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Summary
Neisseria meningitidis protects itself from complement-mediated killing by binding complement factor H (FH). Previous studies associated

susceptibility to meningococcal disease (MD) with variation in CFH, but the causal variants and underlying mechanism remained un-

known. Here we attempted to define the association more accurately by sequencing the CFH-CFHR locus and imputing missing geno-

types in previously obtained GWAS datasets of MD-affected individuals of European ancestry and matched controls. We identified a

CFHR3 SNP that provides protection from MD (rs75703017, p value ¼ 1.1 3 10�16) by decreasing the concentration of FH in the blood

(p value ¼ 1.4 3 10�11). We subsequently used dual-luciferase studies and CRISPR gene editing to establish that deletion of rs75703017

increased FH expression in hepatocyte by preventing promotor inhibition. Our data suggest that reduced concentrations of FH in the

blood confer protection from MD; with reduced access to FH, N. meningitidis is less able to shield itself from complement-mediated

killing.
Introduction

Meningitis and sepsis caused by Neisseria meningitidis

remain amongst the most feared bacterial infections
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world-wide. Although immunization has decreased the

incidence of invasive meningococcal disease (MD) in

some countries, there are no vaccines effective against all

serogroups, and the emergence of new serogroups and
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strains1,2 poses new challenges to international vaccina-

tion strategies. Epidemics and outbreaks continue to occur

in many countries, particularly in the meningitis belt of

sub-Saharan Africa.3–6

A remarkable feature ofN.meningitidis is that it is a harm-

less commensal for the majority of the world’s population

and is carried in the nasopharynx repeatedly throughout

life. Invasive disease occurs in 0.16–20 per 100,000 people

in developed countries, but there is wide variation in inci-

dence, and epidemics occur.1,2,7,8

There is good evidence that genetic factors play a role in

MD.9–11 Rare Mendelian defects in complement genes are

associated with familial MD.12,13 Our previous genome-

wide association study (GWAS) identified an association

between MD and a broad genomic region spanning

complement factor H (CFH [MIM: 134370]) and the comple-

ment factor H-related protein (in genetic order; CFHR3

[MIM: 605336], CFHR1 [MIM: 134371], CFHR4 [MIM:

605337], CFHR2 [MIM: 600889], and CFHR5 [MIM:

608593]) genes.10 Identification of the causal gene and char-

acterization of the functional variant(s) have been difficult

because of the complexity of the region; CFH shows

sequence similarity to the five adjacent CFHR genes on hu-

man chromosome 1.14

Factor H (FH) is a serum glycoprotein that is synthesized

mostly in the liver and acts as a negative regulator of the

alternative complement activationpathway.15 FH is a crucial

factor in preventing host cell damage by uncontrolled com-

plement activation,16 and genetic variation in CFH or the

CFHR genes is associatedwith several diseases, including sys-

temic lupus erythematosus (SLE [MIM: 152700]),17 glomeru-

lonephritis,18 IgAnephropathy,19 atypical hemolytic uremic

syndrome (aHUS [MIM: 235400])20 and age-relatedmacular

degeneration (AMD[MIM:603075),21,22although themech-

anistic process leading to disease is unclear for all these

diseases.

N. meningitidis expresses several membrane proteins that

bind human FH; Neisserial surface protein A (NspA),23 Porin

B2 (PorB2),24 Porin B3 (PorB3),25 and FH-binding protein

(fHbp)26 and is believed to survive and replicate in human

blood byusing the surface bound FH in a ‘‘Trojanhorse’’ pro-

cess to inhibit complement-mediated killing. Genetically

regulated differences in FH plasma concentrations might

thus alter susceptibility toN.meningitidis. Furthermore, inhi-

bitionof complementby ‘‘hijacking’’ FHhasbeenadoptedas

an immuneevasion strategy by several pathogens, including

fungi, parasites, and viruses next to bacteria (reviewed in27).

We aimed to identify the mechanism underlying the

association of variants within the CFH-CFHR region with

susceptibility and resistance to MD.
Methods

Study sample sets
The design for our study and the composition of clinical cohorts

are shown in Figure S1 and Table S1. Clinical details of individuals
The American Jour
with MD in UK, Spanish, and other European cohorts have been

reported previously, as have the diagnostic criteria, recruitment

procedure, and ethical approvals10,28 (supplementary Appendix).

238 individuals with MD and 237 controls from the Central Euro-

pean cohort (CEC) were used for deep sequencing the CFH-CFHR

region. Replication of the most significant SNPs was undertaken

in 1,522 individuals with MD and 2,672 controls (755 individuals

with MD and 1,253 controls from the UK, 279 individuals with

MD and 395 controls from Central Europe, and 488 individuals

with MD and 1,024 controls from Spain).10,11 Previously

genome-wide-genotyped cohorts totaling 1,246 individuals with

MD and 7,197 controls (472 individuals with MD and 4,614 con-

trols from the UK; 358 individuals with MD and 1,770 controls

fromCentral Europe;29 and 416 individuals withMD and 813 con-

trols from Spain9,10) were newly imputed, and the data were used

for a subsequent meta-analysis. Convalescent serum was available

from 367 individuals with MD (308 UK, 59 Dutch) and 124

healthy, unrelated Dutch controls for measurement of FH and

FHR-3 concentrations; of the 308 UK individuals with MD, 295

were included in protein quantitative trait loci (pQTL) analysis,

together with 56 healthy, unrelated controls from Central Europe.
Sequencing and genotyping of the CFH-CFHR region
To identify functional variants driving the associationwithMD sus-

ceptibility, we devised a capture-targeted sequencing strategy with

tiling arrays (designed by Roche NimbleGen) covering more than

85% of the CFH-CFHR region spanning 359 kb on chromosome 1

(chr1: 196,620,000–196,979,000, GRCh37/hg19) and then per-

formed sequencing with Illumina HiSeq 2000 by using 100 bp

paired-end reads (stage 1, see supplemental information). The

average depth of sequencing was 2273 (Figure S2). We validated

the most significant SNPs (stage 2, see supplemental information)

by using a Sequenom Multiplex MassArray (San Diego, USA).

Genetic association testing was carried out with Fisher’s exact

test for rare SNPs (MAF < 1%) and logistic regression analysis for

common SNPs and copy-number variants (CNVs) under an addi-

tive genetic model. To mitigate the effect of population stratifica-

tion, we analyzed association of SNPs with MD separately in all

three replication cohorts under the additive model and performed

meta-analysis for both SNPs and CNVs by combining summary

statistics of stage 1 (deep sequencing) and stage 2 (Sequenom vali-

dation) by using the Cochran-Mantel-Haenszel (CMH) test. For

CNVs, all samples were combined and analyzed under a genotypic

and additive model.
Detection of copy-number variation
CNVs were detected in the resequencing dataset (238 individuals

with MD and 237 controls from Central Europe) with cnvCapSeq

(version 0.1.230) and cross-validated by quantitative PCR in the

same cohort (Taqman qPCR, Table S2). In the second-stage valida-

tion of the 51 SNPs across the Central Europe, UK, and Spanish co-

horts, detection of CNVs was done with the Taqman qPCR assays.

For pQTL data, multiplex ligation-dependent probe amplification

(MLPA) and Taqman assays were used for identifying CNVs (sup-

plemental information).

Genotype-phenotype correlation of SNPs and CNVs were

analyzed for FH and FHR-3 concentrations via linear regression

analysis. We used ANCOVA, with sex as a covariate, to estimate

the overall difference in the protein concentrations across six ge-

notype groups. Differences in protein concentrations between

two genotype groups were evaluated by t test.
nal of Human Genetics 109, 1680–1691, September 1, 2022 1681



Figure 1. Fine mapping by sequencing of the CFH-CFHR locus
Plot showing association results of all the SNPs (arranged accord-
ing to their GRCh37/hg19 build chromosomal position on the x
axis) from deep sequencing (circle) and from meta-analysis
(square) with combined stage 1 and stage 2 cohorts. The top
SNP from the analysis is labeled (rs75703017). The color intensity
of each symbol reflects the extent of LD with the top GWAS SNP.
Imputation of genome-wide genotyped data
To confirm our resequencing analysis by using current genome as-

semblies, we re-analyzed our original UK GWAS data,10 including

newly genome-wide-genotyped cohorts from Central Europe29 and

Spain11 (stage3, see supplemental information).Afterpre-processing

(supplemental information), we used BEAGLE (version 5.130) to

performhaplotype estimation and imputation ofmissing genotypes

by utilizing alternately the Haplotype Reference Consortium (HRC

[http://www.haplotype-reference-consortium.org]; HRC release 1.1

[https://ega-archive.org/datasets/EGAD00001002729]) and the 1000

Genomes Project phase 3 (1KGP [http://www.internationalgenome.

org]) as reference genomes.

After extraction of the individually calculated allele dose, which is

the sum of the two allele probabilities based on a hidden Markov

model, we applied a univariate linear mixed-model algorithm

(uLMM) using a centered relatedness matrix implemented in

GEMMAsoftware (version 0.98.131) to perform genetic association

testing for quantitative traits under an additive model. To addition-

ally account for population stratification, we used the first two or

four principal components (PCs; Figure S4) as covariates in each in-

dividual cohort. Furthermore, the genomic control function imple-

mented in the GWAMA software (version 2.2.232) was used for the

subsequent meta-analysis of the single summary statistics, resulting

in an overall genomic control lambda (lGC) of 1.002 (95%CI 0.094–

1.010) when all variants were used and 1.007 (95% CI 0.971–

1.0432) when only genotyped variants were used (Figure S5).

Serum concentrations of FH and FHR-3
FH and FHR-3 concentrations were determined by specific ELISAs

as previously described.33 In brief, the antigen was captured

with monoclonal antibody anti-FH.16 and anti-FHR-3.1 for FH

and FHR-3, respectively (Sanquin Research, Amsterdam, The

Netherlands). Bound FH was subsequently detected by the use of

polyclonal goat anti-human FH antibodies, and bound FHR-3 was

detected with monoclonal anti-FHR-3.4 (Sanquin Research).

