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ARTICLE

Variation in CFHR3 determines susceptibility to meningococcal
disease by controlling factor H concentrations
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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 (1575703017, p value = 1.1 x 10~'®) by decreasing the concentration of FH in the blood
(p value = 1.4 x 10~'"). 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 world-wide. Although immunization has decreased the

incidence of invasive meningococcal disease (MD) in
Meningitis and sepsis caused by Neisseria meningitidis some countries, there are no vaccines effective against all
remain amongst the most feared bacterial infections serogroups, and the emergence of new serogroups and

"Human Genetics, Genome Institute of Singapore, Singapore, Singapore; ?Duke-National University of Singapore Medical School, Singapore, Singapore;
3Division of Pediatric Inmunology, Rheumatology, and Infectious Diseases, Emma Children’s Hospital, Amsterdam University Medical Centre, Amster-
dam, the Netherlands; 4Department of Immunopathology, Sanquin Research, Amsterdam, the Netherlands; SLandsteiner Laboratory, Amsterdam Univer-
sity Medical Centre, Amsterdam Infection and Immunity Institute, Amsterdam, the Netherlands; 6Cardiovascular Research Institute, Centre for Transla-
tional Medicine, National University Health System, Singapore; “Department of General Paediatrics, Medical University of Graz, Graz, Austria; ®Section
of Paediatric Infectious Disease, Division of Infectious Disease, Department of Medicine, Imperial College London, London, UK; 9Cancer Stem Cell Biology,
Genome Institute of Singapore, Singapore, Singapore; '°Micropathology, University of Warwick, Coventry, UK; 'Section of Pediatric Infectious Diseases,
Laboratory of Medical Immunology, Department of Laboratory Medicine, Radboud Institute for Molecular Life Sciences, Radboud University Medical Cen-
ter, Nijmegen, The Netherlands; 12Department of Pediatrics, Erasmus Medical Center-Sophia Children’s Hospital, University Medical Center, Rotterdam,
the Netherlands; '*Translational and Clinical Research Institute, Newcastle University, Newcastle Upon Tyne, UK; *National Institute for Health and
Care Research Newcastle Biomedical Research Centre Based at Newcastle Upon Tyne Hospitals National Health Service Trust and Newcastle University,
Newcastle Upon Tyne, UK; '*Paediatric Infectious Diseases and Immunology Department, Newcastle Upon Tyne Hospitals Foundation Trust, Great North
Children’s Hospital, Newcastle Upon Tyne, UK; '®Paediatric Infectious Diseases and Immunology, Wilhelmina Children’s Hospital University Medical
Centre Utrecht, Utrecht, the Netherlands; 17Department of Paediatrics, Division of Paediatric Intensive Care Medicine, Ludwig Maximilian University
of Munich and Dr. von Hauner’s Children’s Hospital, Munich, Germany; Bnstitute of Human Genetics, University of Bonn, Bonn, Germany; 19Child
Health Research Centre, The University of Queensland, Brisbane, Australia; 29paediatric Intensive Care Unit, Queensland Children’s Hospital, Brisbane,
Australia; >! Department of Intensive Care and Neonatology and Children‘s Research Center, University Children’s Hospital Zurich, Zurich, Switzerland;
22Medical Research Council Unit Gambia, Banjul, The Gambia; 23Translational Pediatrics and Infectious Diseases, Hospital Clinico Universitario de San-
tiago, Santiago de Compostela, Spain; 2*Genetics, Vaccines, Infectious Diseases, and Pediatrics Research Group, Instituto de Investigacion Sanitaria de San-
tiago, Universidad de Santiago de Compostela, Santiago de Compostela, Spain; 2*Centro de Investigacion Biomédica en Red de Enfermedades Respiratorias,
Instituto de Salud Carlos III, Madrid, Spain; 25Unidade de Xenética, Instituto de Ciencias Forenses, Facultade de Medicina, Universidade de Santiago de
Compostela, Santiago de Compostela, Spain; ?’GenPoB Research Group, Instituto de Investigacién Sanitaria de Santiago, Hospital Clinico Universitario
de Santiago, Santiago de Compostela, Spain; *®Institute of Infection, Veterinary and Ecological Sciences, University of Liverpool, Liverpool, UK; 2°Oxford
Vaccine Group, Department of Pediatrics, University of Oxford and the NIHR Oxford Biomedical Research Centre, Oxford, UK; **Department of Microbi-
ology and Immunology, The Peter Doherty Institute for Infection and Immunity, University of Melbourne, Melbourne, VIC, Australia; *'Infectious Dis-
eases, Genome Institute of Singapore, Singapore, Singapore; *?Infectious and Tropical Disease, London School of Hygiene & Tropical Medicine, London,
UK; **SingHealth Duke-NUS Institute of Precision Medicine, Singapore, Singapore

