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ARTICLE

Beyond factor H: The impact of genetic-risk variants
for age-related macular degeneration on circulating
factor-H-like 1 and factor-H-related protein concentrations

Valentina Cipriani,1,2,3,4,16,18,* Anna Tierney,5,16 John R. Griffiths,5,16 Verena Zuber,6

Panagiotis I. Sergouniotis,7,8 John R.W. Yates,2,3,9 Anthony T. Moore,2,3,10 Paul N. Bishop,7,11

Simon J. Clark,12,13,14,17 and Richard D. Unwin15,17,19,*
Summary
Age-related macular degeneration (AMD) is a leading cause of vision loss; there is strong genetic susceptibility at the complement factor

H (CFH) locus. This locus encodes a series of complement regulators: factor H (FH), a splice variant factor-H-like 1 (FHL-1), and five factor-

H-related proteins (FHR-1 to FHR-5), all involved in the regulation of complement factor C3b turnover. Little is known about how AMD-

associated variants at this locus might influence FHL-1 and FHR protein concentrations. We have used a bespoke targeted mass-spec-

trometry assay to measure the circulating concentrations of all seven complement regulators and demonstrated elevated concentrations

in 352 advanced AMD-affected individuals for all FHR proteins (FHR-1, p ¼ 2.43 10�10; FHR-2, p ¼ 6.03 10�10; FHR-3, p ¼ 1.53 10�5;

FHR-4, p ¼ 1.3 3 10�3; FHR-5, p ¼ 1.9 3 10�4) and FHL-1 (p ¼ 4.9 3 10�4) when these individuals were compared to 252 controls,

whereas no difference was seen for FH (p ¼ 0.94). Genome-wide association analyses in controls revealed genome-wide-significant sig-

nals at the CFH locus for all five FHR proteins, and univariate Mendelian-randomization analyses strongly supported the association of

FHR-1, FHR-2, FHR-4, and FHR-5 with AMD susceptibility. These findings provide a strong biochemical explanation for how genetically

driven alterations in circulating FHR proteins could be major drivers of AMD and highlight the need for research into FHR protein mod-

ulation as a viable therapeutic avenue for AMD.
Introduction

Age-related macular degeneration (AMD) is a major cause

of sight loss and is estimated to affect about 290 million

people by 2040.1 A total of 34 different genetic loci

(including 45 common and seven rare genetic variants)

have been reported to be strongly associated with AMD

risk;2 many of these are linked to genes of the complement

system, particularly those encoded on chromosomal re-

gion 1q31.3 at the ‘‘regulators of complement activation’’

(RCA) locus.3 The RCA locus contains a gene cluster that

regulates the alternative pathway of complement,

including complement factor H (CFH) and five comple-

ment-factor-H-related (CFHR) genes. CFH encodes full-

length factor H (FH) and a truncated splice variant, fac-
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tor-H-like protein 1 (FHL-1), whereas the CFHR genes

encode five FHR proteins, from FHR-1 to FHR-5. FH, FHL-

1, and FHR-1 to FHR-5 are synthesized primarily in the

liver (Figure S1), although there is evidence for local syn-

thesis within the eye of FH and FHL-1.4 FH and FHL-1

are cofactors for factor I, which cleaves and inactivates

the central C3b protein in the complement pathway and

ensures that activation is kept in check. Although the func-

tions of FHR proteins are less well understood, there is

increasing evidence that they compete with the actions

of FH and FHL-1 and thereby slow the rate of C3b break-

down and stimulate complement activation.5 AMD is a

condition that primarily affects the choroid, Bruch’s

membrane, and retinal pigment epithelium underlying

the neurosensory retina, and there is strong evidence
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that complement over-activation in this complex has a

central role in the condition.6,7

CFH has undoubtedly been implicated in AMD

susceptibility since the ground-breaking discovery of com-

mon risk-associated single-nucleotide polymorphisms,

including coding variant rs1061170 (p.Tyr402His), within

the gene;8–11 this has been corroborated by many studies

that identified rare, highly penetrant, AMD-risk-associated

coding variants in CFH.12–15 Downstream of CFH, a com-

mon deletion of CFHR1 and CFHR3 and a rare deletion

encompassing CFHR1 and CFHR4 are associated with

decreased risk of AMD.16–22 However, as with other com-

plex traits, the majority of the AMD-associated variants

at the RCA locus, and indeed overall, are non-coding

(i.e., six out of the eight independent association signals

established on chromosomal region 1q.31.3 by the recent

largest genome-wide association study (GWAS) of AMD are

intronic or intergenic)2 and are likely to manifest their ef-

fects on disease risk through genetic regulatory mecha-

nisms.23 Recently, it has been found that increased circu-

lating FHR-4 is strongly associated with increased risk of

AMD.24 These observations led us to investigate whether

the circulating concentrations of other FHR proteins are

associated with AMD. The FHR proteins share high

sequence homology (see Figure 3 of Clark and Bishop25

for an explanatory diagram), whereas FHL-1 is a splice

variant expressed from the same CFH gene as FH. This

makes it challenging to develop antibody-based assays

that can specifically measure concentrations of all seven

gene products from this region in blood samples.

Here, we have developed a liquid-chromatography-

selected reaction-monitoring mass-spectrometry (LC-

SRM-MS)-based assay that could simultaneously measure

circulating concentrations of FH, FHL-1, and FHR-1 to

FHR-5. We used this assay to interrogate samples from a

case-control study of AMD. We subsequently discovered

that raised concentrations of FHL-1 and all five FHR pro-

teins are strongly associated with AMD risk, and we used

Mendelian randomization to assess the effects of these

raised concentrations on AMD.
Material and methods

Study samples
The Cambridge AMD study is a case-control study with subjects re-

cruited from the southeast and northwest of England between

2002 and 2006.26,27 All affected subjects analyzed had advanced

AMD, i.e., choroidal neovascularization (CNV) and/or geographic

atrophy (GA). Controls were spouses, partners, or friends of index

AMD individuals. Blood samples were obtained at the time of

interview; EDTA and lithium-heparin plasma samples were used

for DNA extraction and for FH, FHL-1, and FHR1–5measurements,

respectively. Participants were excluded if they had greater than 6

diopters of myopic refractive error or evidence of other inflamma-

tory or retinovascular disease (such as retinal vessel occlusion, dia-

betic retinopathy, or chorioretinitis) that could contribute to the

development of or confound the diagnosis of AMD. All partici-
1386 The American Journal of Human Genetics 108, 1385–1400, Aug
pants described their ancestry as white on a recruitment question-

naire and were confirmed to be of European descent in the genetic

analyses. Participants were examined by an ophthalmologist and

underwent color stereoscopic fundus photography of the macular

region. Images were graded at the Reading Centre, Moorfields Eye

Hospital, London, via the International Classification of Age-

relatedMaculopathy andMacular Degeneration.28 All participants

provided written informed consent for clinical examination,

epidemiological data collection, and blood sampling for biochem-

ical and genetic analyses. Ethical approval was obtained from the

NRES Committee East Midlands, Derby and adhered to the tenets

of the Declaration of Helsinki.
Preparation of peptide standards
High-purity heavy-labeled synthetic standards, with S-carboxyme-

thylated (CAM) cysteine residues (denoted by a lowercase c),

were obtained (Cambridge Research Biochemicals, Cambridge, UK)

and diluted to 1 mg/mL with 50:50 acetonitrile:waterþ 0.1% v/v for-

mic acid prior to storage at�80�C. Peptide sequenceswere VTYKcFE

(FH), NGWSPTPRcIRVSFTL (FHL-1), ATFcDFPKINHGILYDEE (FHR-

1), AMFcDFPKINHGILYDEE (FHR-2), VAcHPGYGLPKAQTTVTcTE

(FHR-3), YQcQSYYE (FHR-4), and RGWSTPPIcSFTKGE (FHR-5).