Differentiation of human embryonic stem cells
Wild-type and CRISPR/Cas-targeted H1 human embryonic stem

(hES) cells were differentiated to hepatocyte-like cells over

18 days as previously described.34

Genome editing of differentiated hepatocytes by

CRISPR/Cas9
Guide RNAs flanking the liver-specific regulatory region of interest

in CFHR3 were designed, incorporated in plasmids, and trans-

fected via electroporation into H1 hES cells (Table S3). After incu-

bation for two days, Cloverþ cells were seeded at 500–1,000 cells

per well of a 6-well plate. After 2-3 weeks culture, single colonies

were picked and expanded for screening. Deletion of liver specific

regulatory region was determined by PCR with primers spanning

the targeted region (Table S3). Confirmed deletion clones and

wild-type controls were used for detecting RNA expression by

RT-PCR (see supplemental information).
Results

Fine mapping of the CFH-CFHR region identifies CFHR3

as the lead association

Deep sequencing of the CFH-CFHR region in 238 individ-

uals with MD and 237 healthy controls identified 4,369
1682 The American Journal of Human Genetics 109, 1680–1691, Sep
SNPs after application of stringent quality-control filters

(Table S4). The strongest signal of association was identi-

fied onCFHR3 in a region with high linkage disequilibrium

(LD, D0 ¼ 0.92) with the previously reported lead variant,

rs1065489 in CFH.10,11,35 The 51 SNPs with the strongest

association with MD were selected for validation, and 44

SNPs were successfully typed (Table S5) in the UK, Spanish,

and Central European cohorts (n ¼ 4,194). 13 SNPs, in a

tight LD block within CFHR3, achieved genome-wide sig-

nificance in the meta-analysis (Figure 1, Table 1), confirm-

ing the genetic association with CFHR3. The lead SNP

(Table 1), rs75703017 (p value ¼ 1.1 3 10�16), located in

intron 1 of CFHR3, showed consistent odds ratios (OR ¼
0.62) for susceptibility to MD in all cohorts, indicating a

protective effect (Figure 2).

Imputation across the CFH-CFHR region confirms a

broad region of association

Imputation of genome-wide genotyped data in three

different European cohorts including 1,246 individuals

with MD and 7,197 controls was complicated by the

reported CNVs nsv3888824 (deletion) spanning 84,671 ba-

ses and resulting in a hybrid CFH/CFHR1 gene and

nsv4649133 (deletion) spanning 79,989 bases and resulting

in a complete deletion ofCFHR3 andCFHR1 (Figure 3C). Us-

inga subsetof theHRCreferencepanel identifiedonly fourof

the 13 SNPs found within and adjacent to CFHR3 by our re-

sequencing work, whereas use of the 1KGP reference panel,

which identified 11 SNPs with high confidence in a tight

LD block closely around the genome-wide significance level

of 53 10�8 (Table 2 and Figure 3). The usage of updated ref-

erences and bioinformatic tools for the associationmapping
tember 1, 2022
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Table 1. Unadjusted p values and ORs of top SNPs from sequencing, genotyping, and the combined analysis

SNP ID

Sequence Replication

Combined CMHaCentral Europe Central Europe UK Spain

MAF MD MAF con p value OR MAF MD MAF Con p value OR MAF MD MAF con p value OR MAF MD MAF Con p value OR p value OR

rs75703017 0.12 0.21 3.11 3 10�3 0.62 0.14 0.21 3.60 3 10�3 0.68 0.14 0.21 8.34 3 10�6 0.71 0.18 0.26 2.26 3 10�4 0.72 1.11 3 10�16 0.62

rs620015 0.13 0.21 6.18 3 10�3 0.65 0.14 0.22 3.62 3 10�3 0.68 0.15 0.21 2.27 3 10�5 0.73 0.20 0.26 1.01 3 10�3 0.75 9.55 3 10�15 0.64

rs387107 0.14 0.21 9.35 3 10�3 0.67 0.14 0.21 4.49 3 10�3 0.68 0.15 0.21 4.97 3 10�5 0.74 0.20 0.27 3.11 3 10�4 0.73 1.24 3 10�14 0.65

rs385390 0.14 0.22 6.04 3 10�3 0.65 0.15 0.22 9.74 3 10�3 0.71 0.15 0.21 1.50 3 10�5 0.72 0.20 0.27 7.11 3 10�4 0.75 1.35 3 10�14 0.65

rs12409571 0.13 0.21 5.04 3 10�3 0.64 0.14 0.21 8.20 3 10�3 0.70 0.15 0.20 1.10 3 10�4 0.75 0.19 0.26 2.46 3 10�4 0.73 2.38 3 10�14 0.65

rs425524 0.13 0.21 7.46 3 10�3 0.65 0.36 0.45 4.97 3 10�3 0.73 0.31 0.42 2.63 3 10�9 0.66 0.46 0.50 9.96 3 10�2 0.87 8.26 3 10�14 0.69

rs401188 0.13 0.21 5.98 3 10�3 0.65 0.22 0.25 3.36 3 10�1 0.87 0.20 0.34 1.14 3 10�13 0.46 0.34 0.38 3.22 3 10�2 0.76 3.32 3 10�13 0.64

rs1738741 0.14 0.21 9.35 3 10�3 0.67 0.14 0.21 1.06 3 10�2 0.71 0.15 0.21 1.39 3 10�5 0.72 0.22 0.27 1.43 3 10�2 0.81 1.54 3 10�12 0.67

rs376841 0.13 0.21 4.42 3 10�3 0.64 0.10 0.16 1.55 3 10�3 0.56 0.10 0.15 1.29 3 10�5 0.63 0.14 0.18 4.74 3 10�4 0.65 3.06 3 10�11 0.66

rs1329423 0.19 0.27 4.10 3 10�3 0.63 0.21 0.26 3.43 3 10�2 0.75 0.21 0.25 9.72 3 10�4 0.78 0.23 0.30 7.31 3 10�5 0.70 5.07 3 10�10 0.73

rs11807997 0.13 0.21 5.12 3 10�3 0.64 0.19 0.18 8.97 3 10�1 1.02 0.15 0.21 1.24 3 10�4 0.74 0.19 0.25 1.12 3 10�3 0.75 1.34 3 10�9 0.71

rs12408446 0.13 0.20 7.96 3 10�3 0.65 0.20 0.18 5.19 3 10�1 1.08 0.15 0.21 8.96 3 10�5 0.74 0.19 0.25 1.36 3 10�3 0.76 6.86 3 10�9 0.72

rs116249058 0.14 0.21 7.53 3 10�3 0.66 0.12 0.14 2.54 3 10�1 0.83 0.12 0.15 1.74 3 10�2 0.81 0.14 0.21 8.85 3 10�5 0.67 9.59 3 10�9 0.70

aCMH ¼ Cochran-Mantel-Haenszel test; MD ¼ individuals with meningococcal disease; con ¼ healthy controls; MAF ¼ minor-allele frequency; OR ¼ odds ratio.
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Odds Ratio (95% CI)

p value
p value

Figure 2. Forest plot of the top SNP, rs75703017
Plot showing odds ratios (ORs) and confidence intervals in each of
the four cohorts; the summary estimate is shown below. The
dotted vertical line indicates no effect. Cohort names with
numbers of MD individuals and healthy controls are on the left,
ORs and 95% CI are on the right.
(Figure 3) allowed us to impute variants within the complex

region in and adjacent toCFHR3, but we were still unable to

refine the location of the causative variant within the CFH-

CFHR locus as a result of the apparent tight LD. Indeed, we

observeddiscrepanciesbetween theFHassociations reported

by Sun et al.36 and our findings based on the 1KGP controls

(Table S6); we suspect these discrepancies are due to differ-

ences in the imputation methods used for estimating the

CNVs. Using imputation for the CNVs, we found peak asso-

ciation with MD outside the CNVs; whreas direct measure-

ment of the CNVs shows the peak association to be within

them (Figure 1).

Serum concentrations of FH, but not FHR-3, are lower in

controls than in individuals who survived MD

To explore the relationship between serum concentrations

of FH, FHR-3, and MD, we measured concentrations in

serum from individuals who survived invasive MD, at least

six months after the acute illness. Serum concentrations of

FH were significantly lower in healthy controls than in

those with MD (Figure 4A). In contrast, FHR-3 serum

concentrations were not significantly different between

MD survivors and controls (Figure 4A).

Low serum concentrations of FH are associated with

both SNPs and CNVs in CFHR3

To investigate the effect of the top associated SNPs on

the serum concentrations of FH and FHR-3, we undertook

pQTL analysis, relating protein concentrations and geno-

type. The minor allele (A) of the lead SNP (rs75703017),

shown to confer protection against MD (OR ¼ 0.63), also

showed the most significant association with lower FH

serum concentrations (p ¼ 1.4 3 10�11, Figure 4B), as

confirmed in a pairwise comparison between genotypes

carrying the minor allele (A) of rs75703017 (Figures 4B

and 4C and Tables S7 and S11).

A common deletion spanning CFHR3 and CFHR1

(including rs75703017) has been shown to influence sus-
1684 The American Journal of Human Genetics 109, 1680–1691, Sep
ceptibility to several inflammatory diseases.17,19,21,37 To

establish whether this deletion was also associated with

susceptibility to MD, we determined CNVs in the

sequenced individuals with MD by using cnvcapSeq,38

which permits detection of CNVs in long-range targeted

sequencing data. We then validated the findings by

MLPA or qPCR analysis in a subset of samples (1,302 indi-

viduals with MD, 1,463 controls) from three European co-

horts. Meta-analysis of CNV data revealed an overall lack of

association (p ¼ 0.76) between the CFHR3/CFHR1 deletion

and susceptibility to MD (Table S8), as previously re-

ported.10,35 Considering that the pQTL data indicated a

dominant effect of the minor allele (A) of rs75703017,

we performed a second comparison consisting of minor-

allele carriers (A) vs. CFHR3/CFHR1 deletion allele carriers.

In contrast to the initial overall lack of association, this sec-

ond comparison revealed that deletion of CFHR3/CFHR1

was in fact associated with higher genetic risk of MD

(p ¼ 0.0081, Table S9) and increased FH serum concentra-

tions. This positive genetic association with the CFHR3/

CFHR1 deletion was only detected when the combination

of three alleles (wild type allele C, minor allele A, and dele-

tion D) in rs75703017 were taken into account. Meta-anal-

ysis of the quantitative-trait association removing all

samples with the CFHR3/CFHR1 deletion did not modify

the results (Figure S3), indicating that the association of

rs75703017 persists regardless of CFHR3/CFHR1 deletion

status (Table S11).

CFHR3 controls CFH expression through epigenetic long-

range interaction

Having established the correlation between ‘‘protective ge-

notypes’’ and lower serum concentrations of FH and be-

tween ‘‘risk genotypes’’ and higher concentrations of FH,

we next investigated the epigenetic histone marks in

various cell lines to provide information on the putative

regulatory role of the potential functional SNP in CFHR3.

