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ARTICLE

A common NFKB1 variant detected through antibody
analysis in UK Biobank predicts risk
of infection and allergy

Amanda Y. Chong,* Nicole Brenner,2 Andres Jimenez-Kaufmann,?> Adrian Cortes,* Michael Hill,>
Thomas J. Littlejohns,® James J. Gilchrist,!.” Benjamin P. Fairfax,® Julian C. Knight,!1.° Flavia Hodel,10.11
Jacques Fellay,10.1112 Gil McVean,* Andres Moreno-Estrada,> Tim Waterboer,?2 Adrian V.S. Hill, .13

and Alexander J. Mentzerl,414*

Summary

Infectious agents contribute significantly to the global burden of diseases through both acute infection and their chronic sequelae. We
leveraged the UK Biobank to identify genetic loci that influence humoral immune response to multiple infections. From 45 genome-
wide association studies in 9,611 participants from UK Biobank, we identified NFKBI as a locus associated with quantitative antibody
responses to multiple pathogens, including those from the herpes, retro-, and polyoma-virus families. An insertion-deletion variant
thought to affect NFKB1 expression (rs28362491), was mapped as the likely causal variant and could play a key role in regulation of
the immune response. Using 121 infection- and inflammation-related traits in 487,297 UK Biobank participants, we show that the dele-
tion allele was associated with an increased risk of infection from diverse pathogens but had a protective effect against allergic disease.
We propose that altered expression of NFKB1, as a result of the deletion, modulates hematopoietic pathways and likely impacts cell sur-
vival, antibody production, and inflammation. Taken together, we show that disruptions to the tightly regulated immune processes
may tip the balance between exacerbated immune responses and allergy, or increased risk of infection and impaired resolution of inflam-
mation.

Introduction

There is significant evidence that human genetic variation
influences susceptibility to acute disease caused by infec-
tious pathogens. Case-control genome-wide association
studies (GWASs) of a variety of pathogens and infections,
such as human immunodeficiency virus, hepatitis B and
C viruses, leprosy, typhoidal and non-typhoidal Salmo-
nella, meningococcal disease, and more recently SARS-
CoV-2, have identified a range of variants spanning path-
ogen recognition, immune activation, and immunologic
memory robustly associated with differential susceptibil-
ity."”'” Furthermore, using large biobanks of human ge-
netic data linked with participant self-reporting, studies
such as 23andMe are replicating and building on these
findings from case-control analyses of infection suscepti-
bility.!' Together, these studies are helping improve our
understanding of how genetic variants influence the deli-
cate balance of immunity and risk of invasive infection
that give rise to diseases such as meningitis, mononucle-
osis, or plantar warts and more autoimmune reactions to
infections such as rheumatic heart disease. Despite these

advances, there remain challenges to using both study ap-
proaches. Firstly, achieving sufficient power to discover ge-
netic signals in case-control studies is limited by challenges
in recruiting large numbers of cases, and both study ap-
proaches may be affected by pathogen heterogeneity that
may have an impact on signatures of genetic association,
while the self-report approach will be influenced by limita-
tions in accuracy and recall of self-reporting.

Antibodies are a critical component of response to
infection and represent a marker of prior exposure or
chronic carriage with agents capable of latent or chronic
infection states. Now that methods are available to accu-
rately measure multiple antibodies simultaneously in
large numbers of individuals, these represent stable bio-
logical markers that can be used to understand disease
risk. Furthermore, there is evidence from vaccine studies
that the magnitude of antibody response and levels of
circulating antibody may reflect the likelihood of protec-
tion against either primary or subsequent disease,
although this may depend on the antigen to which the
antibody is directed, and the functional impact of anti-
body binding and activity.'?
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Human genetic variation is recognized to significantly
influence total antibody levels.'® Genetic analyses of
antibody response levels against vaccine preventable in-
fections, such as hepatitis B virus (HBV), have demon-
strated a strong influence of genetic loci, including the
major histocompatibility complex (MHC) in predicting
antibody magnitude overlapping with GWAS of disease
susceptibility.'* The MHC has also been implicated in
varied antibody responses to infections, including JC vi-
rus and influenza.'*'? Furthermore, primary immunode-
ficiencies, such as common variable immunodeficiency
(CVID) and X-linked agammaglobulinemia, are well
recognized disorders that increase the risk of multiple in-
fections owing to impaired humoral function and anti-
body deficiencies.”’ %