The residue in bold type contained an isotopically heavy amino

acid,withmass increasesK(þ8), R(þ10), F(þ10), and Y(þ10), respec-

tively. A mixed, concentrated standard mixture was subsequently

generated with peptides at a final concentration, in ng/mL, of 47.6

(FH), 0.95 (FHL-1), 7.14 (FHR-1), 19 (FHR-2), and 4.76 (FHR-3, FHR-

4, and FHR-5). This concentrated standard was stored at �80�C in

5 mL aliquots until use.
Preparation of plasma samples for LC-SRM-MS
Frozen plasma samples were thawed to room temperature, vor-

texed for 5 min, and then centrifuged at 13,300 g for 30 min. A

5 mL aliquot was transferred to a 1.5 mL LoBind Eppendorf tube

for processing. 90 mL of 50 mM ammonium bicarbonate (pH

7.8), 2 mL ProteaseMAX (Promega) solution (1% w/v in 50 mM

ammonium bicarbonate) and 1 mL 500 mM dithiothreitol pre-

pared in 50 mM ammonium bicarbonate was added. This was vor-

texed briefly, given a pulse spin, and incubated at 56�C for 25min.

After cooling to room temperature, 3 mL 500 mM iodoacetamide

(prepared in 50 mM ammonium bicarbonate) was added, sample

vortexed briefly, given a pulse spin, and incubated at room tem-

perature in the dark for 15 min.

For protein digestion, 43 mL 50 mM ammonium bicarbonate

(pH 7.8), 1 mL ProteaseMAX solution (1% w/v in 50 mM ammo-

nium bicarbonate), and 5 mL 1 mg/mL endoproteinase Glu-C

(Roche) were added, and the tube was vortexed and given a pulse

spin before being incubated with shaking (400 rpm) for 16 h at

25�C.
We prepared standard peptides for spiking by adding 195 mL

50:50 acetonitrile:water to a 5 mL aliquot of the concentrated stan-

dard mixture. 2 mL was added to each digested sample along with

6 mL 10% v/v TFA, and samples were vortexed briefly so they were

mixed, then pulse spun. This provided final standard concentra-

tions of 500 nM (FH), 5 nM (FHL-1), 32.75 nM (FHR-1),

86.75 nM (FHR-2), 21.68 nM (FHR-3), 41.5 nM (FHR-4), and

27.5 nM (FHR-5). Samples were then dried in a centrifugal evapo-

rator (Eppendorf) at 45�C. The dried peptides were reconstituted

in 50 mL 0.1% v/v TFA and vortexed so that any residue would

be dissolved before centrifugation at 13,300 g for 30 min so that

any insoluble or particulate material would settle. Taking care to
ust 5, 2021



leave behind any precipitated material, we transferred approxi-

mately 48 mL to a LC autosampler vial for subsequent analysis

by LC-MS/MS.
LC-SRM-MS analysis of plasma digests
SRM analyses of plasma digests were performed on a 6495 triple

quadrupole mass spectrometer with electrospray ion source (Agi-

lent) (source parameters are in Table S1) coupled to an Agilent In-

finity 1200 Series liquid chromatography system. Samples were in-

jected directly (4 mL) onto a C18 column (250 mm 3 2.1 mm I.D.,

Thermo Scientific Acclaim 120, 3 mm particle size) maintained at a

temperature of 50�C. Peptides were eluted with gradient-chroma-

tography buffer A (water þ 0.1% formic acid) and buffer B (aceto-

nitrileþ 0.1% formic acid) at a flow rate of 250 mL/min at an initial

composition of 5% buffer B. The following gradient was used

(time, %B): 0 min, 5% B; 2 min, 5% B; 3 min, 12% B; 12 min,

15% B; 15 min, 20% B; 30 min, 25% B; 31 min, 90% B; 39 min,

90% B; 40 min, 5% B; and 49 min, 5% B. Optimized SRM settings

were determined through the use of SIS solutions and are given in

Table S2.

So that the source region would be protected from unwanted

contaminants, a switching valve located between the column

and source was diverted to the waste position at points in the chro-

matogram when the analyte peptides were not eluting. This al-

lowed for six windows (two of the peptides, FHR-2 and FHL-1,

eluted within the same window) of acquisition, of approximately

1 min each, to be acquired with the column on-line to the mass

spectrometer.

FH, FHL-1, and the five FHR protein concentrations were deter-

mined in plasma samples from the Cambridge AMD cohort.26,27

Samples were randomized into batches such that each batch con-

tained a mixture of experimental and quality-control samples.

Alongside 20 experimental samples, each batch contained (1)

full technical duplicates on a commercial standard human serum

sample, (2) a full technical replicate of one of the samples in the

batch, and (3) a full technical replicate of the ‘‘duplicated’’ sample

from the previous batch. These allowed for sample-batch quality

control and assessment of batch-to-batch variability.
SRM data extraction and analysis
SRM data were processed via a dedicated project in Skyline

(v19.1.0.193).29 We visually checked retention times and heavy

peptide peak areas for all samples to ensure correct peak allocations

and integrations. We extracted peak-area data from Skyline into an

Excel workbook, where we compared peak areas between heavy and

light transitions for each peptide. We calculated the on-column

loading of endogenous peptide by using the largest signal as a quan-

tifier and the other two transitions as qualifier signals to confirm

specificity and agreement in quantitation. The on-column loading

of endogenous peptide was converted to a concentration per unit

volume for each plasma sample on the basis of the injection of

an equivalent of 0.8 mL of plasma for each sample.
Factor H measurement by ELISA
Human factor H ELISAs (Abcam) were performed on a subset of

samples from the full cohort as per the manufacturer’s instruc-

tions. Plasma samples were serially diluted to 1:50,000 prior to

use. A mix of affected individuals and controls were selected

with an even distribution across the full SRM FH result spectrum.

Endpoint results were read at 450 nm with a SpectraMax M5 plate

reader (Molecular Devices).
The American
Association analysis of circulating protein

concentrations with AMD
We transformed protein concentrations to ensure normality of

the distribution (by using the square-root function for FH and

FHR-2; FHR-3 and FHR-4; and the log function for FHL-1 and

FHR-5; FHR-1 was normally distributed) when we used linear-

regression models. We assessed the association of advanced

AMD with concentrations of FH, FHL-1, and each of the five

FHR proteins via Wald tests by using linear-regression models

adjusted for sex, age, and the first two genetic principal compo-

nents (as estimated within the International AMD Genomics

Consortium [IAMDGC] study).2 We also reported the association

of protein concentrations with advanced AMD via odds ratio

(OR) expressed as a per-one-standard-deviation (SD) change of

log levels by using logistic-regression models adjusted for sex,

age, and the first two genetic principal components. These statis-

tical analyses were conducted with Stata software version 14.2

(StataCorp).
Genotype data and genome-wide association analyses
All individuals included in this study had been previously geno-