Histone marks (H3K4me3 and H3K9ac) from the Roadmap

epigenomics database indicated that all investigated

hepatic cell lines have an active regulatory site within

CFHR3. Furthermore, no other cell types (non-hepatic)

tested showed any indication of regulatory regions, sug-

gesting that this functional site might be specifically active

in liver cells,39,40 which is concordant with the liver’s being

the main FH-producing organ.14 In line with our hypothe-

sis that there is a regulatory interaction between CFHR3

and CFH, we examined whether the homozygous deletion

of CFHR3/CFHR1, carried by 3% of the European popula-

tion, affected FH protein concentrations. Indeed, the dele-

tion of CFHR3/CFHR1, identified by the lack of FHR-3 in

serum, was associated with significantly higher FH protein

concentrations (Figure 4B).

Dual-luciferase assays confirm liver-specific activity

To confirm the role of the rs75703017 minor allele

identified in our fine mapping in regulating CFH activa-

tion, we compared luciferase activity of a liver cell line
tember 1, 2022



Figure 3. Fine mapping of the CFH-CFHR locus by GWAS
(A) Known variants reported in the NHGRI-EBI catalog of human genome-wide association studies. An asterisk represents the location of
the rs426736 SNP within the CNVs and annotated as associated with MD.10

(B) The plot represents the genes located in the captured region (ranging from CFH to CFHR5) of the sequencing approach and shows
association results of all variants (SNPs and InDels arranged according to their GRCh37/hg19 build chromosomal position on the x axis)
from GWAS meta-analysis with the lead SNP, rs1065489, set as a reference variant (purple diamond). The color intensity of each symbol
reflects the extent of LD with the top GWAS SNP.
(C) dbVar (https://www.ncbi.nlm.nih.gov/dbvar/)-annotated common CNVs with partial (nsv3888824 results in a CFH/CFHR1 hybrid
gene) or complete (nsv4649133) deletion of CFHR3 and CFHR1.
(D) Plot showing association results of all variants (SNPs and InDels arranged according to their GRCh37/hg19 build chromosomal
position on the x axis) from a GWAS meta-analysis with the lead SNP, rs75703017, from stages 1þ2 set as a reference variant
(purple diamond) mapping to a smaller genetic area focused on the start of the CNVs. Variants, which were either previously
reported10,36 or notable findings from this study (stages 1–3) are annotated within the plot. #Annotated variants represent
small InDels within the CNVs. Violet vertical and green lines represent the start of the CNVs nsv3888824 and nsv4649133,
respectively.
(HepG2) and of a line originating from embryonic

kidney (HEK293T). We compared cells containing an

empty vector (pGL3-empty) and three constructs

containing the following: rs75703017 major allele C

(pGL3-C); rs75703017 minor allele A (pGL3-A); and

rs75703017 minor allele A together with minor alleles of

two SNPs in close proximity (A of rs446868 and C of

rs385390, pGL3-AAC) (Figure S7A, Table S12). Differential

expression of a test reporter was detected in HepG2

(pGL3-A vs. pGL3-empty; p < 0.0001, Figure 5A) whereas

HEK293T showed no significant change in expression

(Figure S7B), supporting the liver-specific activity of the

regulatory region.
The American Jour
Genome editing of the CFHR3 region via CRISPR/Cas9

confirms its regulatory role in FH expression

To confirm that the identified CFHR3 region regulates FH

expression, we undertook genome editing by using

CRISPR/Cas technology (Figures 5B and 5C, and supple-

mental Information). This required a liver cell line that

constitutively expressed FH and carried at least one copy of

CFHR3. Because none of the tested cell lines complied with

both requirements, we differentiated human embryonic

stem cells (H1 cell line) to hepatocytes.41 H1 cells do not

express FH or FHR-3 and carry only one copy of CFHR3.

Upon differentiation to hepatocytes (Figure S8), we

detected FH expression (Figure 5C, Table S13) supporting
nal of Human Genetics 109, 1680–1691, September 1, 2022 1685
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Table 2. p values and ORs of the top 20 variants from the GWAS meta-analysis and of the 11 SNPs from the sequencing and genotyping

Variant ID BP Variant Alt Ref MAF OR pmeta I2 DR2

rs1065489a 196,709,774 missense T G 0.17 0.69 1.25 3 10�10 0.74 gt

rs200384682 196,739,608b indel CA C 0.18 0.69 1.81 3 10�10 0.72 0.90

rs431408 196,764,663b intron G T 0.20 0.69 2.62 3 10�10 0.61 0.91

rs3753396 196,695,742 synonymous G A 0.17 0.69 3.21 3 10�10 0.75 gt

rs380424 196,763,939b downstream C T 0.18 0.69 3.38 3 10�10 0.70 0.97

rs72482676 196,730,755b intergenic C T 0.16 0.68 4.21 3 10�10 0.73 0.96

rs11582939a 196,710,157 intron T C 0.17 0.70 4.99 3 10�10 0.72 gt

rs742855a 196,705,520 intron C T 0.17 0.70 5.66 3 10�10 0.76 gt

rs141408533 196,690,281 intron T TA 0.17 0.70 6.77 3 10�10 0.75 1.00

rs377298 196,758,541b 30 UTR C A 0.19 0.70 6.98 3 10�10 0.61 0.93

rs77302817 196,698,082 indel C CTCTG 0.17 0.70 7.32 3 10�10 0.76 1.00

rs12402808 196,691,625 intron A C 0.17 0.70 7.65 3 10�10 0.76 1.00

rs11799380 196,708,455 intron G A 0.17 0.70 7.91 3 10�10 0.73 1.00

rs2336221 196,708,891 intron T G 0.17 0.70 7.91 3 10�10 0.73 1.00

rs11801630 196,692,148 intron T C 0.17 0.70 8.03 3 10�10 0.75 gt

rs1048663 196,674,982 intron A G 0.17 0.70 9.14 3 10�10 0.75 1.00

rs74861068 196,825,380 intron A G 0.13 0.65 9.60 3 10�10 0.36 0.99

rs74213209 196,679,010 intron G A 0.17 0.70 9.65 3 10�10 0.75 1.00

rs201034534 196,720,267b indel A AAAAC 0.17 0.70 1.00 3 10�9 0.74 0.99

rs10489456a 196,687,515 intron A G 0.17 0.70 1.05 3 10�9 0.73 1.00

rs12409571 196,768,726b intergenic G A 0.20 0.73 5.80 3 10�8 0.57 0.87

rs116249058 196,767,218b downstream G A 0.20 0.74 6.37 3 10�8 0.53 0.87

rs75703017 196,744,699b intron A C 0.20 0.74 6.80 3 10�8 0.56 0.88

rs387107 196,757,881b missense T G 0.21 0.74 7.19 3 10�8 0.51 0.87

rs11807997 196,743,213b upstream G A 0.20 0.74 8.68 3 10�8 0.56 0.87

rs401188 196,757,083b intron T C 0.21 0.74 1.30 3 10�7 0.50 0.87

rs12408446 196,741,197b upstream A G 0.21 0.74 1.38 3 10�7 0.53 0.88

rs620015 196,748,676b intron G A 0.21 0.74 1.47 3 10�7 0.51 0.87

rs376841 196,746,600b intron C T 0.21 0.75 1.53 3 10�7 0.51 0.87

rs385390 196,743,927b 50 UTR C A 0.21 0.75 2.36 3 10�7 0.50 0.87

rs1329423 196,646,387 exon C T 0.26 0.79 4.09 3 10�7 0.71 0.99

BP ¼ base position (GRCh37/hg19); MAF ¼ minor-allele frequency; OR ¼ odds ratio (estimated from LMM beta effects according to https://shiny.cnsgenomics.
com/LMOR/); DR2 ¼ mean dosage R-squared from the three single cohorts. gt ¼ genotyped, no DR2 score. SNPs from the sequencing and genotyping are indi-
cated in italics.
aPreviously reported as associated with MD susceptibility.
bWithin a CNV (nsv3888824, nsv4649133).
the liver-specific expression reported previously.40 Deletion

of a 2.8 kb region (chr1: 196,743,825–196,746,668) within

CFHR3 containing rs75703017 via CRISPR/Cas9 in H1 cells

(Figure 5B), followed by differentiation to hepatocytes, re-

vealed enhanced FH expression, confirming the regulatory

function of this region (Figure 5C). This finding is consistent

with our t-test analysis (Table S7) of rs75703017 genotypes

showing significant differential FH expression betweendele-

tion/major allele C (DC) and homozygous deletion (DD) ge-
1686 The American Journal of Human Genetics 109, 1680–1691, Sep
notypes (p ¼ 6.8 3 10�3) and is further supported by Hi-C

sequencing data, a strategy by which one can study three-

dimensional architecture of the genome by coupling prox-

imity-based ligation with massive parallel sequencing and

that allows identification of long-range genomic interac-

tions.42 In two cell lines a long-range interaction could be

observed between CFH and the association interval in

CFHR3 (Figure S9). Moreover, these results were concordant

with invivodataof individualswhowerehomozygous for the
tember 1, 2022
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B
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Figure 4. FH and FHR-3 concentrations in MD survivors
(A) Box plots with 95% range of FH serum concentrations (left
panel), determined by ELISA. FH serum concentrations are
increased (p < 0.0001, Mann-Whitney test) in MD survivors
(n ¼ 367) compared to healthy controls (n ¼ 124), whereas
FHR-3 serum concentrations are not significantly different be-
tween the two groups.
(B) Violin plotsof FH serum concentrations delineated by geno-
type for the SNP (rs75703017) most associated with FH concentra-
tions; p ¼ 1.41 3 10�11.
(C) Violin plot of FHR-3 serum concentrations delineated by geno-
type for the SNP (rs75703017), p value < 2 3 10�16.
For both (B) and (C), the x and y axes indicate genotypes and pro-
tein concentration (mg/mL), repsectively, with D ¼ CFHR3/
CFHR1 deletion, A ¼ minor allele, and C ¼ major allele for
rs75703017. The white dots indicate median concentrations, the
thick black bars indicate the interquartile range, and the thin black
bars represent total range. p values were estimated by ANCOVA.