34present address: Department of Genetics and Genomic Sciences, Icahn School of Medicine at Mount Sinai, New York, NY, USA

35These authors contributed equally

36These authors contributed equally

*Correspondence: t.w.kuijpers@amsterdamumc.nl (TLW.K.), gmssmdd@nus.edu.sg (S.D.)

https://doi.org/10.1016/j.ajhg.2022.08.001.

© 2022 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1680 The American Journal of Human Genetics 109, 1680-1691, September 1, 2022 L)

Gheck for
Updaies


mailto:t.w.kuijpers@amsterdamumc.nl
mailto:gmssmdd@nus.edu.sg
https://doi.org/10.1016/j.ajhg.2022.08.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajhg.2022.08.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

strains'? 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.”®

A remarkable feature of N. 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.*”*

There is good evidence that genetic factors play a role in
MD.?"!! Rare Mendelian defects in complement genes are
associated with familial MD.'*'* 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], CFHRZ2 [MIM: 600889], and CFHRS5 [MIM:
608593]) genes.'“ 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."*

Factor H (FH) is a serum glycoprotein that is synthesized
mostly in the liver and acts as a negative regulator of the
alternative complement activation pathway.'® FH is a crucial
factor in preventing host cell damage by uncontrolled com-
plement activation,'® and genetic variation in CFH or the
CFHR genes is associated with several diseases, including sys-
temic lupus erythematosus (SLE [MIM: 152700]),'” glomeru-
lonephritis,'® IgA nephropathy,'? atypical hemolytic uremic
syndrome (aHUS [MIM: 235400])*° and age-related macular
degeneration (AMD [MIM: 603075),%!** although the mech-
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),** Porin
B2 (PorB2),”* Porin B3 (PorB3),” and FH-binding protein
(tpr)Z" and is believed to survive and replicate in human
blood by using the surface bound FH in a “Trojan horse” pro-
cess to inhibit complement-mediated killing. Genetically
regulated differences in FH plasma concentrations might
thus alter susceptibility to N. meningitidis. Furthermore, inhi-
bition of complement by “hijacking” FH has been adopted as
an immune evasion strategy by several pathogens, including
fungi, parasites, and viruses next to bacteria (reviewed in*’).
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

with MD in UK, Spanish, and other European cohorts have been
reported previously, as have the diagnostic criteria, recruitment
procedure, and ethical approvals'>?® (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).'”'' 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
from Central Europe;*’ and 416 individuals with MD and 813 con-
trols from Spain®'®) 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 association with MD 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
(chrl: 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 227X (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 (Tagman 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 Tagman qPCR assays.
For pQTL data, multiplex ligation-dependent probe amplification
(MLPA) and Tagman 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.
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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,'® including
newly genome-wide-genotyped cohorts from Central Europe®” and
Spain'’ (stage 3, see supplemental information). After pre-processing
(supplemental information), we used BEAGLE (version 5.1°°) to
perform haplotype estimation and imputation of missing 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 0.98.1°") 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 2.2.2°?) was used for the
subsequent meta-analysis of the single summary statistics, resulting
in an overall genomic control lambda (Agc) 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.** 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.**

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, Clover™ 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

rs75703017 )
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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 (1s75703017). The color intensity
of each symbol reflects the extent of LD with the top GWAS SNP.

SNPs after application of stringent quality-control filters
(Table S4). The strongest signal of association was identi-
fied on CFHR3 in a region with high linkage disequilibrium
(LD, D’ = 0.92) with the previously reported lead variant,
151065489 in CFH.'”'"*° 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 = 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), 1s75703017 (p value = 1.1 x 107'°), located in
intron 1 of CFHR3, showed consistent odds ratios (OR =
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 of CFHR3 and CFHR1 (Figure 3C). Us-
ingasubset of the HRC reference panel identified only four of
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 5 x 10~® (Table 2 and Figure 3). The usage of updated ref-
erences and bioinformatic tools for the association mapping
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Table 1.