typed with a custom-modified Illumina HumanCoreExome array

at the Centre for Inherited Disease Research (CIDR, Baltimore,

Maryland, USA) and analyzed within the IAMDGC GWAS

(43,566 subjects; 16,144 individuals with advanced AMD and

17,832 controls of European ancestry in the primary analysis

dataset).2 Quality-control and genotype imputation based on the

1000 Genomes Project30 reference panel were performed by the

IAMDGC as described previously.2 We carried out GWASs of

concentrations of FH, FHL-1, and all five FHR proteins (we trans-

formed concentrations as above to ensure normality) in controls

only by using linear-regression models adjusted for sex, age,

and the first two genetic principal components and variants

with minor-allele frequency (MAF)3 R 1% (and imputation

quality, R2,R 0.3, if imputed). The GWASs were carried out with

the EPACTS software (version 3.3.2), and Wald tests were per-

formed on the variant genotypes coded as 0, 1, and 2 according

to the number of minor alleles for the directly typed variants or

allele dosages for the imputed variants. Manhattan and Q-Q plots

were generated with the qqman R package (version 0.1.4). Regional

plots of association were generated with LocusZoom.org. Finally,

linkage disequilibrium (LD) measures (R2 and D’) were calculated

with LDlink (version 5.0) on the basis of the European (EUR) pop-

ulation genotype data originated from phase 3 (version 5) of the

1000 Genomes Project.30
Mendelian-randomization analysis
We used a Mendelian-randomization approach to test whether

genetically proxied FHR protein concentrations are associated

with risk of AMD. We used p value clumping to select indepen-

dent genetic variants associated with the exposure (a protein at

a time) at genome-wide significance level (p < 5 3 10�8) as

instrumental variables (IVs) (function ld_clump of R package ieug-

wasr, version 0.1.5; LD cut-offs R2 < 0.001 and R2 < 0.01, and the

default 1000 Genomes Project EUR population reference,30 n ¼
489, were used for estimating LD among genetic variants). We

evaluated the strength of each IV by using R2 as the proportion

of the variance of the protein explained by the genetic variant

(function get_r_from_pn from R package TwoSampleMR, version

0.5.5). We also repeated the IV selection by using the GCTA-

COJO31 approach (with default settings). As a reference sample
Journal of Human Genetics 108, 1385–1400, August 5, 2021 1387
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to estimate LD among genetic variants, we used the available in-

dividual-level genotype data from the entire control set in the

Cambridge AMD study,2,26,27 n ¼ 419, and thus ensured that

the same set of variants analyzed in the GWASs of FHR protein

concentrations were also used for estimating LD. It is common

in Mendelian-randomization analyses of unmatched case-control

studies to estimate the association of the IV with the exposure

within the controls only; the justification behind this approach

is that the distributions of the exposure in the general population

and the control group are similar when the disease prevalence is

low and that the association between the outcome and the ex-

pected exposure value conditioned on the IV is unconfounded

under the IV assumptions.32 Therefore, we carried out the IV se-

lection by using the GWAS findings on the Cambridge AMD

study26,27 controls for whom we measured protein concentra-

tions (n ¼ 252).

If a single IV was available, we used the ratio-of-coefficients

method, also known as the Wald method, to estimate the effect

of genetically proxied protein concentrations on the disease

risk.33 The Wald ratio for a single genetic variant as IV is defined

as its genetic association with the outcome (i.e., risk of AMD)

over the genetic association with the exposure (i.e., protein con-

centration). Using a one-sample approach, we derived the genetic

association with the exposure from the GWASs of the available

FHR protein concentrations in the Cambridge AMD study26,27

control individuals only (n ¼ 252). The genetic associations with

the risk of AMDwere obtained from the summary GWAS estimates

on the basis of a logistic-regression model with AMD status as the

outcome observed in the Cambridge AMD study26,27 (419 controls

and 845 affected individuals). If multiple IVs were available for a

protein, we used the inverse-variance weighted (IVW) method un-

der a fixed-effect model33 (functionmr_ivw from R packageMende-

lianRandomization, version 0.4.2). We assessed heterogeneity

across the different single-IV estimates by using the Cochran’s Q

and I2 statistics. Additionally, we calculated analogous Mendelian

randomization estimates by using a two-sample approach

whereby we measured the genetic association with the exposure

from the FHR-concentration GWASs conducted on the Cambridge

AMD study26,27 controls only (n ¼ 252) and the genetic associa-

tions with the AMD risk observed in the IAMDGC GWAS2

(16,144 advanced AMD affected individuals and 17,832 control

individuals of European ancestry).
Results

Development of an assay for FH, FHL-1, and FHR-1 to

FHR-5

To facilitate the detection of the five FHR proteins, FH,

and the splice variant FHL-1, we used mass spectrometry

because this provides the necessary specificity to allow

confident detection of and differentiation between

similar proteins or proteoforms. Standard trypsin hydro-

lysis of FHL-1 yields a specific N-terminal peptide of

only four amino acids, which is challenging for MS detec-

tion. Therefore, we developed an approach utilizing En-

doproteinase Glu-C (V8 Protease) to produce not only

distinct proteotypic peptides for all of the FHR proteins

but also a unique proteotypic peptide representative of

FHL-1. These peptides can thus be used for the simulta-

neous detection and relative quantification of all seven
1388 The American Journal of Human Genetics 108, 1385–1400, Aug
key regulatory proteins in a plasma sample in a single

assay.

To confirm the specificity and quantitative ability of the

assay, we established optimal SRM transitions on the basis

of fragmentation of synthetic versions of each peptide of

interest (Figure S2). Assay specificity was determined by

analysis both of human plasma and of serum samples

with and without synthetic peptides spiked in. Subse-

quently, serum samples containing stable isotope stan-

dards (SIS) peptides was analyzed. Figure S3 shows an over-

lay of endogenous and SIS peptides in human serum,

confirming specificity.

A typical chromatogram for the assay is shown in

Figure 1A. Note that, to prevent dirtying and signal decay,

we diverted flow away from the source when analytes were

not eluting. We determined quantitative performance by

generating standard curves with the SIS peptides spiked

into a Glu-C plasma digest. The assay shows excellent line-

arity across the dilution range (Figures 1B–1H). This al-

lowed determination of lower limits of quantitation,

defined as plasma concentrations of FH ¼ 25 nM, FHL-

1 ¼ 0.25 nM, FHR-1 ¼ 2 nM, FHR-2 ¼ 1 nM, FHR-3 ¼
1 nM, FHR-4 ¼ 4 nM, and FHR-5 ¼ 3 nM.

Assay reproducibility was confirmed across all batches of

samples. Duplicate commercial samples included in all

batches across the experiment (74 measurements over 37

batches) demonstrated %CV for each of the following pro-

teins: FH ¼ 13.4%, FHL-1 ¼ 21.0%, FHR-1 ¼ 18.3%, FHR-

2 ¼ 15.3%, FHR-3 ¼ 14.4%, FHR-4 ¼ 14.6%, and FHR-

5 ¼ 9.7% (Figure S4). Triplicate AMD samples analyzed

across adjacent batches were highly reproducible; 91.8%

of measurements resulted in %CV < 15% (Table S3).

Measured concentration for each sample is provided in Ta-

ble S4 and summarized in Table 1. To further validate our

assay, we also measured FH concentrations by using a com-

mercial ELISA and compared the results to our MS data;

normalized values from both approaches were generally

within �20% (Figure S5) of each other.