The American Jour
CFHR3/CFHR1 deletion and who showed increased FH con-

centrations (Figure 4B).
Discussion

Genetic variants within CFH and the CFHR genes have been

associated with genetic susceptibility to a range of human

diseases.17–21,43 Concordant with our work, deletion of

CFHR3-CFHR1 has been reported to alter FH concentrations

in serum andmodify genetic susceptibility to disease,17,43,44

suggesting that a regulatory region controlling FH concen-

trations might exist at this locus.17,43 Identification of the

causal variants underlying these associations has been diffi-

cult because of the complexity of the region; CNVs and

sequence homology hamper genotyping and sequencing ef-

forts. Thus, previous reports relied on surrogate markers to

identify the deletion. Our strategy here allowed us to type

the CNV and polymorphisms in the CFH-CFHR region, to

narrow the regulatory element to a short sequence in intron

1 of CFHR3, and to identify the complex interplay of six

possible genotypes at one SNP locus, including the lead

SNP and copy-number variant, with FH serum concentra-

tions. Recent development of specific monoclonal anti-

bodies for FH and FH-related proteins33 allowed for an accu-

rate detection of serum concentrations of FH and FHR-3.

We have fine mapped the complex CFH-CFHR region in

individuals of European ancestry with MD and found that

susceptibility and resistance to the disease is associated

with a single SNP locus within intron 1 ofCFHR3. This locus

is affected by a well-known copy-number variant. Further-

more, by accounting for the protective effect of the minor

allele (A) and the risk effect of the wild-type allele (C), we

now demonstrate that the CFHR3 deletion does associate,

although to a lesser extent than the identified SNP, with

increased susceptibility for MD. Previous studies10,35 have

missed this effect because their deletion analysis has com-

bined the protective and risk alleles. Interestingly, the in-

tronic lead SNP in CFHR3, rs75703017 (p ¼ 1.1 3 10�16,

OR¼ 0.63, 95%CI 0.55–0.71) lies in a liver-specific regulato-

ry region that has been shown to loop and interactwithCFH

at the genomic level. This interaction seems to regulate CFH

transcription activity. Protective homozygous rs75703017 A

allele CFHR3 genotypes were associated with low FH serum

concentrations (p ¼ 1.41 3 10�11), the homozygous

rs75703017C allele genotype had higher FH serum concen-

trations. In our analyses, deletion of this region through

genome editing in human embryonic stem cells differenti-

ated to hepatocytes also showed a substantial increase

(pvalue<0.05)ofCFH transcript concentrationsandexpres-

sion of FH protein.

We showed that individuals surviving MD had higher

serumconcentrations of FH than controls and that lowcon-

centrations of FH were protective for MD. This is concor-

dant with our previous report showing that addition of

excess FH to blood increases the survival of

N. meningitidis.45 Our data demonstrate that FH is a critical
nal of Human Genetics 109, 1680–1691, September 1, 2022 1687
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Figure 5. Functional validation of the top associated variant
(A) Effect of 2.8 kb regulatory sequence and the lead SNP,
rs75703017, on reporter (firefly luciferase) activity in theHepG2hu-
man liver cell line. pGL3-empty is an empty construct only contain-
ing a promoter, whereas pGL3-C contains the 2.8 kb regulatory
sequencewithmajor alleleC at rs75703017, pGL3-Acontainsminor
allele A at rs75703017, and pGL3-AAC contains minor allele A at
rs75703017 and minor allele C at rs446868 and rs385390. Firefly
luciferase concentrationswere normalized to renilla luciferase activ-
ity for each sample, and all values were plotted relative to the pGL3-
empty construct. The graph is representative of six independent ex-
periments, and error bars represent means with standard deviation.
Level of significance, calculated by t test, is indicated.
(B) Schematic depiction of CRISPR/Cas9 targeting of the CFHR3
liver-specific regulatory region comprising 2,844 base pairs (chr1:
196,743,825–196,746,668). Excision sites of each guide RNA,
located around the SNP of interest (rs75703017), are indicated
by scissors. The position of screening primers designed for selec-
tion of positive clones with excision of the targeted region are
indicated by red arrows.

1688 The American Journal of Human Genetics 109, 1680–1691, Sep
complement regulatoryprotein associatedwithMDsuscep-

tibility and that its serum concentrations are controlled

through a cis-regulatory element in intron 1 of CFHR3, in-

dependent of FHR-3 concentrations. Whereas previous

studies have suggested that competition between FHR-3

and FH for the fHbp on the surface of N. meningitidis could

be the mechanism controlling susceptibility to MD,46 we

suggest that serum concentrations of FHR-3 are too low to

affect binding of the (on average) 132-fold more abundant

FH to fHbp.33 Our genetic analysis confirms this assump-

tion. In fact, our data indicate that the effect onMD suscep-

tibility is predominantly defined by regulation of FH

concentrations in serum by genetic variation in CFHR3,

irrespective of serum FHR-3 concentrations. A schematic

explanation of the inhibition of meningococcal bacteri-

cidal activity of complement in human blood by FH and

its regulation by genetic variation in CFHR3 is shown in

Figure 6. Importantly, our strongest genetic association is

between low concentrations of serum FH and protection

from disease, whereas high protein concentrations were

less strongly associated with susceptibility. This suggests

thatN.meningitidis is able toharvest sufficient FH toprevent

complement activity (thus ensuring serum survival) in

most individuals and that high serum concentrations of

FH only offer marginal additional bacterial protection as

compared to average concentrations.

Our findings show that serum concentrations of FH are

genetically regulated by a locus within CFHR3. Comple-

ment activation is an important immune protectionmech-

anism against infections, but uncontrolled or excessive

complement activation is potentially damaging to host

cells and tissues. FH is a major regulator of complement-

mediated damage to host cells47 as highlighted by the se-

vere diseases associated with inadequate concentration or

function of FH; such diseases include TTP/aHUS,20,37

glomerulonephritis,18 other inflammatory diseases,19 and

AMD.21 Next to N. meningitidis, many other pathogens

(see also Moore et al.27), including Streptococcus pneumo-

niae,48 group A streptococcus,49 Borrelia burgdorferi,50 and

Plasmodium falciparum51 possess FH-binding proteins and

might use FH to evade complement-mediated killing. The

genomic regulation of serum FH concentration that we

have identified through genetic variation in CFHR3 may

thus be relevant to many other infectious and inflamma-

tory diseases.
(C) n-fold change, relative to the wild type, of CFH transcript
expression levels of CRISPR-edited CFHR3 (CRISPR-edited H1; ge-
notype DD) carrying one copy of CFHR3with allele C (WT-H1; ge-
notype DC) in liver-differentiated H1 human embryonic stem
cells. Expression was measured by qRT-PCR. The graph represents
three independent experiments with two biological replicates
(different sets of gRNA were used for targeting; KO1 WT-Cas9
gRNA 1 and 3 and KO2 nickase-Cas9 gRNA 1, 2, 3, and 4; see
Table S2) and one technical replicate of KO1. Error bars represent
means with standard deviation. Level of significance, calculated
by t test, is indicated. (D¼ CFHR3/CFHR1 deletion, and C¼major
allele rs75703017).
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Figure 6. Schematic model of the effect of CFHR3/CFHR1 deletion and SNP (rs75703017) on FH concentrations, interactions with
N. meningitidis, and susceptibility to MD
The schematic diagram shows the structure of the gene region containing CFH and five CFHR genes. Carriers of the minor allele, A, on
rs75703017 show the lowest FH concentrations. Increased concentrations of FH are found with the major allele, C, on rs7570317,
whereas deletion of CFHR3/CFHR1 is associated with the highest concentrations of FH. Susceptibility to MD is driven by FH serum
availability, which increases binding to the meningococcal surface protein fHbp. This binding results in FH’s impairing comple-
ment-mediated killing and allowing survival and growth of N. meningitidis in blood.
Data and code availability

Summary statistics of the genotyped analysis generated during

this study are available at LocusZoom (https://my.locuszoom.

org/gwas/552110/) and FUMA (https://fuma.ctglab.nl/browse/

469). Other datasets supporting the current study have not been

deposited in a public repository but are available from the corre-
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Supplemental information

Supplemental information can be found online at https://doi.org/
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Supplementary Methods 

 

1 Study Sample Set 

An overview about the cohorts and used methods can be found in Figure S1 and Table S1. Clinical details 

of the individuals with meningococcal disease (MD) and controls were described previously1. In brief 

meningococcal disease was diagnosed based on isolation of N. meningitidis from blood or CSF, or 

detection of meningococcal genome by PCR in children presenting with purpuric rash, meningitis or septic 

shock. Cases without microbiological confirmation were included if they presented with the characteristic 

picture of purpura fulminans, and other bacterial or viral causes of critical illness had been excluded. 

Samples for DNA extraction (EDTA blood) and plasma (recovered from EDTA Blood) and serum both at 

the time of admission and after recovery were stored at -80°C until used. 

European Childhood Life threatening Infection study (EUCLIDS) 

EUCLIDS is an EU FP7 funded study that prospectively recruited children with fever and signs of infection 

presenting to hospitals in nine EU countries. Full details of the study have been reported2. The study 

included individuals with blood culture-proven sepsis recruited in the Swiss Pediatric Sepsis Study3. 

Individuals were categorized as having definite bacterial infection if a causative organism was identified on 

blood, CSF, urine or other sterile site by either culture or molecular methods. Individuals were considered 

to have probable bacterial infection if they had shock, pneumonia, meningitis, osteomyelitis or severe focal 

infection, high white cell count or CRP, but no causative pathogens were identified. DNA from individuals 

with MD was isolated from blood and sent for genotyping on Illumina exome chip arrays at the Genome 

Institute of Singapore (GIS). 

Ethics and Consent; Informed consent was obtained from parents or guardians. The study was approved 

by the research ethics bodies of each collaborating partner (UK EC3263; Netherlands: 37986.091.11 / 

RvB12.51320; Austria: 24-116 ex 11/12; Spain: 2011/298; Switzerland KEK-029/11). In addition to the local 

approvals for use of retrospective MD cohorts the EUCLIDS study was approved by each partner country 

research ethics  bodies. 



 
 

Central European Cohort (CEC) for genome-wide association study (GWAS) 

Individuals with MD and blood donors from Central Europe were previously published4 and additional 

individuals with MD and controls were recruited beyond the publication. DNA was isolated using standard 

procedures and  genotyped on Illumina HumanOmni 1M Quad Microarray at the GIS. The final cohort 

consisted of 409 individuals with MD comprising individuals of Austrian, German, Swiss, Italian and Dutch 

ancestry. Controls consisted of 500 cord blood donors of healthy infants from Austria, 134 blood donors 

from Amsterdam and 1,242 German participants from the Heinz Nixdorf Recall study5 which were randomly 

chosen from three German cities and genotyped on an Illumina HumanOmniExpress-12v1 Microarray.  