Unadjusted p values and ORs of top SNPs from sequencing, genotyping, and the combined analysis

Sequence Replication

Central Europe Central Europe UK Spain Combined CMH?
SNP ID MAF MD MAF con value OR MAF MD MAF Con value OR MAF MD MAF con value OR MAFMD MAF Con value OR value OR

p P P p P

175703017  0.12 0.21 3.11 x 107% 0.62 0.14 0.21 3.60 x 107% 0.68 0.14 0.21 8.34x 107° 0.71 0.18 0.26 2.26 x 107* 0.72 1.11 x 107'® 0.62
rs620015 0.13 0.21 6.18 x 10~ 0.65 0.14 0.22 3.62 x 107% 0.68 0.15 0.21 2.27 x 1075 0.73 0.20 0.26 1.01 x 107® 0.75 9.55 x 10™'° 0.64
rs387107 0.14 0.21 9.35 x 10°% 0.67 0.14 0.21 449 x 107 0.68 0.15 0.21 497 x 107> 0.74 0.20 0.27 3.11 x 107* 0.73 1.24 x 107'* 0.65
1s385390 0.14 0.22 6.04 x 107% 0.65 0.15 0.22 9.74 x 107 0.71 0.15 0.21 1.50 x 107> 0.72 0.20 0.27 7.11 x 107* 0.75 1.35 x 10°* 0.65
rs12409571  0.13 0.21 5.04 x 10°% 0.64 0.14 0.21 8.20 x 107 0.70 0.15 0.20 1.10 x 107* 0.75 0.19 0.26 2.46 x 107* 0.73 2.38 x 107'* 0.65
5425524 0.13 0.21 7.46 x 1072 0.65 0.36 0.45 497 x 10°% 0.73 0.31 0.42 2.63 x 107° 0.66 0.46 0.50 9.96 x 1072 0.87 8.26 x 107'* 0.69
rs401188 0.13 0.21 5.98 x 10°% 0.65 0.22 0.25 3.36 x 1071 0.87 0.20 0.34 1.14 x 1071 0.46 0.34 0.38 3.22x 1072 0.76 3.32x 107'% 0.64
rs1738741  0.14 0.21 9.35 x 10°% 0.67 0.14 0.21 1.06 x 1072 0.71 0.15 0.21 1.39 x 107> 0.72 0.22 0.27 1.43 x 1072 0.81 1.54 x 107'2 0.67
1s376841 0.13 0.21 442 x 10°% 0.64 0.10 0.16 1.55 x 1073 0.56 0.10 0.15 1.29 x 107> 0.63 0.14 0.18 474 x 107* 0.65 3.06 x 1071 0.66
151329423  0.19 0.27 410 x 1072 0.63 0.21 0.26 3.43 x 1072 0.75 0.21 0.25 9.72 x 107* 0.78 0.23 0.30 7.31 x 107° 0.70 5.07 x 107'° 0.73
1511807997  0.13 0.21 5.12 x 107% 0.64 0.19 0.18 8.97 x 107! 1.02 0.15 0.21 1.24 x 107*  0.74 0.19 0.25 112 x 107 0.75 1.34x107° 0.71
1512408446 0.13 0.20 7.96 x 107> 0.65 0.20 0.18 519 x 107' 1.08 0.15 0.21 8.96 x 10°° 0.74 0.19 0.25 1.36 x 1072 0.76 6.86 x 1072 0.72
15116249058 0.14 0.21 7.53 x 107 0.66 0.12 0.14 2.54 x 1071 0.83 0.12 0.15 1.74 x 1072 0.81 0.14 0.21 8.85x 10°° 0.67 9.59 x 1077 0.70

4CMH = Cochran-Mantel-Haenszel test; MD = individuals with meningococcal disease; con = healthy controls; MAF = minor-allele frequency; OR = odds ratio.
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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 to CFHR3, 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
observed discrepancies between the FH associations reported
by Sun et al.*° 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 = 0.63), also
showed the most significant association with lower FH
serum concentrations (p = 1.4 x 107'!, 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 CFHRI
(including rs75703017) has been shown to influence sus-

ceptibility to several inflammatory diseases.'”'?***7 To

establish whether this deletion was also associated with
susceptibility to MD, we determined CNVs in the
sequenced individuals with MD by using cnvcapSeq,*®
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 = 0.76) between the CFHR3/CFHR1 deletion
and susceptibility to MD (Table S8), as previously re-
ported.'%*> 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/CFHR]1 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 = 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
1575703017 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,*”*° which is concordant with the liver’s being
the main FH-producing organ.'* 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
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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."’