Circulating FHL-1 and FHR-1 to FHR-5 concentrations are

higher in people with advanced AMD

Using our newly developed assay, we measured circulating

concentrations of FH, FHL-1, and FHR-1 to FHR-5 in

plasma samples of 352 individuals with advanced AMD

and 252 phenotyped controls from the Cambridge AMD

study26,27 (Table 1, Figure 2). Although no significant dif-

ference between AMD-affected individuals and controls

(p value ¼ 0.94) was observed for FH, AMD-affected indi-

viduals showed significantly higher concentrations of

FHL-1 and all five FHR proteins than did control individ-

uals (FHL-1, b ¼ 0.08 and p ¼ 4.9 3 10�4; FHR-1, b ¼
7.21 and p ¼ 2.4 3 10�10; FHR-2, b ¼ 0.74 and p ¼ 6.0 3

10�10; FHR-3, b ¼ 0.59 and p ¼ 1.5 3 10�5; FHR-4, b ¼
0.56 and p ¼ 1.3 3 10�3; FHR-5, b ¼ 0.10 and p ¼ 1.9 3

10�4) (Table 1, Figures 2A–2G). The adjusted ORs of

advanced AMD for a 1 SD increase of log-transformed con-

centrations are also presented in Table 1. Correlation
ust 5, 2021



Figure 1. Development of a method for
quantification of FH, FHL-1, and FHR-1 to
FHR-5
(A) A total ion chromatogram from a
typical LC-SRM-MS analysis of a plasma
sample demonstrates low background,
lack of interferences, and specific signals
for each peptide.
(B–H) Assay linearity of standards in a
plasma matrix showing linearity over the
sample concentration range for each
analyte.
analysis in the control samples demonstrated little pair-

wise correlation between FHRs; there was only some

modest correlation between FH and FHR-5, between FHL-

1 and FHR-3, between FHR-1 and FHR-3, and between

FHR-2 and FHR-5 (Figure 2H). In general, it does not follow

that an individual with high concentrations of one FHR

protein will have higher concentrations of the others. As

such, determining the concentrations of all FHR proteins

is most likely important.

Genetic determinants of circulating concentrations of

complement regulatory proteins overlap with the AMD-

associated CFH locus

We performed genome-wide association analyses of the

protein concentrations that were found to be elevated in in-

dividuals with advanced AMD (i.e., FHL-1 and FHR-1 to

FHR-5). All GWASs of the concentrations of the five FHR

proteins in 252 control individuals showed a genome-

wide-significant (p < 5 3 10�8) peak at the CFH locus
The American Journal of Human Genet
(Figure 3, Figure S6, Table S5). For

FHR-1, FHR-2, FHR-4, and FHR-5, the

CFH locus displayed the only observed

genome-wide-significant peak for

which, in the case of all the top sig-

nals, the direction of allelic effect on

concentrations was concordant with

the direction of effect on disease, as

estimated in the IAMDGC GWAS

study2 (Table 2). FHR-3 showed

a more polygenic profile, with

genome-wide-significant signals at

rs113721756 on chromosome 10

(p ¼ 1.7 3 10�8), rs111260777 on

chromosome 11 (p ¼ 1.5 3 10�9),

rs117468955 on chromosome 12

(p ¼ 3.0 3 10�8), rs4790395 on chro-

mosome 17 (p ¼ 3.6 3 10�8),

rs117115124 on chromosome 19

(p ¼ 2.5 3 10�8), and rs78606172 on

chromosome 20 (p ¼ 3.9 3 10�11),

in addition to the CFH locus (Table

2). The strongest signal from the

GWAS of FHL-1 concentrations was

observed at rs200404865 on chromo-
some 13 (p ¼ 9.6 3 10�7), and the strongest signal at the

CFH locus was observed at intronic KCNT2 variant

rs61820755 (p ¼ 5.3 3 10�6). We also observed a block of

variants in high or complete LD with the top AMD-associ-

ated intronic CFH variant rs10922109 [1.1] from the

IAMDGC GWAS2 as the forth signal (p ¼ 3.7 3 10�5)

(Figure 3, Figure S6, Table S5).

The genome-wide-significant regions of the CFH locus as

determined from the analyses of concentrations of FHR-1

through FHR-5 overlapped among the different concentra-

tions but showed nominally different top signals (i.e., in-

tergenic between CFHR1 and CFHR4 rs149369377 for

FHR-1, with p ¼ 2.6 3 10�43 and b ¼ �18.2; synonymous

CFHR2 rs4085749 for FHR-2 with p ¼ 6.3 3 10�33 and b ¼
�1.5; intronic CFH rs70620 for FHR-3 with p¼ 1.53 10�25

and b ¼ 2.0; intergenic between CFHR1 and CFHR4

rs12047098 for FHR-4, with p ¼ 1.1 3 10�17 and b ¼
�1.7; and intronic KCNT2 rs72732232 for FHR-5, with p

¼ 2.2 3 10�10 and b ¼ �0.5) (Table 2, Figure 3, Table S5).
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Table 1. Demographics of study samples and association analyses between AMD and circulating concentrations of FH, FHL-1, and FHR-1
through FHR-5

Characteristics Control individuals AMD-affected individuals

N 252 352

Age, yr (SD) 75.2 (7.9) 73.9 (8.3)

Male (%) 39.3 45.7

AMD phenotype

CNV only 218

GA only 73

Mixed 61

Protein concentrations nM (95% CI) nM (95% CI) Association with AMD, beta, SE, Pa OR (95% CI)b

Mean FH concentrations 737.3 (718.2–756.5) 736.5 (721.3–751.6) 0.005, 0.23, 0.982 (0.02, 0.23, 0.936) 1.01 (0.86–1.20)

Mean FHL-1 concentrations 10.4 (10.1–10.8) 11.3 (11.0–11.7) 0.08, 0.02, 1.43 10�3 (0.08, 0.02, 4.93 10�4) 1.35 (1.14–1.60)

Mean FHR-1 concentrations 31.2 (29.4–32.9) 38.4 (37.0–39.8) 7.22, 1.12, 2.1 3 10�10 (7.21, 1.12, 2.4 3
10�10)

1.81 (1.47–2.24)

Mean FHR-2 concentrations 45.3 (43.1–47.6) 55.3 (53.2–57.4) 0.71, 0.12. 1.93 10�9 (0.74, 0.12, 6.03 10�10

)
1.66 (1.38–1.98)

Mean FHR-3 concentrations 24.1 (21.7–26.5) 28.9 (27.1–30.8) 0.55, 0.13, 4.43 10�5 (0.59, 0.13, 1.43 10�5) 1.54 (1.29–1.84)

Mean FHR-4 concentrations 46.1 (42.7–49.6) 53.8 (50.5–57.1) 0.53, 0.17, 2.13 10�3 (0.56, 0.17, 1.33 10�3) 1.27 (1.08–1.50)

Mean FHR-5 concentrations 25.5 (24.5–26.5) 27.9 (27.0–28.9) 0.09, 0.03, 1.93 10�4 (0.10, 0.03, 1.93 10�4) 1.38 (1.16–1.63)

Abbreviations are as follows: AMD ¼ age-related macular degeneration; CNV ¼ choroidal neovascularization; GA ¼ geographic atrophy; SE ¼ standard error; and
CI ¼ confidence interval.
aWald tests using linear-regression models; adjusted p values for sex, age, and the first two genetic principal components as estimated in Fritsche et al.2 are dis-
played in parentheses
bOdds ratio (OR) of advanced disease expressed as the per-standard-deviation change of log levels in logistic-regression models adjusted for sex, age, and the first
two genetic principal components.
These top signals are not in high LD with each other,

except for rs4085749 of FHR-2 and rs12047098 of FHR-4

(R2 ¼ 0.83, D0 ¼ 0.95) (Table S6).

Next, we assessed whether the GWAS top signals of

FHR-1 through FHR-5 protein concentrations were in LD

with any of the independently AMD-associated variants

at the CFH locus reported by the IAMDGC GWAS,2 which

also included the Cambridge samples analyzed in this

study (i.e., intronic CFH rs10922109 [1.1]; intronic

CFH rs570618 [1.2], proxy for p.Tyr402His; CFH

R1210C, rs121913059 [1.3]; intergenic rs148553336

[1.4], 8 kb upstream of CFH and 35 kb downstream of

KCNT2; intronic KCNT2 rs187328863 [1.5]; intergenic

rs61818925 [1.6], 14 kb downstream of CFHR1 and 156

kb upstream of CFHR4; intronic CFH rs35292876 [1.7]; in-

tronic CFHR5 rs191281603 [1.8]; Table 3). The rare CFH

variant rs121913059 (p.Arg1210Cys), [1.3]13 was present

heterozygously in a single affected individual from the

Cambridge study and was excluded from this analysis.