 

2 Study Design 

We followed a multiple-stage study design to conduct genetic association studies (Figure S1 and Table S1). 

First we deep-sequenced the CFH-CFHR region in 475 individuals comprising of 238 individuals with MD 

and 237 controls from a Central European cohort. Heterogeneity scores indicated that there was no 

significant population admixture between individuals with MD and controls. Replication analyses were 

carried out on 4,194 individuals which includes three cohorts from the UK (755 individuals with MD, 1,253 

controls), Central Europe (279 individuals with MD, 395 controls) and Spain (488 individuals with MD, 1,024 

controls) that have been previously described1. Later we performed genome-wide association studies 

(GWASs) in previously genotyped samples from three European cohorts followed by a meta-analysis 

including 1,246 individuals with MD and 7,197 controls. In addition, serum concentrations of FH and FHR-

3 were measured in 308 UK and 59 Dutch survivors of MD (at least 6 months after the acute illness) and 

124 Caucasian unrelated controls. Protein quantitative trait loci (pQTL) analysis was performed in 295 UK 

samples and replicated in a cohort of 56 Central European individuals. Finally, we performed functional 

analyses on different cell lines using Dual-Luciferase Assays and CRISPR/Cas9 technology. 

 

3 Fine mapping by sequencing and variant calling (stage 1) 



 
 

The CFH region spanning 359 kb in chr1 (chr1:196,620,000-196,979,000, GRCh37/hg19) consists of CFH 

and the CFHR genes which show high sequence identity and are a great challenge to sequence. With 

Nimblegen SeqCap EZ choice library we made probes to capture ~80% of the whole region and performed 

targeted resequencing (Figure S2a). Deep sequencing was carried out on Illumina HiSeq 2000 using 100bp 

paired-end read sequencing protocol. Image analysis and base calling was done by Illumina pipeline with 

default parameters. Sequence reads were mapped to the reference genome (GRCh37/hg19) using the 

ELAND module of CASAVA v1.8.2 program. Multi-mapped reads were not considered for further analysis 

and duplicate reads were identified by Picard (http://picard.sourceforge.net/) and removed. This was 

followed by local realignment and base quality score recalibration of the reads and finally variant calling by 

GATK 3.3. The mean depth of coverage for all samples was estimated to be ~227X ± 47, with ~95% of the 

region having 5X or more depth of coverage (Figure S2b). 

Single Nucleotide polymorphisms (SNPs) were called for all Central European samples together using the 

Unified Genotyper module of GATK 3.3. To obtain high quality variants SNPs with i) a quality score < 50 or 

ii) QD < 2 or iii) FS > 60 or iv) MQ < 40 or v) haplotype score > 13 or vi) MQRankSum < -12.5 or vii) 

ReadPosRankSum < -8 were removed.  

 

4 Validation by genotyping (stage 2) 

The top 51 SNPs were selected for validation in three cohorts of European descent using a Sequenom 

Multiplex MassArray (San Diego, USA). Six SNPs failed to be designed due to the mentioned complexity 

of the region. 

We also genotyped these SNPs on 295 UK individuals and 56 Central Europeans (mentioned above) 

included on a quantitative trait analysis.     

 

5 CNV calling and validation 



 
 

A novel method, cnvCapSeq6 that can detect copy number variation (CNV) in long-range targeted 

resequencing data, was applied to call CNVs in our sequencing effort. CNV results were validated using 

quantitative PCR (qPCR) on a randomly chosen subset of samples (n=67), in triplicates. To confirm that 

the primers (Table S2 in the Supplementary Appendix) were targeting the intended region, we performed 

PCR and Sanger sequencing in one sample. As internal control a 5th set of primers for PRKG1 (a house 

keeping gene) were designed. Following qPCR, copy number estimates were obtained using the ΔΔCt 

method of relative quantification.  

In the second stage of CNV validation all three European cohorts were assessed by Taqman assays (1,463 

controls and 1,302 cases). To call CNVs we used CopyCaller v2.0 program and a known reference with 

two copies. A subset of samples (~5%) was validated using qPCR. We also typed additional 295 UK 

samples using qPCR (described above) and 56 Central European samples using qPCR and Multiplex 

Ligation-dependent Probe Amplification (MLPA) (Table S10 in the Supplementary Appendix). 

 

6 Genome-wide association studies (GWAS) and subsequent meta-analysis (stage 3) 

The three cohorts from Central Europe (CEC), UK and Spain comprised of following number of samples: 

409 individuals with MD and 1,876 controls in the CEC, 475 individuals with MD and 5,069 controls in the 

UK cohort and 422 individuals with MD and 910 controls in the Spanish cohort. Quality controls (QCs), 

filtering and associations were performed in all three cohorts separately to mitigate the effect of population 

stratification using, if not otherwise stated, PLINK v1.90b6.18 7 and PLINK v2.00a2.3LM 7 according to the 

following scheme: i) merging of cases and controls; ii) pruning the dataset for common and independend 

SNPs with subsequent removal of samples with excessive heterozygosity (± 3 SD), sex mismatches, 1st 

degree related samples (identity by descent with PI_HAT ≥ 0.185) by removing one of a pair (either the 

less severe cases or controls with the lower genotyping call rate were dropped); iii) automatic removal of 

principal components (PCs) analysis-defined population outliers (>6x SD) based on the unrelated, cleaned 

and pruned dataset using the EIGENSOFT8,9 package; iv) removal of samples and variants according to 

following filter criteria: MAF <1%, call rates (samples and variants) <95%, deviation from Hardy-Weinberg 

equilibrium (HWE) with a P-value of <10-6 (in controls only) and ambiguous SNPs (C/G, A/T at a given locus) 



 
 

identified with SNPflip v0.0.6 (https://github.com/biocore-ntnu/snpflip); v) investigation and correction of 

allele strand issues by flipping and swapping affected alleles was done with BCFtools v1.9 

(https://github.com/samtools/bcftools) aligned to the 1,000 genomes project (1KGP) phase 3 genome 

assembly before haplotype estimation (“phasing”) and imputation of missing genotypes with a subset 

(https://ega-archive.org/datasets/EGAD00001002729) of the Haplotype Reference Consortium (HRC) 

Release 1.110 containing 11,227 samples of European ancestry and the 1KGP11 as references using Beagle 

5.112,13; vi) post-imputation QCs removed samples and variants (HRC with SNPs only; 1000 genomes 

including SNPs, small insertions and deletions) using the same thresholds mentioned above plus all 

imputed variants with a Dosage R-squared score ≤85% (DR2; estimated squared correlation between 

estimated REF dose [P(RA) + 2*P(RR)] and true REF dose); vii) extraction of allele dosages (continuous 

variable between 0 = homozygote for REF allele and 2 = homozygote for ALT allele) for each variant in 

every individual and data preparation for the association were done with BCFtools v1.9 and PLINK 2.00a; 

viii) associations on single cohorts were performed using an univariate linear mixed model (uLMM) 

algorithm implemented in GEMMA v0.98.114 using quantitative traits and including the first 2 PCs for the 

UK cohort and the first 4 PCs for the CEC and the Spanish cohort previously calculated on independent 

genotyped SNPs performed with the EIGENSOFT package ix) meta-analysis on summary statistics 

resulting from the GEMMA uLMM was performed with GWAMA15 v2.2.2 having ‘--indel_alleles’ and ‘--

genomic_control’ activated; x) visualisation of data (Manhattan-, QQ-, and PCA plots) was done with R 

statistical program v3.5.116 and the online tool LocusZoom (https://my.locuszoom.org/) was used for the 

regional association plots whereby linkage desiquillibrium (LD) was estimated based on the 1KGP EUR 

population according to the GRCh37/hg19 genome build coordinates. Post GWAS analysis using 

SNP2GENE and GENE2FUNC tools implemented in the online tool FUMA (https://fuma.ctglab.nl/) did not 

reveal any new insights for the CFH/CFHR gene region. 

 

7 MLPA 

The MLPA kit SALSA MLPA probemix P236-A3 ARMD mix-1 was used to genotype the CFH-CFHR gene 

region according to the manufacturer’s instructions (MRC-Holland, Amsterdam, the Netherlands). 

https://github.com/biocore-ntnu/snpflip
https://github.com/samtools/bcftools
https://ega-archive.org/datasets/EGAD00001002729
https://fuma.ctglab.nl/


 
 

 

8 FH and FHR-3 ELISA 

FH and FHR-3 levels in serum were determined by highly specific ELISA’s previously described17. In short, 

FH was measured by ELISA using an in-house developed, highly specific mouse monoclonal antibody 

(mAb) directed against SCR domains 16/17 of FH (clone anti-FH.16, Sanquin Research, Amsterdam, The 

Netherlands), as the capture mAb and using polyclonal goat anti-human FH (Quidel, San Diego, CA, USA), 

which was HRP-conjugated, as the conjugate. For the specific detection of FHR-3, an in-house developed 

mAb directed against FHR-3 and FHR-4A was used as the capture antibody. A biotinylated mAb directed 

against FHR-3 and FH was used as conjugate.  

FH and FHR-3 serum levels of all samples together with their genotypes are reported in Table S10 in the 

Supplementary Appendix. 

 

9 Statistical analysis  

We first carried out association testing using Fisher's exact test for rare SNPs and logistic regression 

analysis for common SNPs and CNV under an additive genetic model in the Central European sequenced 

samples (PLINK v1.07; http://pngu.mgh.harvard.edu/purcell/plink/). This was done after removing samples 

that were related (using genome wide SNP data available1) and showing the lack of population stratification 

(lambda=1). We also observed that the allele frequencies of the SNPs based on a cohort excluding the 

samples with CNV as similar to the cohort having samples with CNV, thus allowing us to consider all the 

samples for analysis. The P-values obtained from the Central European cohort were utilized as cut-offs to 

choose SNPs selected for replication. To mitigate the effect of population stratification, association of SNPs 

with MD was analyzed separately in all three replication cohorts under the additive model using logistic 

regression analysis and Fisher's exact test. Finally, meta-analysis both for SNPs and a CNV was performed 

by combining the summary statistics of stage 1 and 2 data in European populations using the Cochran-

Mantel-Haenszel (CMH) test after testing for between-study heterogeneity with the Breslow-Day test. In 

addition, for CNV all the samples were combined and analyzed under genotypic and additive model after 

http://pngu.mgh.harvard.edu/purcell/plink/


 
 

removing samples carrying allele ‘C’. Regional plots of association were generated using LocusZoom with 

the GRCh37/hg19 genome build and LD pattern from 1,000 Genomes project EUR population. A forest plot 

was made using the metafor package in R. The meta-analysis P-value was estimated by Inverse-variance 

fixed-effect model.   