(B) The plot represents the genes located in the captured region (ranging from CFH to CFHRS5) 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 CFHRI1.

(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 1+2 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
reported'”*® 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); 1s75703017 minor allele A (pGL3-A); and
1575703017 minor allele A together with minor alleles of
two SNPs in close proximity (A of rs446868 and C of
1s385390, 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.

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.*' 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
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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 2 DR?
1rs1065489° 196,709,774 missense T G 0.17 0.69 1.25 x 10719 0.74 gt

15200384682 196,739,608 indel CA C 0.18 0.69 1.81 x 10719 0.72 0.90
rs431408 196,764,663 intron G T 0.20 0.69 2.62 x 1071 0.61 0.91
1s3753396 196,695,742 synonymous G A 0.17 0.69 3.21 x 10°1° 0.75 gt

1380424 196,763,939° downstream C T 0.18 0.69 3.38 x 10°1° 0.70 0.97
1572482676 196,730,755 intergenic C T 0.16 0.68 421 x 1071 0.73 0.96
1s11582939° 196,710,157 intron T C 0.17 0.70 499 x 1071 0.72 gt

15742855° 196,705,520 intron C T 0.17 0.70 5.66 x 1071 0.76 gt

rs141408533 196,690,281 intron T TA 0.17 0.70 6.77 x 10710 0.75 1.00
15377298 196,758,541" 3’ UTR C A 0.19 0.70 6.98 x 10710 0.61 0.93
1s77302817 196,698,082 indel C CTCTG 0.17 0.70 7.32 x 10710 0.76 1.00
112402808 196,691,625 intron A C 0.17 0.70 7.65 x 10710 0.76 1.00
rs11799380 196,708,455 intron G A 0.17 0.70 791 x 10°1° 0.73 1.00
12336221 196,708,891 intron T G 0.17 0.70 7.91 x 10°1° 0.73 1.00
rs11801630 196,692,148 intron T C 0.17 0.70 8.03 x 1071 0.75 gt

rs1048663 196,674,982 intron A G 0.17 0.70 9.14 x 1071 0.75 1.00
1574861068 196,825,380 intron A G 0.13 0.65 9.60 x 1071 0.36 0.99
1s74213209 196,679,010 intron G A 0.17 0.70 9.65 x 1071 0.75 1.00
15201034534 196,720,267° indel A AAAAC 0.17 0.70 1.00 x 107 0.74 0.99
1510489456° 196,687,515 intron A G 0.17 0.70 1.05 x 1077 0.73 1.00
512409571 196,768,726" intergenic G A 0.20 0.73 5.80 x 1078 0.57 0.87
15116249058 196,767,218" downstream G A 0.20 0.74 6.37 x 1078 0.53 0.87
1575703017 196,744,699" intron A C 0.20 0.74 6.80 x 1078 0.56 0.88
1s387107 196,757,881" missense T G 0.21 0.74 7.19 x 1078 0.51 0.87
rs11807997 196,743,213 upstream G A 0.20 0.74 8.68 x 1078 0.56 0.87
5401188 196,757,083 intron T C 0.21 0.74 1.30 x 1077 0.50 0.87
512408446 196,741,197 upstream A G 0.21 0.74 1.38 x 1077 0.53 0.88
620015 196,748,676" intron G A 0.21 0.74 1.47 x 1077 0.51 0.87
rs376841 196,746,600 intron C T 0.21 0.75 1.53 x 1077 0.51 0.87
15385390 196,743,927 5' UTR C A 0.21 0.75 2.36 x 1077 0.50 0.87
51329423 196,646,387 exon C T 0.26 0.79 4.09 x 1077 0.71 0.99

BP = base position (GRCh37/hg19); MAF = minor-allele frequency; OR = odds ratio (estimated from LMM beta effects according to https://shiny.cnsgenomics.
com/LMOR/); DR? = mean dosage R-squared from the three single cohorts. gt = genotyped, no DR? score. SNPs from the sequencing and genotyping are indi-

cated in italics.
?Previously reported as associated with MD susceptibility.
PWithin a CNV (nsv3888824, nsv4649133).