The top signal for FHR-1 was in modest LD with the top

AMD-associated variant 1.1 (R2 ¼ 0.30) and low LD with

the proxy for p.Tyr402His 1.2 (R2 ¼ 0.12); the top signal

for FHR-2 was in modest LD with 1.1 (R2 ¼ 0.35) and

1.6 (R2 ¼ 0.36) and in low LD with 1.2 (R2 ¼ 0.16); similar

results were obtained for the top signal of FHR-4 (R2 ¼
0.38, 0.42, and 0.16 with 1.1, 1.6, and 1.2, respectively);
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low LD was seen with 1.1, 1.2, and 1.6 (R2 ¼ 0.16, 0.12,

and 0.11, respectively) for the top signal of FHR-3, and

the top signal of FHR-5 was in low to modest LD with

1.4 (R2 ¼ 0.26) (Table S6).

Furthermore, genome-wide-significant associations were

observed at the top IAMDGC variant rs10922109 (1.1)

with p ¼ 8.6 3 10�21, 2.9 3 10�10, 2.2 3 10�16, and

1.7 3 10�9 for FHR-1, FHR-2, FHR-3, and FHR-4, respec-

tively; at the proxy for p.Tyr402His 1.2 with p ¼ 2.0 3

10�11 and 1.8 3 10�12 for FHR-1 and FHR-2, respectively;

and at the variant 1.6 with p ¼ 1.8 3 10�11 and 2.4 3

10�9 for FHR-2 and FHR-4, respectively. For all these ge-

netic associations, the direction of allelic effect on respec-

tive protein concentrations was concordant with that on

disease as estimated in the IAMDGC GWAS2 (Table 3,

Figure 4). Altogether, these GWAS findings support the hy-

pothesis that the CFH locus AMD-risk variants increase dis-

ease risk through increase of FHR concentrations.

We also carried out a GWAS of the FH concentrations in

controls and observed no genome-wide-significant associ-

ations; the strongest signal was at the CFH locus for in-

tronic CFHR2 rs114036234 (p ¼ 4.7 3 10�6 and b ¼
�3.0), and the direction of allelic effect on concentrations

was concordant with that on disease as estimated in the

IAMDGC GWAS study2 (p ¼ 2.5 3 10�9 and b ¼ �0.3)

(Figure S6, Table S5).
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Figure 2. Circulating concentrations of
FHL-1 and FHR-1 to FHR-5 are elevated
in AMD-affected individuals
Boxplots of FH (A), FHL-1 (B), and FHR-1
to FHR-5 (C–G) protein concentrations
measured in plasma samples of 352 indi-
viduals with advanced AMD and 252
phenotyped control individuals from the
Cambridge AMD study.26,27 Protein con-
centrations are expressed as nM. Individ-
uals with AMD show statistically signifi-
cant elevated concentrations of FHL-1
and FHR-1 through FHR-5 in comparison
to controls, whereas no significant differ-
ence between individuals with AMD and
controls was observed for FH concentra-
tions. Unadjusted p values were obtained
from Wald tests via linear-regression
models and are presented together with
p values adjusted for sex, age, and the first
two genetic principal components (as esti-
mated within the IAMDGC study2). (H)
Pairwise Pearson’s correlation coefficients
(r) between the seven protein concentra-
tions for the 252 control samples. Some
modest correlation is observed between
FH and FHR-5, FHL-1 and FHR-3, FHR-1
and FHR-3, and FHR-2 and FHR-5.
Mendelian-randomization estimates of the effects of

circulating concentrations of complement regulatory

proteins on susceptibility to AMD

We used the Mendelian-randomization approach to test

whether genetically proxied FHR concentrations are asso-

ciated with risk of AMD. Table 2 reports details of the IVs

(genetic variants) selected via the p-value-clumping

method with an LD cut-off R2 < 0.001 and the 1000 Ge-

nomes Project EUR population reference. When we used

an LD cut-off of R2 < 0.01, the same IVs were selected.

Figure 5 shows the Mendelian-randomization estimates

of the FHR concentrations obtained via the one-sample

and two-sample Wald ratio (if a single IV was selected:

FHR-1, FHR-2, FHR-4, or FHR-5) or IVW method (if multi-
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ple IVs were selected: FHR-3) together

with the traditional epidemiologic

estimates of the association of the

protein concentrations with AMD

as obtained from logistic-regression

models and ORs (Table 1). The vari-

ance of the FHR concentrations ex-

plained by each single genetic

instrument varied from 0.11 to 0.53

(Table 2).

The Mendelian-randomization esti-

mates were statistically significant

and of concordant direction with

the observational OR estimates for

FHR-1, FHR-2, FHR-4, and FHR-5,

providing evidence in support of a

causal effect (Figure 5). We observed

overlapping CIs for the one-sample
and the two-sample Mendelian-randomization estimates;

the latter showed higher accuracy with much narrower

CIs, likely reflecting the larger dataset used for estimating

the genetic associations with the risk of AMD (i.e.,

IAMDGC GWAS2). For FHR-3, the IV at the CFH locus

was the only one that showed a significant association

with AMD risk, but the direction of allelic effect on protein

concentrations was discordant from that on disease. The

corresponding Mendelian-randomization estimate did

not support an association of FHR-3 with the disease

(one-sample: 0.99, 95% CI ¼ 0.93–1.06, I2 ¼ 0%; two-sam-

ple: 0.99, 95% CI ¼ 0.98–1.01, I2 ¼ 57%). The GWAS of

FHL-1 did not show any genome-wide-significant signals

that could be used as genetic instruments in the
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Figure 3. GWASs of circulating concentrations of FHR-1 through FHR-5 reveal a strong genome-wide-significant signal spanning the
CFH locus
Regional plots show the genome-wide-significant (p < 5 3 10�8) association signals from the GWASs of FHR-1 through FHR-5 concen-
trations (A–E) at theCFH locus on chromosomal region 1q31.3. (F) The equivalentCFH region for the GWAS of FHL-1 concentrations (no
genome-wide-significant association regions were observed). The most associated variant is denoted by a purple diamond and is labeled
by its rs number. The other surrounding variants are shown by circles colored to reflect the extent of linkage disequilibrium with the
most associated variant (on the basis of the European [EUR] population genotype data originated from the 1000 Genomes Project,
November 2014). A diagram of the genes within the relevant regions is depicted below each plot. Physical positions are based on
NCBI RefSeq hg19 human genome reference assembly.
Mendelian-randomization analysis. It is worth noticing

that the strongest FHL-1 GWAS signal at the CFH locus

was observed at rs61820755 (p ¼ 5.3 3 10�6, b ¼ 0.22)

and that this variant did not show association with AMD

in the Cambridge AMD study (p ¼ 0.74; b ¼ 0.05) or in

the IAMDGC study2 (p ¼ 0.50; b ¼ �0.02).