We performed ANCOVA, with sex as a covariate, to estimate the overall difference in the protein levels 

across six genotype groups. To assess the difference of protein levels between two genotype groups we 

also performed a t-test (after adjusting for multiple comparisons tests using Holm’s method).  

Genotype-phenotype correlation of SNPs in Europeans was analyzed for FH and FHR-3 protein level using 

linear regression analysis following the additive model. We combined UK and Central Europe samples QTL 

dataset to conduct fixed-effects meta-analysis after assessing the level of heterogeneity between both 

cohorts. Regional plots of QTL analysis were generated using LocusZoom using GRCh37/hg19 genome 

build and LD pattern from 1,000 Genomes project EUR population. To study the effect of SNPs on protein 

levels, we only considered samples without deletions and performed a QTL analysis.  

 

10 Identification of Regulatory elements 

Using haploreg v318, we annotated the liver specific regulatory element in the CFH-CFHR region. To further 

confirm it Road Map ChIP-seq data showing active promoter region predicted only in the E066 liver cell-

line by H3K4me3 and H3K9ac (in duplicates) were analyzed (http://epigenomegateway.wustl.edu/browser/). 

To understand the plausible mechanism by which the regulator elements govern the gene expression of 

CFH, we analyzed UCSD Hi-C H1 and IMR90 data (http://epigenomegateway.wustl.edu/browser/) with 20 

kilobases resolutions (in duplicates).  

 

11 Luciferase assay 

For plasmid construction (primers listed in Table S12 in the Supplementary Appendix), the putative 2.8 kb 

regulatory sequence was amplified from H1 hES genomic DNA for the major allele of rs75703017  (pGL3-

http://epigenomegateway.wustl.edu/browser/
http://epigenomegateway.wustl.edu/browser/


 
 

C) using luci 5’ F and 3’ R primers. Regulatory sequences containing the minor allele of rs75703017 (pGL3-

A) and minor allele of rs75703017 and  minor alleles of two close SNPs identified (A for rs446868 and C 

for rs385390) to rs75703017 (pGL3-AAC) were amplified from gBlocks designed with the specified SNPs 

and H1 gDNA (luci 5’ F, 5’ R, 3’ F and 3’ R primers). The amplified fragments were ligated to the SalI cut 

site of pGL3-Promoter (Promega, E1761) plasmid. We chose rs446868 and rs385390 to determine if we 

could observe additional regulatory effect or independent effect (if rs75703017 does not show any 

regulatory effect). These two SNPs were in perfect LD (based on 1000 genome data; 

http://archive.broadinstitute.org/mammals/haploreg/haploreg.php), most proximal (one upstream in the 5’-

UTR region and one before that) with the lead SNP.  

The luciferase assays were conducted with Dual-Glo® Luciferase Assay System (Promega, E2920) using 

the GloMax®-Multi+ Detection system according to manufacturer’s instructions. The pGL3-Promoter 

constructs were transfected into HepG2 and HEK293T cells with Lipofectamine 3000 (ThermoFisher, 

L3000015), according to manufacturer’s instructions. Briefly, 40,000 and 25,000 cells per well of HepG2 

and HEK293T respectively were seeded in 96-well plates. After 24h the cells were transfected with 0.5 µL 

of lipofectamine and 100 ng of each pGL3-Promoter plasmid and 10 ng of pRL-SV40 (renilla) plasmid per 

well. Luciferase analysis was done 48h after transfection. At least three replicate wells were analysed for 

each test condition and the experiment was repeated three times (twice for HEK293). 

Each experiment, measured in triplicates or more, was normalized by dividing the test reporter (Firefly 

luciferase) activity by the internal control reporter (Renilla luciferase) activity. The normalized values were 

then averaged. To compare the estimates between different experiments we further normalized fold-change 

between different construct/test groups by dividing the average value of a construct with the average value 

of another construct. To determine the significance of fold–change we calculated P-value using single 

sample t-test. 

 

12 Human embryonic stem cells differentiation  



 
 

Wild type and CRISPR/Cas targeted H1 hES cells were maintained on Geltrex coated plates (Thermo 

Fisher, A1413302) in mTeSR1 or TeSR E8 (Stemcell technologies, #05850 &#05940). Cells were 

differentiated to hepatocyte like cells over 18 days as previously described19.).  

 

13 Genome editing of differentiated hepatocytes by CRISPR/Cas9  

Guide RNAs flanking the liver specific regulatory region were designed using the online CRISPR design 

tool at http://crispr.mit.edu/ and the gRNAs with the best available on target and off target scores were 

selected after in vitro testing (Table S3 in the Supplementary Appendix). The guide RNAs selected for 

targeting experiments were used with 2sg-SpCas92AClover and 4sg-nSpCas92AClover plasmids and 

electroporated into H1 hES cells with Amaxa 4D nucleofector (Lonza). Following the treatment cells were 

plated out for two days to recover. After this the cells underwent FACS for Clover+ cells to enrich for 

CRISPR/Cas targeted cells. Clover+ cells were seeded at a low density (500 -1,000 cells per one 6-well). 

After 2-3 weeks of culture single colonies were picked from the wells and expanded for screening and 

frozen for stock. Deletion of liver specific regulatory region was determined by PCR with primers spanning 

the targeted region (Table S13 in the Supplementary Appendix). Confirmed deletion clones and wild type 

controls were used in downstream analysis. 

 

14 Construction of plasmids 

Primers used for constructing the plasmids are listed in Table S12 in the Supplementary Appendix. All 

restriction enzymes were purchased from NEB, unless stated otherwise. PCR reactions were conducted 

using Q5® Hot Start High-Fidelity 2X Master Mix (NEB, M0494L) or Phusion High-Fidelity PCR Master Mix 

with HF Buffer (ThermoFisher Scientific, F531S). Ligations were conducted using isothermal assembly with 

NEBuilder® HiFi DNA Assembly Master Mix (NEB, E2621L) or In-Fusion® HD EcoDry™ Cloning Plus 

(Clontech, 638915). Primers and dsDNA fragments were ordered from IDT. 

EF1a promoter was PCR amplified from N205 plasmid (Addgene plasmid # 44017), a gift from Jerry 

Crabtree20, and Amp pUC fragment from pCMV-Bsd (Thermo, V51020). Plasmids pX330 and pX335 

http://crispr.mit.edu/


 
 

(Addgene plasmid # 42230 & # 42335), gifts from Feng Zhang21, were digested with XbaI & AarI (Thermo, 

ER1582) and EF1a was ligated in. The modified plasmids were digested with SspI and XbaI and Amp pUC 

fragment ligated. DNA fragments encoding BsmBI, AarI and BspQI chimaeric gRNA cassettes were 

amplified from gBlocks and BbsI chimaeric gRNA cassette amplified from px335. The cassettes were 

subsequently ligated into XbaI site of the EF1a-SpCas9 & EF1a-nSpCas9 plasmids to make 2sg and 4sg 

plasmids respectively. The plasmids were digested with PmlI and EcoRI, Cas9 3’ fragments were amplified 

from 2sg and 4sg plasmids and 2AClover fragment was amplified from a gBlock. The Cas9 3’ fragments 

were respectively ligated together with the 2AClover fragment and the digested plasmids to make the final 

2sg-SpCas92AClover and 4sg-nSpCas92AClover plasmids. 

 

16 gRNA testing 

The designed gRNAs were tested using a GFP reconstitution assay22. Briefly, the liver specific regulatory 

region was amplified from H1 gDNA and inserted into SalI cut site of pCAG-EGxxFP plasmid (Addgene 

plasmid # 50716), a gift from Masahito Ikawa. Designed gRNAs were cloned into the BbsI cut sites of px330 

plasmid. The target plasmid and each of the tested gRNA plasmids were transfected into HEK293T cells 

at a 1:1 ratio using 5 g Polyethylenimine per 1g of DNA. The expression of GFP was observed after 48h 

and the most efficient gRNAs were selected for targeting of hES. 

 

17 RT-qPCR 

Total RNAs were extracted from undifferentiated and liver differentiated cells with the RNeasy kit (Qiagen) 

according to manufacturer’s instruction. RNA integrity and quantity were checked by running the samples 

on a Bioanalyzer RNA 6000 Nano chip (Agilent). One microgram of total RNAs were used for reverse 

transcription using QuantiTect Reverse Transcription kit (Qiagen) followed by qPCR with LightCycler 480 

SYBR Green I Master (Roche) according to the manufacturers’ instructions. The following PCR program 

was used: 5 minutes at 95°C; 45x (10 seconds at 95°C, 1 minute at 65°C, 30 seconds at 72°C). The ΔΔCt 

method was applied to determine the fold change in expression of the genes of interest, by normalizing 



 
 

with the housekeeping gene GADPH. Liver markers were tested on liver differentiated cells versus 

undifferentiated cells. CFH expression was investigated in CFHR3-deleted cells versus wild type. 