the liver-specific expression reported previously.*” Deletion

of a 2.8 kb region (chrl: 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 between dele-
tion/major allele C (DC) and homozygous deletion (DD) ge-

notypes (p = 6.8 x 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.** 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 invivo data of individuals who were homozygous for the
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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 = 367) compared to healthy controls (n = 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 (1s75703017) most associated with FH concentra-
tions; p = 1.41 x 107!,

(C) Violin plot of FHR-3 serum concentrations delineated by geno-
type for the SNP (1s75703017), p value < 2 x 10716,

For both (B) and (C), the x and y axes indicate genotypes and pro-
tein concentration (ug/mkL), repsectively, with D = CFHR3/
CFHR1 deletion, A = minor allele, and C = major allele for
1s75703017. 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.

CFHR3/CFHR]1 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.!’?"*3 Concordant with our work, deletion of
CFHR3-CFHR1 has been reported to alter FH concentrations
in serum and modify genetic susceptibility to disease,'”****
suggesting that a regulatory region controlling FH concen-
trations might exist at this locus.'”** 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 proteins®* 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 of CFHR3. 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 studies'”*> have
missed this effect because their deletion analysis has com-
bined the protective and risk alleles. Interestingly, the in-
tronic lead SNP in CFHR3, 175703017 (p = 1.1 x 107'¢,
OR =0.63,95% CI0.55-0.71) lies in a liver-specific regulato-
ry region that has been shown to loop and interact with CFH
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 = 1.41 x 107 '!), the homozygous
1s75703017C 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
(p value < 0.05) of CFH transcript concentrations and expres-
sion of FH protein.

We showed that individuals surviving MD had higher
serum concentrations of FH than controls and thatlow con-
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.*> Our data demonstrate that FH is a critical
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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,
1575703017, on reporter (firefly luciferase) activity in the HepG2 hu-
man liver cell line. pGL3-empty is an empty construct only contain-
ing a promoter, whereas pGL3-C contains the 2.8 kb regulatory
sequence with majorallele C atrs75703017, pGL3-A contains minor
allele A at rs75703017, and pGL3-AAC contains minor allele A at
1s75703017 and minor allele C at rs446868 and rs385390. Firefly
luciferase concentrations were 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 (chrl:
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.

complement regulatory protein associated with MD suscep-
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,*® 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.** Our genetic analysis confirms this assump-
tion. In fact, our data indicate that the effect on MD 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
that N. meningitidis is able to harvest sufficient FH to prevent
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 protection mech-
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 cells*’ as highlighted by the se-
vere diseases associated with inadequate concentration or
function of FH; such diseases include TTP/aHUS,?"%”
glomerulonephritis,'® other inflammatory diseases,'” and
AMD.?! Next to N. meningitidis, many other pathogens
(see also Moore et al.?”), including Streptococcus pneumo-
niae,*® group A streptococcus,*’ Borrelia burgdorferi,>® and
Plasmodium falciparum®' 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 CFHR3 with 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. (D = CFHR3/CFHR1 deletion, and C = major
allele 1s75703017).

1688 The American Journal of Human Genetics 109, 1680-1691, September 1, 2022



Genome

Neisseria meningitidis infection

Decreased survival of N. meningitidis

due to insufficient FH binding

Q- ®

Lower risk for meningococcal disease

CFH locus 50 kb
CFH CFHR3 CFHR1 CFHR4 CFHR2 CFHR5
................ FI 17 | || e | S N [ TR
Introns Exons rs75703017
| | Plasma concentration
Protective: Minor allele A
CFH CFHR3 CFHR1

Low FH }

CFHR3/CFHR1 deletion

~

High FH

Survival of N. meningitidis
due to sufficient FH binding

¥

Meningococcal disease

J

Figure 6.
N. meningitidis, and susceptibility to MD

Schematic model of the effect of CFHR3/CFHR1 deletion and SNP (rs75703017) on FH concentrations, interactions with

The schematic diagram shows the structure of the gene region containing CFH and five CFHR genes. Carriers of the minor allele, A, on
1575703017 show the lowest FH concentrations. Increased concentrations of FH are found with the major allele, C, on 157570317,
whereas deletion of CFHR3/CFHRI 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.
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