Finally, we repeated the IV selection by using the GCTA-

COJO31 approach with the available individual-level geno-

type data from the entire control set genotyped with the

same array in the Cambridge AMD study2,26,27 as a refer-

ence for LD estimates (n¼ 419). The same sets of IVs as pre-

sented in Table 2 were identified for all FHR proteins. Addi-

tional secondary signals that could be used as IVs were

identified for FHR-2 (rs79351096), FHR-3 (rs16840522),

and FHR-4 (rs34538561) at the CFH locus (Table S7). These

additional signals are not in high LD with each other or

with the primary FHR signals (Table 2), except for

rs16840522 of FHR-3 with the top signal of FHR-1

rs149369377 (R2 ¼ 0.96, D0 ¼ 0.99). The corresponding

Mendelian-randomization estimates for FHR-2 (one-sam-

ple: 1.58, 95% CI ¼ 1.39–1.80; two-sample: 1.46, 95% CI

¼ 1.42–1.50) overlapped with the ones based on a single

IV selected via p-value clumping (Figure 5), although het-

erogeneity was observed (I2 ¼ 66% and I2 ¼ 94% for the

one-sample and the two-sample estimates, respectively).
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The Mendelian-randomization estimate for FHR-3 became

significant (one-sample: 1.07, 95% CI ¼ 1.01–1.13; two-

sample: 1.08, 95% CI ¼ 1.07–1.09) and showed high het-

erogeneity (I2 ¼ 80% and I2 ¼ 99% for the one-sample

and the two-sample estimates, respectively). The Mende-

lian-randomization estimate for FHR-4 was refined to

1.19, 95% CI ¼ 1.07–1.32 (one-sample) and 1.10, 95%

CI¼ 1.08–1.12 (two-sample) and also showed high hetero-

geneity (I2 ¼ 98% and I2 ¼ 99% for the one-sample and

the two-sample estimates, respectively). The Mendelian-

randomization estimates calculated from secondary sig-

nals should be interpreted with caution given that our

GWASs of FHR protein concentrations (n ¼ 252) might

have relatively moderate or small power for dissecting in-

dependent secondary signals with accuracy.
Discussion

This study adds compelling evidence that genetically

driven elevated circulating concentrations of FHR proteins

are strongly associated with AMD. Earlier genetic studies

identified a common deletion of CFHR1 and CFHR3 and

a rare deletion encompassing CFHR1 and CFHR4 as being

protective against AMD.16–22 Themechanism behind these
ust 5, 2021



Table 2. Instrumental variables (IVs) of FHR protein concentrations and their corresponding genetic-association estimates for FHR protein concentrations and AMD

Protein
Instrumental variable (IV) : dbSNP ID; (Chr: position)a;
non-effect allele/effect allele

cis/trans
pQTL

IV strength
(R2)b

Association with protein
concentrations in 252
Cambridge controls

Association with AMD in the
Cambridge AMD GWAS26,27

(845 AMD-affected individuals
and 419 control individuals)

Association with AMD in the
IAMDGC GWAS2 (16,144
AMD-affected individuals and
17,832 controls)

Beta SE p value Beta SE p value Beta SE p value
Minor-allele
frequency

FHR-1 rs149369377; (1: 196819479_A/G); CFHR2 intronic cis 0.53 �18.15 1.07 2.6 3 10�43 �0.76 0.13 1.9 3 10�9 �0.87 0.02 7.6 3 10�295 0.157

FHR-2 rs4085749; (1: 196920148_C/T); CFHR2 synonymous cis 0.44 �1.55 0.11 6.3 3 10�33 �0.78 0.11 2.0 3 10�12 �0.62 0.02 2.2 3 10�184 0.192

FHR-3 rs70620; (1:196704997_G/A); CFH intronic cis 0.35 2.02 0.17 1.5 3 10�25 �0.06 0.12 0.581 �0.07 0.02 2.7 3 10�3 0.162

rs78606172; (20: 62087676_G/A); KCNQ2 intronic trans 0.16 7.61 1.10 3.9 3 10�11 �0.20 0.56 0.721 0.14 0.11 0.210 0.010

rs111260777; (11: 127117796_T/C); intergenic trans 0.14 4.36 0.69 1.5 3 10�9 �0.04 0.47 0.924 �0.01 0.07 0.865 0.018

rs113721756; (10: 116647277_C/T); FAM160B1 intronic trans 0.12 4.92 0.84 1.7 3 10�8 �0.76 0.54 0.161 0.12 0.09 0.187 0.012

rs11711512; (19: 56030803_G/A); intergenic trans 0.12 4.57 0.79 2.5 3 10�8 0.75 0.45 0.096 0.09 0.10 0.351 0.016

rs117468955; (12: 92269900_A/G); intergenic trans 0.12 4.72 0.82 3.0 3 10�8 0.06 0.53 0.913 �0.03 0.10 0.789 0.015

rs4790395; (17: 2852632_C/T); RAP1GAP2 trans 0.11 �6.50 1.14 3.6 3 10�8 �0.04 0.78 0.955 0.16 0.13 0.206 0.031

FHR-4 rs12047098; (1: 196835106_T/C); CFHR2 intronic cis 0.25 �1.75 0.19 1.1 3 10�17 �0.86 0.12 8.9 3 10�14 �0.67 0.02 5.5 3 10�198 0.172

FHR-5 rs72732232; (1: 196265545_T/A); KCNT2 intronic cis 0.15 �0.52 0.08 2.2 3 10�10 �1.56 0.32 1.4 3 10�6 �0.86 0.07 3.2 3 10�41 0.026

Number of genetic variants associated with concentrations of a protein at genome-wide significance level (p < 5 3 10�8): FHR-1: 529 on chromosome 1; FHR-2: 553 on chromosome 1; FHR-3: 611 on chromosome 1, 1 on
chromosome 10, 2 on chromosome 11, 1 on chromosome 12, 1 on chromosome 17, 3 on chromosome 19, 1 on chromosome 20; FHR-4: 253 on chromosome 1; FHR-5: 2 on chromosome 1. IVs were selected using the P
value clumping method. P value clumping was performed with function ld_clump of R package ieugwasr, version 0.1.5; LD cut-offs R2 < 0.001 and the 1000 Genomes Project EUR population reference.30

AMD ¼ Age-Related macular degeneration; GWAS ¼ Genome-wide association study; IAMDGC ¼ International Age-Related Macular Degeneration Genomics Consortium; pQTL ¼ protein quantitative trait locus.
aChromosomal position is given according to the NCBI RefSeq hg19 human genome reference assembly;
bThe strength of each IV was evaluated using R2 as the proportion of the variance of the protein explained by the genetic variant(s) (function get_r_from_pn from R package TwoSampleMR, version 0.5.5).
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Table 3. Single-variant association analyses for the eight established AMD independently associated variants at the CFH locus with concentrations of FH, FHL-1, and FHR-1 to FHR-5 in control
individuals

Association with protein concentrations in 252 Cambridge AMD study26,27 control individualsa

FH FHL-1 FHR-1 FHR-2 FHR-3 FHR-4 FHR-5

IAMDGC2 association
signal number
(directionb)

dbSNP ID (Chr: position)c;

major/minor allele
(imputation R2)d

IAMDGC OR
(MAF in
controls)

MAF,
Cambridge
controls Beta (SE); p Beta (SE); p Beta (SE); p Beta (SE); p Beta (SE); p Beta (SE); p Beta (SE); p

1.1 (�) rs10922109 (1: 196704632);
C/A (1.00)

0.38 (0.426) 0.422 0.49 (0.25),
0.056

�0.10 (0.02);
3.7 3 10�5

�10.67 (1.04);
7.8 3 10�21

�0.75 (0.11);
2.9 3 10�11

�1.20 (0.14);
1.7 3 10�16

�1.0 (0.17);
1.5 3 10�9

�0.04 (0.03);
0.184

1.2 (þ) rs570618 (1: 196657064);
G/T (1.00)

2.38 (0.364) 0.357 0.27 (0.26);
0.296

0.05 (0.03);
0.046

8.19 (1.17);
2.0 3 10�11

0.85 (0.11);
1.8 3 10�12

0.16 (0.16);
0.304

0.62 (0.18);
6.8 3 10�4

0.10 (0.03);
7.8 3 10�4

1.3 (þ) rs121913059 (1: 196716375);
C/T (genotyped)

