirm the expression in Miiller glia cells, we
performed fluorescent immunolabeling with an antibody
against GS to identify Miiller glia cells in addition to
F2RL2 expression (Fig 5B). There was a strong
colabeling of Miiller glia cell processes and F2RL2
expression. The use of peanut agglutinin lectin also
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confirmed that the outer segment expression of F2RL2
was indeed in cone outer segments. To further confirm the
expression, we performed immunofluorescence for F2RL2
and GS on pig retinas (Fig 6A—C). The staining
confirmed the predominant expression of F2RL2 in cone
outer segments and the relatively weaker expression in
Miiller glia. Overall, the expression of F2RL2 between
diseased and nondiseased individuals did not reveal any
disease-specific difference in regions without advanced pa-
thology (Fig 5A).

To investigate the role of the F2RL2 protein in advanced
AMD, we analyzed regions of neovascular pathology (Fig
6D—K). Expression was high in the fibrotic scar tissue
that formed around the remaining photoreceptor nuclei in
eyes with neovascular AMD that had retinal fluid.
Choroidal and retinal vasculatures also showed some
F2RL2 positive signal by immunohistochemistry. To
determine if F2RL2 was expressed in endothelial cells, we
performed double immunofluorescence with an antibody
against PECAMI to identify endothelial cells and F2RL2.
Although F2RL2 protein did surround vascular cells of
choroidal and retinal origin, it did not overlap with
PECAMI, suggesting that it is not expressed in
endothelial cells, or its expression is below the detectable
levels of the assay. Overall, expression of F2RL2
appeared to correlate with increased formation of fibrotic
tissue, in particular in regions of neovascular pathology,
suggesting a potential role of F2RL2 in the pathogenesis
of advanced macular degeneration.

Discussion

The PRS was highly related to the stage of AMD, with the
highest scores in individuals with advanced disease. Such
scores have been used in other diseases to inform clinical
diagnoses and decisions and for risk stratification. By
selecting families with low PRS and performing genetic
association analysis of genes involved in the inflammation,
coagulation, or complement pathways, we confirmed a
common synonymous variant in CFH in the overall cohort,
and in families with low PRS and various forms of macular
degeneration, we identified 2 new rare missense variants in
ADAM15 and F2RL2. Our functional studies have further
implicated the potential roles of the novel gene F2RL?2 in the
pathogenesis of macular degeneration.

A large GWAS of AMD confirmed the previously re-
ported associations and identified some new variants in 52
independent SNPs (45 common and 7 rare) in 43 loci in
association with AMD in 16 144 patients and 17 832 con-
trols using the HumanCoreExome array platform (i.e.,
exome chip) and 1000 Genome-imputed genotypes.'* Other
large GWAS also used this platform in 4332 cases and 25
268 controls and identified protective coding variants and
new loci.'* The array-based platform is limited to
discovery of variants that only reside in the platform. The
imputed genotypes of rare variants (MAF < 1%) are un-
certain. Extremely rare penetrant variants (MAF < 0.1%)
can only be detected by sequencing. To overcome this
limitation, some studies implemented a sequencing-based
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Figure 4. Pedigree B, carrying the F2RL2 rare variant rs147969213 (p.Leu289Arg). A, The pedigree diagram. B, Multimodal retinal imaging of subjects in
pedigree B. Individual II:1, a female aged 77 years (Il:1-a), with progression to a circular pattern of atrophy shown in fundus color both eyes (OU) 16 years
later (II:1-b) and atrophy seen on OCT at the same time (II:1-c). The sister, 11:2, had atrophy right eye (OD) and atrophy left eye (OS) with fibrosis and
pigment mottling with a history of laser treatment for neovascular disease (NV), seen on fundus color photograph OU at age 82. I1I:1, the daughter of 1I:1,
had large drusen with drusenoid retinal pigment epithelial detachment seen on fundus color OU at age 65 years (Ill;1a), which progressed to larger retinal
pigment epithelial detachment seen on infrafred imaging OU (Ill:1-b) and OCT OU, and 3 years later had neovascular disease (NV) OD and received
anti-VEGF injections (I1I:1-c). IlI-4, the son of individual II:2, had drusen and central geographic atrophy (GA) with foveal sparing OU beginning at age 58
years, seen on fundus photo, OCT, and fluorescein angiography OU at age 82 (Ill:4-a-c). F2RL2 = coagulation factor Il thrombin receptor-like 2.
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Figure 5. F2RL2 expression patterns in human retinas. A, Superior-oriented peripheral retinas of 3 nondiseased (top row; left to right: 70-year-old woman,
97-year-old woman, and 78-year-old man) and 3 neovascular patients with AMD (bottom row; left to right: 92-year-old women, 94-year-old women, and 94-
year-old man) stained for expression of F2ZRL2 by immunohistochemistry. Expression seems high in a subset of photoreceptor outer segments and inter-
mediate where the first retinal vascular plexus and the ganglion cells are located. A diffuse pattern across the retina resembling Miiller glia staining is seen as
well. B, Immunofluorescence staining for F2RL2 expression (red signal) in retina of an eye with neovascular AMD (94-year-old woman as shown in panel
A). Retina was also stained with an antibody against glutamine synthetase (green signal) to visualize Miiller glia cells, peanut agglutinin lectin (white signal)
to detect cones, and nuclear 4’,6-diamidino-2-phenylindole (blue signal) to visualize nuclei. The cone outer segment signal of F2RL2 (arrows) can be seen
on top of cone inner segments (white arrowheads; top right panel). Yellow signal throughout the retina confirms the expression of F2RL2 in Miiller glia cells.
Higher magnification of region where Miiller glia cell bodies reside is shown in lower right panel. Scale bars: 25 mm. AMD = age-related macular