Sequences of the primers used for qPCR are shown in Table S13 in the Supplementary Appendix. To 

determine the significance of fold–change we calculated P-value using single sample t-test. 
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 Figure S1. - Overall study design 

                            

Deep sequencing of CFH-CFHR region in 238 cases and 237 controls 

Validation of 51 SNPs and CFHR3-CFHR1 deletion in 3 cohorts 

GWAS meta-analysis in 1,246 cases and 7,197 controls 

Central Europe 
279 cases vs.  
395 controls 

UK 
755 cases vs.  
1,253 controls 

Spanish 
488 cases vs.  
1,024 controls 

Central Europe 
358 cases vs.  
1,770 controls 

UK 
472 cases vs.  
4,614 controls 

Spanish 
416 cases vs.  
813 controls 

FH/FHR-3 serum level concentrations in 367 cases and 124 controls 

FH/FHR-3 protein levels in plasma with genotype-phenotype correlation 
of SNPs and CNVs in 295 UK and 56 Central European individuals 

Dual-Luciferase Assay in HegG2 and HEK293T cell lines 

Genome editing by CRISPR/Cas9 of Human Embryonic cells (H1) 

Differentiation of edited and non-edited H1 cells to liver cells 
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Figure S2. - Sequencing a) Target region (solid green) and captured region (chr1:196,620,000-196,979,000) 

including CFH to CFHR5 genes. b) Depth of coverage of each samples (orange bars; average 227x ± 47) 

and percentage of sequenced region with depth of coverage 5x or more per sample (blue line)  
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Figure S3. - Plot showing meta-analysis of quantitative trait association results based on samples without 

CFHR3/CFHR1 deletions [combining the P-values, obtained by linear regression, of the UK (n=186) and 

the Central Europe (n=37) SNPs genotyped at the replication stage]. Genetic recombination rates (cM/Mb), 

estimated using 1KGP samples, are depicted by a blue line] and the color intensity of each symbol reflects 

the extent of LD with the labeled SNP rs75703017 (SNPs arranged according to their GRCh37/hg19 build 

chromosomal position on x-axis and genetic recombination rates (cM/Mb), estimated using 1KGP samples), 

for protein levels (µg/mL) of a) FH and b) FHR-3 
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Figure S4. – a) Principal componant analysis (PCA). Plots showing the first 4 PCs of each single GWAS 

cohort A) CEC (red = CEC cases, green = Austrian and Dutch controls, blue = German controls); B) UK 

(red = UK cases, blue = UK controls); C) Spain (red = ESP cases, blue = ESP controls). 



 
 

Figure S5. – Quantile-quantile (QQ) plot of the GWAS meta-analysis showing expected versus observed 

p-values calculated with R [chi <- ( qchisq (1 - assoc$P, 1) ) ; lambdaGC = median (chi) / qchisq (0.5, 1)] 

on genotyped variants only (298,246 intersecting variants, λGC  = 1.007) and on all variants (6,387,059 

variants, λGC  = 1.002, figure not shown) as well as the LocusZoom online tool on a subset of genotyped 

and imputed variants (1,596,765 variants, λGC = 1.002, left upper and right lower corner). 

 



 
 

Figure S6. – Manhattan plot of the GWAS meta-analysis of genotyped (green dots shown below 1x10-3) 

and imputed variants. Autosmomes are shown on the x-axis and the observed p-values [-log10(p)] on the 

y-axis. Horizontal lines indicating the borders to suggestive (blue line; below 1x10-5) and genome-wide 

significant variants (red line; below 5x10-8). 

 



 
 

Figure S7. – a) Schematic illustration of the luciferase constructs used. Four test firefly plasmids pGL3-

Empty, pGL3-C, pGL3-A & pGL3-AAC and the control renilla pRL-SV40 plasmid, each with key features 

and differences indicated. b) Effect of 2.8 kb regulatory sequence and the lead SNP rs75703017 (major 

and minor allele) on reporter (firefly luciferase) activity in HEK293T (Human embryonic kidney cell line). 

We compared cells containing an empty vector, mimicking CNV, (pGL3-Empty), and three constructs 

containing: major allele lead SNP, rs75703017 (pGL3-C); minor allele only (pGL3-A); and minor alleles of 

rs75703017and its two nearest SNPs (rs446868 and rs385390, pGL3-AAC). The graph is representative 

of five independent experiments.  
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Figure S8.  -  a) Screening of CRISPR deleted clones. Lane 1: wild-type H1, lane 2: DNA ladder, lanes 3, 

5 and 7: unsuccessful clones, lane 4: KO1(gRNA 1&3) and lane 6: KO2(gRNA 1-4). Expected size of wild 

type H1 is 3087bp b) Fold change [cells after liver differentiation (Diff)/undifferentiated (Undiff)] of 

expression levels for four liver markers of two CRISPR edited (KO) cell lines and one unedited (WT) H1 

hES cell line (each colored bar for a protein represents one data point). Expression was measured by RT-

qPCR. 
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Figure S9. - Road Map ChIP-seq data (top panel) showing active regulatory region predicted only in the 

E066 liver cell-line by H3K4me3 (orange) and H3K9ac (purple) overlapping with the top SNP (rs75703017 

depicted by yellow bar) and the SNPs in LD with it. UCSD Hi-C data (bottom panel) with 20 Kb resolution 

predicts cis-interaction (pink curves) between CFHR3 and CFH gene in H1 and IMR90 cell lines. The 20 

kb fragment showing this interaction includes intron 1 of CFHR3, location of rs75703017 (shadowed in 

yellow in the picture). For the purpose of reproducibility all the data were generated in duplicates. 
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Table S1: Overall study design with methods and cohorts or cell lines 

 Stage / Study Cohorts  Platform / Method Design # Cases # Ctrls 
Cases vs 

Ctrls 

Reference 
population / genetic 
coordinates 

Notes 

A
s

s
o

c
ia

ti
o

n
 s

tu
d

ie
s

 (
c

a
s
e

 -
 c

o
n

tr
o

l)
 

Initial GWAS 
(Davila et al. 
2010) 

UK 
Illumina Human 
610K + 1.2M 

Discovery 475 4,703 

1,480 
vs 

6,104 

CEU HapMap 
population on 
GRCh36/hg18 
coordiantes 

Historical study; leadSNPs: 
rs1065489 (genotyped in CFH 
gene);  rs426736 (imputed in 
CFHR3 gene); imputation in 
CFH/CFHR region only 

Western 
Europe Sequenom 

Multiplex 
MassArray 

Replication 1 590 864 

Spain Replication 2 415 537 

First GWAS 
meta-analysis 
(Martinon-
Torres et al. 
2016) 

Spain 
Illumina Human 
660W 

Discovery 422 910  
1,332 

vs 
5,178 

EUR 1KGP phase 1 
on GRCh37/hg19 
coordiantes 

Historical study; leadSNPs: 
rs1065489 (genotyped in CFH 
gene);  rs193053835 (imputed in 
CFH gene); genome-wide 
imputation 

UK 
Illumina Human 
610K + 1.2M 

Replication1 475 4,703 

Stages 1 + 2 
Fine-mapping 
by sequencing 
and genotyping  

CEC 

Nimblegen capture-
targeted 
sequencing 
(HiSeq2000) 

Discovery 
(stage 1) 

238 237 

1,760 
vs 

2,909 

GRCh36/hg18 
coordiantes 

leadSNP: rs75703017 
(sequenced and genotyped in 
CFHR3 gene) 

UK 
Sequenom 
Multiplex 
MassArray 

Replication 
(stage 2) 

755 1,253 

CEC 279 395 

Spain 488 1,024 

Detection of 
copy number 
variations 
(CNVs) 

CEC from re-
sequencing 
dataset 

cnvCapSeq Discovery 238 237 

1,540 
vs 

1,700     

GRCh36/hg18 
coordiantes 

- qPCR 
Cross-
validation 

Subset of 67 from 
discovery  

Taqman assay Validation 2 1,302 1,463 

Stages 3 
Second GWAS 
meta-analysis 

CEC 
Illumina Human 
Omni 1M + Omni 
Express 

Discovery 358 1,770 

1,246 
vs 

7,197 

1KGP phase 3 & 
HRC release v1.1 
(subset) on 
GRCh37/hg19 
coordiantes 

leadSNPs: rs1065489 (genotyped 
in CFH gene);  rs200384682 
(InDel imputed in CFHR3 gene); 
rs431408 (SNP imputed in 
CFHR3 gene); genome-wide 
imputation 

UK 
Illumina Human 
610K + 1.2M 

Replication 1 472 4,614 

Spain 
Illumina Human 
660W 

Replication 2 416 813 

P
ro

te
in

 l
e
v
e
l 
a
n

a
ly

s
is

 FH/FHR-3 
serum level 
concentrations 

UK 

ELISA Discovery 

308  
367 
vs 

124 
- 

Case vs control comparison of 
FH and FHR-3 levels 

CEC 59 124 

Protein 
quantitative 
trait loci (pQTL) 

UK 

ELISA, 
Multiplex ligation-
dependent probe 
amplification 
(MLPA) & Taqman 
assays 

Discovery 

295   
295 
vs 
56 

- 
Genotype-phenotype correlation 
of SNPs and CNVs for FH and 
FHR-3 levels 

CEC   56 

F
u

n
c

ti
o

n
a

l 
a

n
a
ly

s
is

 

Dual-
Luciferase 
Assay 

HepG2 (liver 
cell line) 

Differential 
expression 
detected by a  
test reporter 

Comparison of 4 different constructions: pGL3 
(empty vector) vs pGL3-WT (wild type) vs 
pGL3-M (mutant alone) vs pGL3-3M (mutant + 
flanking SNPs) 

- - HEK293T 
(Kidney cell 
line) 

Cell line 
differentiation 

Human 
Embryonic 
cells (H1) 

Genome-editing by 
CRISPR/Cas9 

H1 cells were differentiated to liver with ability 
to express FH and FHR-3 

- - 

Stem cell 
differentiation 
to liver cells 

edited H1 
cells 
(genotype 
DD) 

qRT-PCR 

Fold change of CFH transcript expression 
levels in edited-H1 (DD) and non-edited H1 
cells (DC) carrying 0 and 1 copy of 
CFHR3/CFHR1 genes, respesctively. 