20.28 (0.00014) 0 no control carrier observed; not analyzed

1.4 (�) rs148553336 (1: 196613173);
T/C (genotyped)

0.29 (0.009) 0.017 �2.29 (1.02);
0.025

�0.09 (0.10);
0.353

0.06 (5.00);
0.990

�1.99 (0.48);
4.6 3 10�5

0.33 (0.62);
0.603

0.74 (0.72);
0.302

�0.55 (0.11);
6.3 3 10�7

1.5 (þ) rs187328863 (1: 196380158);
C/T (0.83)

2.27 (0.028) 0.013 1.12 (1.34);
0.404

0.06 (0.13);
0.660

0.75 (6.52);
0.908

1.13 (0.64);
0.080

�0.51 (0.81);
0.536

0.61 (0.94);
0.515

0.01 (0.15);
0.956

1.6 (�) rs61818925 (1: 196815450);
G/T (0.87)

0.60 (0.385) 0.405 �0.42 (0.27);
0.124

0.001 (0.03);
0.962

0.99 (1.33);
0.459

�0.93 (0.12);
1.3 3 10�13

0.85 (0.16);
1.7 3 10�7

�1.12 (0.18);
1.5 3 10�9

�0.07 (0.03);
0.014

1.7 (þ) rs35292876 (1: 196706642);
C/T (genotyped)

2.42 (0.009) 0.004 MAF % 1%; not analyzed

1.8 (þ) rs191281603 (1: 196958651);
C/G (0.42)

1.07 (0.006) 0.008 MAF % 1%; not analyzed

Abbreviations are as follows: AMD ¼ age-related macular degeneration; IAMDGC ¼ International Age-Related Macular Degeneration Genomics Consortium; and MAF ¼ minor-allele frequency.
aWald tests using linear-regression models adjusted for sex, age, and the first two genetic principal components as estimated within the IAMDGC study.2
bDirection of association with AMD for the minor allele, as estimated in the IAMDGC study.2
cChromosomal position is given according to the NCBI RefSeq hg19 human genome reference assembly.
dImputation quality metric R2 as estimated in the IAMDGC study.2
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Figure 4. Established AMD-risk variants at the CFH locus are associated with circulating FHR-1, FHR-2, FHR-3, and FHR-4 concentra-
tions in control individuals
Boxplots of FHR concentrations by variant genotype for thoseCFH variants that were established as conferring AMD risk in the IAMDGC
study2 and that showed genome-wide-significant (p< 53 10�8) associations in 252 controls from the Cambridge AMD study26,27 cohort
(Table 3). p values and beta values fromWald tests using linear-regressionmodels adjusted for sex, age, and the first two genetic principal
components (as estimated within the IAMDGC study) are indicated in the note at the bottom of each plot.
protective associations has been assumed to revolve

around the FHR proteins’ being complement activators.25

More direct evidence that FHR proteins drive complement

activation in AMD came from the discovery that increased

circulating concentrations of FHR-4 in AMD-affected indi-

viduals are driven by known CFH-locus AMD-risk vari-

ants.24 The protein itself was shown to accumulate in the

intercapillary septa of human eyes, the primary site of

complement over-activation associated with AMD.34 In

the study reported here, we show that in fact the concen-

trations of all five circulating FHR proteins are elevated

in advanced cases of AMD (Table 1, Figure 2). Further-

more, by developing a unique mass-spectrometry-based

measuring technique, we were able to measure for the first

time both CFH splice variants: FH and FHL-1. Our data

confirmed previous findings that circulating FH concentra-

tions do not change with disease.24 Despite the lack of

differing FH concentrations, we observed that circulating

concentrations of FHL-1 were statistically elevated in

AMD-affected individuals (p ¼ 4.9 3 10�4) (Table 1,

Figure 2). However, we did not find that any genome-

wide-significant signals from the GWAS of FHL-1 in 252

controls (Figure S6, Table S5) could serve as genetic instru-

ments in our Mendelian-randomization analysis. As such,
The American
the elevation of FHL-1 concentrations in advanced cases of

AMD remains observational.

The molecular mechanisms underpinning the genetic

AMD risk carried on chromosomal region 1q31.3, and

indeed how it contributes to complement over-activation,

have been widely debated. Some genetic risk variants have

obvious effects, such as the FH and FHL-1 polymorphism

p.Tyr402His, which reduces their binding to the extracel-

lular matrix in the choriocapillaris and thus leads to less

support for the degradation of C3b.35,36 However, the

role of non-coding AMD-risk variants in the CFH locus

has been much harder to dissect, and an assumption that

they somehow alter the expression or function of FH (or

FHL-1) itself has prevailed. Indeed, given the previous

inability to simultaneously measure concentrations of

the five FHR proteins, FH, and FHL-1, this has until now re-

mained unchallenged.

Mass spectrometry provides high levels of specificity for

protein quantitation because proteins (and proteotypic

peptides) are identified accurately by their mass and frag-

mentation patterns. This makes mass spectrometry ideally

suited to the detection of protein splice variants and iso-

forms, and in this case to the analysis of FHL-1, which dif-

fers from FH only via a unique 4 amino acid N-terminal
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Two-sample Mendelian Randomization analysis
One-sample Mendelian Randomization analysis
Association analysis of protein concentrations with AMD

1.05 (1.05, 1.05)
1.04 (1.03, 1.06)
1.81 (1.47, 2.24)

(95% CI)
Odds Ratio

.8 1 2.5

Proportion of the variance of the protein (as R-squared) explained by rs149369377: 0.53

FHR-1 concentrationsA

Two-sample Mendelian Randomization analysis
One-sample Mendelian Randomization analysis
Association analysis of protein concentrations with AMD

1.49 (1.45, 1.53)
1.66 (1.44, 1.91)
1.66 (1.38, 1.98)

(95% CI)
Odds Ratio

.8 1 2.5

Proportion of the variance of the protein (as R-squared) explained by rs4085749: 0.44

FHR-2 concentrationsB

Two-sample Mendelian Randomization analysis
One-sample Mendelian Randomization analysis
Association analysis of protein concentrations with AMD

0.99 (0.98, 1.01)
0.99 (0.93, 1.06)
1.54 (1.29, 1.84)

(95% CI)
Odds Ratio

.8 1 2.5

Proportion of the variance of the protein (as R-squared) explained separately by rs70620: 0.35, rs78606172: 0.16, rs111260777: 0.14,
rs113721756: 0.12, rs117115124: 0.12, rs117468955: 0.12, rs4790395: 0.11
 
Heterogeneity test statistic (Cochran's Q): One-sample estimate: P-value=0.533, I-squared=0.0%
Two-sample estimate: P-value=0.030, I-squared=56.9%

FHR-3 concentrations
C

Two-sample Mendelian Randomization analysis
One-sample Mendelian Randomization analysis
Association analysis of protein concentrations with AMD

1.47 (1.43, 1.51)
1.64 (1.44, 1.87)
1.27 (1.08, 1.50)

(95% CI)
Odds Ratio

.8 1 2.5

Proportion of the variance of the protein (as R-squared) explained by rs12047098: 0.25

FHR-4 concentrations

D

Two-sample Mendelian Randomization analysis
One-sample Mendelian Randomization analysis
Association analysis of protein concentrations with AMD

5.26 (4.09, 6.77)
20.74 (6.05, 71.09)
1.38 (1.16, 1.63)

(95% CI)
Odds Ratio

.8 1 80

Proportion of the variance of the protein (as R-squared) explained by rs72732232: 0.15