degeneration; F2RL2 = coagulation factor II thrombin receptor-like 2; GCL = ganglion cell layer; INL =

nuclear layer; OS = outer segments.

platform, such as WES. However, because of the limitation
of small sample size, some WES studies limited their
discovery only to known AMD-associated loci.''"'****
Few published WES of AMD reported variants in new
loci, beyond the known AMD loci.

Because the complement pathway is known to play a
key role in AMD, we prioritized our discovery to function-
altering regions in 150 targeted genes in related pathways
including inflammation and coagulation. A unique advan-
tage of our study is that we selected families whose
affected members had a low burden of known AMD risk
variants, which indicated that there could be undiscovered
rare variants. In this analysis, we identified 2 highly
penetrant variants in 2 families, rs757672473 (p.Arg288-
Cys) in ADAMI5 (pedigree A) and rs147969213
(p.Leu289Arg) in F2RL2 (pedigree B). In each pedigree, >
80% of the sequenced affected subjects carried the risk
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inner nuclear layer; IS = inner segments; ONL = outer

allele. The variants were not found in any of the controls.
We further confirmed that members of the 2 families did
not carry known pathogenic or likely pathogenic rare
variants in other maculopathies. In pedigree A, 4 of the 7
subjects (II:2, III:2, III:3, II:6) with advanced macular
disease also carried the risk allele for variant rs148919174
(p.Glu272GIn in ELOVL4), which was reported in 2
Turkish patients with Stargardt disease but was reported as
a nonpathogenic variant in the same research.’