- 
‘D’ = CFHR3/CFHR1 deletion and 
‘C’ = wild type allele non-edited 

H1 cells 
(genotype 
DC) 

 

  



28 
 

Table S2: Sequence of screening primers used to validate copy number variants within CFHR1 and 

CFHR3 

CFHR1 F: AAATGCAGGTCCACTGGTAAGT 

CFHR1 R: GAGATGATGATGCTACCGGTTT 

CFHR3 F: GGAGAAAGGCTGGTCTCCTACT 

CFHR3 R: CTGAGACTGTCGTCCGTGTTAC 
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Table S3: Sequence of guided RNAs and screening primers used to target the region of interest 

gRNA 1 GCTTCAATAATTCCAGTTAG 

gRNA 2 CCTTAAAGCCCCTAGCTTCA 

gRNA 3 AGCGTCCCAAAGAAGTACAA 

gRNA 4 TTACACTTTGGCATAACAAA 

Screening primer F GAAGCCTTTCGTTCCCTT 

Screening primer R CACTAAAAGGCACTGGAA 
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Table S4: Number of SNPs which failed the different filtering criteria 

 No of SNPs 

Total 6020 

PASS 4369 

Strand Bias >60 733 

Haplotype Score >13 249 

Read Position Rank Sum <-8 354 

Quality <50 144 

MQ Rank Sum < -12.5 674 

Quality by depth <2 539 

Mapping Quality < 40 543 
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Table S5: List of SNPs genotyped by Sequenom on Chromosome 1 (n=44) 

Variant ID Position (GRCh37/hg19) 

No reported SNP 196,633,739 

rs34181066 196,643,762 

rs72734328 196,667,944 

rs12568400 196,738,295 

rs385390 196,743,927 

rs376841 196,746,600 

rs425524 196,746,724 

rs111994907  196,755,801 

rs401188 196,757,083 

rs387107 196,757,881 

rs116249058 196,767,218 

rs12409571 196,768,726 

rs57426012 196,837,456 

rs41310132 196,928,188 

rs1329423 196,646,387 

rs12127759 196,648,613 

rs16840419 196,651,745 

rs34331968 196,659,753 

rs10922093 196,661,181 

rs11580821 196,667,729 

No reported SNP 196,701,018 

rs1854499 196,737,289 

rs75703017 196,744,699 

rs620015 196,748,676 

rs1738741 196,767,225 

rs10754207 196,824,278 

rs12240148 196,845,307 

rs4086175 196,894,326 

rs12134975 196,625,997 

rs10922096 196,662,459 

rs453912 196,737,303 

rs2878713 196,739,431 

rs11807686 196,739,564 

rs12408446 196,741,197 

rs11807997 196,743,213 

rs370789 196,756,240 

rs391537 196,756,615 

rs390154 196,757,093 

rs377298 196,758,541 

rs1694442 196,767,289 

rs532507 196,767,381 

rs396051 196,776,342 

No reported SNP 196,801,353 

rs138307921  196,961,576 

 

http://genome-euro.ucsc.edu/cgi-bin/hgTracks?hgsid=248348897_8ox37CqrMl3a2N3zzLuDTkHHg5lL&db=hg19&position=chr1%3A196643762-196643762
https://www.ncbi.nlm.nih.gov/snp/rs111994907
https://www.ncbi.nlm.nih.gov/snp/rs138307921
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Table S6.- Comparison of notable GWAS variants from this study using the 1KGP controls, with GWAS 

and protein quantitative trait loci (pQTL) from Sun et al23. *dbSNP associated with MD1. 

GWAS SNPs MD.1KGP P-value Sun et al. P-value 
(GWAS or pQTL) 

Disease or Target / 
Mapped Gene 

Position on Chr 1 

rs1065489 1.25x10-10 NA MD / CFH 196,709,774 
rs529541 1.30x10-09 7.2x10-23 Factor H / CFH 196,719,716 

rs6695321 6.04x10-08 2.6x10-27 
PP2A, subunit B / 

CFH 
196,675,861 

rs75703017 6.80x10-08 NA MD / CFHR3 196,744,699 
*rs426736 1.12x10-07 NA MD / CFHR3 196,760,417 

rs1061170 2.83x10-04 1.0x10-261 
Age-related macular 

deg. / CFH 
196,659,237 

rs35662416 1.23x10-03 3.8x10-121 PDGFRA / CFHR5 196,967,354 
rs67908756 1.26x10-02 3.9x10-14 Calnexin / CFHR4 196,821,380 
rs7519758 1.56x10-02 1.4x10-304 LRC19 / CFHR4 196,825,287 
rs71631868 4.06x10-02 3.2x10-17 XRCC4 / CFHR4 196,815,711 

rs1410996 2.13x10-01 0.0x10-00 
Age-related macular 

deg. / CFH 
196,696,933 

rs2274700 2.39x10-01 1.6x10-51 
Age-related macular 

deg. / CFH 
196,682,947 
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Table S7.- Adjusted P-values estimated using the t-test between different genotype categories of 

rs75703017 for FHR-3 (lower triangle of the matrix) and FH levels (n=358) (upper triangle of the matrix, 

respectively). The P-value is adjusted for multiple comparison correction using Holm’s method. The 

description of the alleles is in Figure 2. 

 AA CA DA CC DC DD 

AA  0.82 0.45 0.04 4.8x10-3 6.9x10-6 

CA 0.05  0.48 1.5x10-4 2.7x10-7 2.3x10-9 

DA 1.6x10-3 0.04  0.82 0.44 2.1x10-3 

CC 4.8x10-7 3.5x10-10 0.32  0.18 1.1x10-4 

DC 5.8x10-13 <2.0x10-16 1.4x10-3 1.6x10-9  6.8x10-3 

DD 7.6x10-16 <2.0x10-16 7.4x10-7 5.5x10-10 2.2x10-3  
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Table S8.- Unadjusted Odds ratio (P-values) of the CFHR3/CFHR1 deletion with susceptibility to MD. 

Sequence Replication  

Central European Central European UK Spain Meta Analysis 

1.49 (0.028) 1.1 (0.50) 1.01 (0.94) 1.07 (0.50) 1.02 (0.76) 
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Table S9.- Unadjusted P-values for MD estimated using logistic regression analysis for top associated 

SNP (rs75703017). To eliminate the effect of risk allele ‘C’, only samples with mutant ‘A’ allele were 

considered. Dominant model refers to AA + A/del vs del/del comparison. ‘del’ refers to CFHR3/CFHR1 

deletion 

 Genotypes Total P-Values 

 AA A/del del/del  Genotype model Dominant model 

Cases/Controls 35/50 69/140 73/78 177/268 0.013 8.10x10-3 
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Table S11.- Beta and P-values for top associated SNP (rs75703017 with minor allele ‘A’) obtained using 

phenotype-genotype correlation from FH and FHR-3 protein dataset. To remove the effect of copy 

number change, samples without copy number change were considered (n=185 and 37 for the UK and 

the Central Europe samples, respectively) for the analysis. 

 UK Western Europe Meta-Analysis 

 Beta SE P Beta SE P Beta P Q I2 

FHR-3 0.4781 0.06926 8.11x10-11 0.3887 0.1674 0.0262 0.465 3.70x10-13 0.6217 0.00 

FH -47.46 9.135 5.41x10-07 -69.1 31.8 0.03666 -49.1096 2.23x10-08 0.5131 0.00 
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Table S12: Sequence of primers and oligos for plasmid construction 

EF1a F GACAAATGGCTCTAGATTCACTCGAGGTGCCCGT 

EF1a R TGAAAAAAAGTGATTATCCTCACGACACCTGAAA 

Amp pUC F GAATTTTAACAAAATTAGACGTCAGGTGGCACT 

Amp pUC R CTCGAGTGAATCTAGAATGTAACGGACCTCGAGC 
  

sg chimeric pUC F TCCGTTACATTCTAGGAGGGCCTATTTCCCATGA 

sgRNA cassette F GACAAATGGCTCTAGGAGGGCCTATTTCCCATGA 

sgRNA cassette R CTCGAGTGAATCTAGAGCCATTTGTCTGCAGAATTGG 
  

Cas9 3' F AGCTGCTGGGGATCACCATCATGGAAAGAAGCAGCTTCGAGAA 

Cas9 3' 2sg R AGTGGCTCCGCTTCCCTTTTTCTTTTTTGCCTGGCCGGCCTTT 

Cas9 3' 4sg R AGTGGCTCCGCTTCCGCTGGCCTCCACCTTTCTCT 

2A Clover F ggaagcggagccactaacttctccctgttgaaac 

2A Clover R CGAGCTCTAGGAATTCttaCTTGTACAGCTCGTCCAT 
  

luci 5' F gtaaaatcgataaggatccgCATTTTGTAAAACTCTCTGAAC 

luci 5' R atatagttctTTAATATGCAAGGCCTGC 

luci 3' F tgcatattaaAGAACTATATGGTAACATTAGCAG 

luci 3' R aaggctctcaagggcatcggAGTCAAGGAAATCCTGGG 
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Table S13: Sequences of primers used for qPCR for quantification of liver specific transcripts, CFH and 

CFHR3 in H1 and H1-differentiated liver cells 

Gene Forward Reverse 

TAT  CCTTTACTTGGAAGGCTTCGCT CGTCCAGAATTGAGGGGAGGTT 

CYP3A4 AAGTGTGGGGCTTTTATGATGGT GGTGAAGGTTGGAGACAGCAATG 

AAT CCCCTGTTTGCTCCTCCGATAA CGGCATTGTCGATTCACTGTCC 

ALB ACCCCACACGCCTTTGGCACAA CACACCCCTGGAATAAGCCGAGCT 

CFH  TGCACAAGTACTGGCTGGAT TCCCAGTAACTTCCTGACGGA 

  



39 
 

Funding supporting the establishment of MD cohorts used in this study 

The UK meningococcal cohort was established with support from Meningitis Research Foundation through 

grants to Imperial College London (MRF 0402 and 1004.0). Patients were recruited through a grant from 

the Imperial College Biomedical Research Center (DMPED_P26077). The ESIGEM Research group 

activities were supported by grants from GePEM (Instituto de Salud Carlos 
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84 Landeskrankenhaus Schärding, Schärding, Austria 

85 Leopoldina-Krankenhaus, Schweinfurt, Germany 

86 DRK-Kinderklinik Siegen, Siegen, Germany 

87 Städt. Klinikum Solingen, Solingen, Germany 

88 Johanniter Kinderklinik, Stendal, Germany 

89 Olga Hospital Stuttgart, Stuttgart, Germany 
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90 Kreiskrankenhaus Torgau, Torgau, Germany 

91 Klinikum Traunstein, Traunstein, Germany 

92 Landeskrankenhaus Tulln, Tulln, Austria 

93 St. Marien-Hospital, Vechta, Germany 

94 Landeskrankenhaus Villach, Villach, Austria 

95 Landeskrankenhaus Vöcklabruck, Vöcklabruck, Austria 

96 Klinikum Weiden, Weiden, Germany 

97 Krankenhaus der Barmherzigen Schwestern v. heiligen Kreuz, Wels, Austria 

98 Harz-Klinikum Wernigerode GmbH, Wernigerode, Germany 

99 Wilhelminenspital Wien, Wien, Austria 

100 St. Anna Kinderspital, Wien, Austria 

101 Gottfried von Preyersches Kinderspital der Stadt Wien, Wien, Austria 

102 Donauspital im SMZ-Ost der Stadt Wien, Wien, Austria 

103 Krankenhaus Wiener Neustadt, Wiener Neustadt, Austria 

104 St. Elisabeth Krankenhaus, Wittlich, Germany 

105 Zentrum für Kinder- und Jugendmedizin, Wuppertal, Germany 

106 Krankenhaus Muldentalkreis Wurzen, Wurzen, Germany 

107 Krankenhaus Zwettl, Zwettl, Austria 
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