FHR-5 concentrationsE

Figure 5. Mendelian-randomization analysis shows a highly significant elevation of circulating FHR-1, FHR-2, FHR-4, and FHR-5 con-
centrations in advanced AMD
One-sample and two-sample Mendelian-randomization estimates of the association of FHR-1 (A), FHR-2 (B), FHR-3 (C), FHR-4 (D), and
FHR-5 (E) are presented together with the corresponding traditional epidemiologic odds ratio (OR) estimates obtained from logistic-
regression models (352 individuals with advanced AMD and 252 control individuals from the Cambridge AMD study). The Mende-
lian-randomization estimates were obtained from the Wald ratio (if a single instrument was available: FHR-1, FHR-2, FHR-4, and
FHR-5) or the inverse-variance weighted (IVW) method under a fixed-effect model (if multiple instruments were available: FHR-3).
Raw data used for calculation of the Mendelian-randomization estimates are provided in Table 2. The proportion of the variance of
each protein (as R2) explained by its genetic instrument(s) is indicated in the note at the bottom of each plot.
sequence. Here we can access an FHL-1 proteotypic peptide

by using an alternative protease, GluC, to allow detection

of FHL-1 and accurate measurement of its concentrations

in the circulation. The multiplex nature of mass spectrom-

etry also allows additional proteins to be added to the same

assay, such that we can identify all seven key proteins en-

coded at the RCA locus in a single experiment. The addi-

tion of stable-isotope-labeled peptides subsequently allows

quantitation, which we show here to be stable and precise

across many hundreds of AMD samples, providing a

powerful tool for the study of FH, FHL-1, and FHR-1

through FHR-5 in complement regulation. This approach

has been tried previously37 with a standard trypsin enzyme

for proteolysis; this allows for measurement of FHR pro-

teins, but not FHL-1. The concentrations of FHR proteins

reported here are similar (within 2x) to those reported by

Zhang et al.37 Mean protein concentrations determined

in our assay are slightly lower, with the exception of

FHR-3, where we report mean concentrations in control

samples of 24.1 nM, or 0.9 mg/mL, versus 0.02 mg/mL re-

ported by Zhang et al.,37 and FHR-5, where we report

mean control concentrations of 25.5 nM, or 1.6 mg/mL,

versus 5.5 mg/mL, possibly because Zhang et al.37 used

different fragment ion transitions for the endogenous pep-

tides and their equivalent heavy-labeled standards.

AMD represents a paradigm in the field of complex

genetics since the seminal discovery in 2005 of the CFH
1396 The American Journal of Human Genetics 108, 1385–1400, Aug
as a major susceptibility gene.8–11 With this study we

continued to dissect the role of the CFH locus in AMD,

beyond FH. The FH, FHL-1, and FHR-1 through FHR-5 pro-

teins are mainly synthesized in the liver (Figure S1), so

measurement of circulating concentrations in plasma al-

lows exploration of the effects of non-coding CFH variants

that are strongly associated with AMD risk.2 Using 252

non-AMD controls to get insights into the genetic determi-

nants of the circulating protein concentrations measured

in this study, we discovered that genome-wide-signifi-

cantly associated variants in our analyses of the FHR pro-

tein concentrations overlap with the AMD-associated

CFH region; Figure 3). Established genetic associations

with AMD risk at the non-coding variants 1.1, proxy for

p.Tyr402His 1.2, and 1.6 translated into genome-wide-sig-

nificant associations with concentrations of FHR-1, FHR-2,

FHR-3, and FHR-4 from the GWASs in our control group

(Table 3, Figure 4).

The identification of the CFH locus as a cis protein

quantitative-trait locus (cis-pQTL) associated with con-

centrations of the five FHR proteins prompted us to use

the available genetic data in a Mendelian-randomization

fashion to triangulate this evidence. Mendelian random-

ization is increasingly being used because it can

overcome major limitations such as unmeasured con-

founding and/or reverse causality in studies of the rela-

tionship between a modifiable exposure and a disease
ust 5, 2021



outcome or trait, and it is becoming a standard for assess-

ing new drug targets.38,39 For FHR-3 the Mendelian-

randomization approach suggests that the association

with AMD as estimated by a traditional observational

OR (Table 1) might have arisen from residual confound-

ing and/or reverse causality (Figure 5). For FHR-1, FHR-

2, FHR-4, and FHR-5, on the other hand, the statistical

support provided by the univariate Mendelian-randomi-

zation analyses for a potential casual role in susceptibility

to AMD is striking, and Mendelian-randomization esti-

mates corroborate the preliminary evidence shown by

the observational OR estimates (Table 1, Figure 5). This

finding reframes our understanding of the etiology of

AMD and the role of the non-coding risk variants on

chromosome 1q31.3, demonstrating that the FHR pro-

teins play a prominent role that requires significant

further research.

Among the methodological approaches that use genetic

data to assess relationships between risk factors and out-

comes, Mendelian randomization is the only one that

directly assesses the causal effect of a risk factor on an

outcome.40 Nevertheless, there are still questions that

remain unanswered by the present study and could be ad-

dressed through the use of recently developed analytical

tools to perform, for example, multivariate analyses of

the FHR protein concentrations as well as conditional

and genetic colocalization analyses.41–45 At present, given

the relatively moderate statistical power of our study, we

did not fully disentangle the relative role of the concentra-

tion of each FHR protein on AMD risk and/or narrowing

down the specific CFH genes and genetic variants that

are likely to be involved in the causal cascade with AMD.

There was limited pairwise correlation between the FHR

protein concentrations in controls (Figure 2), and the

GWAS signals of the FHR protein concentrations are not

in high LD with each other, except for the top signals of

FHR-2 and FHR-4 (R2 ¼ 0.83, D0 ¼ 0.95, Table S6) and for

both the top signal of FHR-1 and the secondary signal of

FHR-3 (R2 ¼ 0.96, D0 ¼ 0.99). As such, whether each of

the FHR proteins that showed a strong association with

advanced AMD coupled with a significant Mendelian-

randomization estimate is independently causal to AMD

needs further investigation. Moreover, the top GWAS sig-

nals of the FHR protein concentrations showed low to

modest LD with AMD-risk variants 1.1, 1.2, 1.4, and 1.6

(Table S6). Although this might suggest a modest genetic

colocalization between the corresponding FHR protein

concentrations and AMD, it is worth noting that also the

top GWAS signal of FHR-4 in our previously published

study on the Cambridge samples24 showed only modest

LD with the top AMD-associated variant rs10922109

[1.1] (rs61818890, R2 ¼ 0.49). However, when the Cam-

bridge results were meta-analyzed with data from a second

cohort (EUGENDA), the top GWAS signal of FHR-4 was

found to be in high LD with 1.1 (rs10737680, R2 ¼ 0.98).

We expect that once FHR protein concentrations are avail-

able for larger datasets, new high-powered analyses will
The American
help clarify further questions that currently remain unan-

swered by our study.

Finally, the data presented in this study additionally

highlight the targeting (and lowering) of FHR proteins in

the circulation as a viable therapeutic avenue for AMD.

Indeed, delivery of a systemic therapeutic provides evi-

dence that a paradigm in ocular therapeutic strategies

could allow affected individuals to avoid surgical proced-

ures, especially in the early stages of disease before the

loss of visual acuity, where therapeutic intervention might

yield the most benefit. AMD individual stratification

would be important because only a proportion of AMD-

affected individuals are likely to suffer from FHR-mediated

disease. However, as demonstrated here, an AMD-affected

individual’s genetic-risk profile, coupled with measure-

ments of their circulating FHR protein concentrations,

could possibly be used in the future to identify and stratify

those affected people most likely to benefit from such

treatments and to monitor their response to FHR-lowering

agents.
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