Phenotypes of some members of pedigree B resemble
both macular dystrophy with atrophy and advanced atrophic
macular degeneration. Phenotypes of macular dystrophies
can resemble those of AMD. Late-onset Stargardt disease,
as well as central areolar choroidal dystrophy and other
macular dystrophies, can appear as central atrophy similar to
the atrophic stage of advanced AMD. For example, case
III:4 in pedigree B resembles a macular dystrophy but did
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Figure 6. F2RL2 expression in pig retinas and regions of vascular pathology. A-C, Immunofluorescence for F2ZRL2 expression (red signal) in pig retinas. Like
in humans, F2RL2 expression is primarily seen in cone outer segments (OS, arrow) and Miiller glia cells (green signal). Miiller glia cell bodies (arrowheads)
show clear expression of F2RL2 (magenta: peanut agglutinin lectin marking cone segments; red: F2RL2; green: glutamine synthetase [GS] marking Miiller
glia cells; blue: nuclear 4’,6-diamidino-2-phenylindole [DAPI] marking nuclei). A, Shows all 4 colors. B, Shows F2RL2, GS, and DAPI. C, Shows F2RL2
and GS. D-K, Images of immunohistochemistry (D-G) and immunofluorescence (H-K) staining from regions of human retinas with neovascular pathology
and fibrotic scars. D, Regions of fibrotic scar in the outer nuclear layer (ONL), where photoreceptors used to reside, show the strongest expression of F2RL2
protein. Expression in Miiller glia cell bodies is seen as a band of cells (arrowheads) across the INL. Expression of F2RL2 is also seen around the choroidal
and retinal vasculature (arrows). Boundaries of different retinal layers are demarcated by dotted lines or vertical lines (for choroid). E, F, FZRL2 expression
outside region of vascular pathology on same retina as shown in (D). Miiller glia (arrowheads) cell morphology is discernable by the strong expression of
F2RL2. F, Shows higher magnification of a region shown in (E) with dotted line tracing the outlines of a Miiller glia cell. Weak expression is also seen in
photoreceptor cells (asterisks). Outer segment expression in cones is indicated by arrow. G, Absence of primary antibody control staining shows no signal.
Incubation was performed in parallel, omitting the primary antibody. H, Immunofluorescence for F2RL2 (red signal) and PECAMI1 (green signal) to
determine if FZRL2 is also expressed in retinal (arrowhead) and/or choroidal (arrows) endothelial cells. No apparent overlap is seen between the red and
green signal. Fibrotic scar tissue in ONL shows few photoreceptor nuclei (blue: DAPI) left. I, Omission of primary antibody as a control for the secondary
antibodies used in (H). J, K, Higher magnification of same staining shown in (H), showing choroidal (J, arrow) and retinal (K, arrowhead) vasculature
(green signal) surrounded by F2RL2 but not overlapping with F2ZRL2 (blue: nuclear DAPI). Human retina in (D-K) is from a 94-year-old woman (same as
shown in Fig 5) with neovascular AMD pathology. AMD = age-related macular degeneration; F2RL2 = coagulation factor II thrombin receptor-like 2;
GCL = ganglion cell layer; INL = inner nuclear layer; IPL = inner plexiform layer; IS = inner segments; ONL = outer nuclear layer; OS = outer segments;
PECAMI = Platelet Endothelial Cell Adhesion Molecule 1.

not have variants in ATP binding cassette subfamily A
member 4, peripherin 2, or other macular dystrophy genes.

It is very challenging to validate these extremely rare
variants in independent studies. In our cohort, the risk alleles
for the 2 rare variants rs757672473 (ADAMI15) and
rs147969213 (F2RL2) did not appear in other families in our
cohort. Further validation of these 2 rare variants in inde-
pendent genetic studies is needed to confirm the findings.

Given the limitations in validating those 2 extremely rare
variants associated with AMD in independent genetic
studies, we explored the functional correlations of ADAM15
and F2RL2 with macular degeneration. The protein coded
by ADAM1I5 is a member of the ADAM (a disintegrin and
metalloproteinase) protein family, which can mediate
inflammation and has been found to be involved in the
pathogenesis of many inflammatory diseases.”* Several
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members of the ADAM family, such as ADAMS, ADAMY,
ADAMI15, and ADAM17, have also been found to play
critical and distinct roles in pathologic neovascularization.
Absence of ADAMY9, ADAMI15, or ADAMI17 reduces
revascularization of the retinal capillary bed in mice.” Xie
et al’’ reported that ADAMI5 might promote VEGF-
induced ocular neovascularization. It is possible that
ADAMI5 is involved in ischemia-induced retinal neo-
vascularization that may be related to retinal pathology. The
rare missense variant 1s757672473 (p.Arg288Cys) resides in
the reprolysin domain (Fig S3, available at
www.ophthalmologyscience.org.) and was predicted as
deleterious by CADD and PolyPhen2. The amino acid
changes from the positively charged Arg to Cys within the
metalloproteinase domain of ADAMIS5 may alter its
peptide structure and its proteinase function.

In the ADAM15 rare variant family, 3 family members
(1 carrier, 1 noncarrier, and 1 not yet genotyped) had Fuchs’
dystrophy, which is an incurable and inherited condition
affecting the cornea. Previous research has shown that
Fuchs’ dystrophy and AMD share some interesting simi-
larities. Risk factors such as advanced age, female sex, and
smoking are common in both diseases. One article explored
the association between Fuchs’ and drusen because, in
Fuchs’ there is deposition of extracellular matrix in the form
of guttae, and in AMD, there is deposition of material in the
form of drusen. However, no association was found between
Fuchs’ and drusen in that study of 213 cases and 181 con-
trols with normal corneas based on OCT.*® The genetics of
classic late-onset Fuchs’ dystrophy is complex and multi-
factorial. Genetic variants in ZEBI, SLC4Al1, and LOXHDI
have been reported in association with the late-onset form,
but each variant has a very small effect. An early-onset form
of Fuchs’ dystrophy that occurs in the first decades of life is
caused by rare mutations (MAF < 0.01) in the COLSA2
gene.47 Common variants (MAF > 0.05) in COLSAI and
COL4A3 are associated with AMD.”'*'*** COL8AI and
COLSA2 encode 2 subunits of collagen VIII, and COL4A3
encodes a subunit of collagen IV in the extracellular
matrix pathway. There may be a shared dysregulation of
the extracellular matrix pathway underlying the
pathogenesis of AMD and Fuchs’ dystrophy. Although
Fuchs’ dystrophy and AMD occurred in the same family
as reported here, a common genetic origin of Fuchs’
dystrophy and AMD has not been established, and further
research is needed to explain the relationship between
these 2 diseases.

Coagulation factor II thrombin receptor-like 2, also
known as Proteinase-activated receptor 3, is a 7-
transmembrane G-protein coupled receptor. The rare
missense variant rs147969213 (p.Leu289Arg) resides in the
cytoplasmic  nontransmembrane domain, is  highly
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conserved, and is predicted as probably deleterious (Poly-
Phen2 score = 1, CADD > 20). To our knowledge, there is
no previous study showing the involvement of F2RL2 in a
retinal disease. We performed immunohistochemistry in
donor retinas from 3 eyes of patients with neovascular AMD
and 3 eyes of controls and showed that F2RL2 expression is
enriched in cone outer segments, Miiller glia cells, and
endothelial cells. The increased expression in astrocytes
during gliosis and its enrichment in the inner lumen of large
blood vessels in neovascular regions of the retina suggest a
potential role of F2RL2 in the regulation of leakage from
neovascular blood vessels. Data suggest that F2RL2 might
play an important role in the retina and in retinal disease. It
remains to be determined if its expression changes in the
retinas of patients with diabetic retinopathy. Because the
variants identified presumably cause a loss of function of
F2RL2, its increased expression in pathologic blood vessels
might play an important protective role during the patho-
genesis of AMD.

The gene-based analysis suggested that ENG was asso-
ciated with maculopathy in our study cohort. The ENG gene
provides instructions for making a protein called ENG.
Endoglin is a type I membrane glycoprotein and is part of
the transforming growth factor-f receptor complex. This
protein is found on the surface of cells, especially in the
lining of developing arteries, and is involved in the devel-
opment of blood vessels. In particular, this complex is
involved in the specialization of new blood vessels into ar-
teries or veins. Endoglin has been implicated as being
involved in epithelial-mesenchymal transition or fibrosis and
is expressed in endothelial cells in choroidal neovascular
membranes.”® Based on previous findings, we speculate that
ENG might be involved in the pathogenesis of macular
degeneration by promoting new blood vessels, fibrosis, or
other functions. Additional studies are needed to further
explore associations between this gene and maculopathies.

In conclusion, we confirmed the value of a PRS to
indicate the likelihood of AMD and its severity and to select
families with lower PRS who may carry novel rare variants.
We confirmed a known common CFH variant in the overall
cohort, and in selected families, we detected 2 novel rare
variants in ADAM15 and F2RL2 associated with maculop-
athy. We also showed that F2RL2 protein expression
occurred in regions with neovascular pathology, suggesting
arole for this F2RL2 variant in the immune and coagulation
pathways in AMD pathogenesis. Our study also suggests
that by performing genetic association analysis and DNA
sequencing in maculopathy families with a low burden of
known genetic variants, we may find new genes and variants
associated with AMD or other forms of macular degenera-
tion. Novel genes and rare variants can provide targets for
new therapies.
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