The availability of antibody data against 45 antigens
representing 20 infectious agents in combination with
genome-wide genotyping data in a subset of UK Biobank
participants now offers the opportunity to investigate
whether there are common variants that influence both
response to antibodies and subsequent susceptibility to
both acute infectious disease and their chronic sequelae.
While previous studies have identified genetic associa-
tions with single antigens or pathogens using this UK
Biobank dataset,’””* we hypothesize that there are ge-
netic variants and loci that have a common effect on
antibody responses to multiple infections through effects
on central immunological pathways. To identify genetic
loci that influence antibody titers against multiple infec-
tions, we performed GWASs for a magnitude of antibody
responses to each antigen and identified NFKBI as a
distinct locus of interest in contrast to the other, more
familiar loci that were identified, including immunoglob-
ulin genes, the MHC, and FUT2. Given the role of NFKB1
in inflammation and the induction and regulation of
immune responses to infection, we further investigated
the association between NFKBI variation and infectious
and inflammatory diseases using data from 487,297
individuals. Finally, to better understand the impact of
variation in this locus on underlying immune mecha-
nisms, we explored the effect of this variant on blood
cell traits and cellular expression data both within UK
Biobank and in dedicated expression quantitative trait
datasets.

Subjects and methods

Serology and GWAS

We used serological measurements of infectious agents released as
part of the UK Biobank Data Showcase**** to investigate genetic
loci associated with susceptibility to infectious disease. This data
consist of measured antibody responses against 45 antigens from
20 viral, bacterial, and protozoan pathogens present in the UK
(Tables S1-S3) from a randomly selected subset (n = 9,695) of
the UK Biobank cohort. Viral pathogens included on the panel
included herpes simplex virus types 1 and 2 (HSV-1 and -2),
varicella-zoster virus (VZV), Epstein-Barr virus (EBV), human

cytomegalovirus (CMV), human herpesvirus 6 and 7 (HHV-6
and -7), Kaposi’'s sarcoma-associated herpesvirus (KSHV), HBV,
hepatitis C virus (HCV), human T-lymphotropic virus 1
(HTLV-1), human immunodeficiency virus 1 (HIV-1), BK
and JC polyomaviruses (BKV and JCV), Merkel cell polyomavirus
(MCV), and human papillomavirus 16 and 18 (HPV-16 and -18).
Other pathogens assayed were the bacterial pathogens Chlamydia
trachomatis and Helicobacter pylori, as well as protozoan parasite
Toxoplasma gondii. Target antigens were selected based on known
biological function and validation assays (Table S1). Measure-
ments from samples collected at the initial assessment visit
were used for analysis. Mean age of participants was 56.55 years
at time of sample collection.

For all association tests, we used the genotyped and imputed
autosomal variant datasets available for the UK Biobank cohort.*
This consists of 805,426 high-quality genotyped variants, gener-
ated from the UK BiLEVE and UK Biobank Axiom arrays, and
93,095,623 imputed autosomal variants were imputed via the
Haplotype Reference Consortium (HRC), UK10K, and 1000 Ge-
nomes phase 3 reference panels.”’*° Quality control filters for
poorly performing variants and samples prior to imputation are
described in Bycroft et al.’° UK Biobank has obtained ethics
approval from the North West Multi-centre Research Ethics Com-
mittee (approval number: 11/NW/0382) and had obtained
informed consent from all participants.

For our analysis we had 9,611 unrelated individuals that had ge-
netic and serological data available. Antibody responses across all
participants regardless of serostatus were normalized using a rank-
based inverse normal transformation (INT). All estimated betas are
reported relative to standard deviations of the normalized distribu-
tion. We measured the Spearman’s rank correlation between traits
to determine whether there was any evidence of correlation be-
tween antibody traits (Figure S1). Correlation measurements
were repeated after regressing out the effects of age, sex,
and lead genetic variants as identified from GWAS analyses
(Figure S2). Regression analyses were carried out using fitted gener-
alized linear models as implemented in the python statsmodels
package and normalized MFI values.

Association analyses using imputed genotype data and both
the untransformed and normalized data from quantitative
serology traits were carried out using linear mixed models as im-
plemented in BOLT-LMM (minor allele frequency [MAF] >0.01,
imputation infoscore >0.3;*') including age at recruitment and
genetic sex as covariates. All participants were included irrespec-
tive of ethnic origin as the use of linear mixed models allows
us to account for population substructure through the incorpora-
tion of a genetic relatedness matrix (GRM) as a random effect co-
variate. Reported betas and standard errors are based on normal-
ized distributions and reflect magnitude of response. To identify
the genomic regions and candidate genes associated with anti-
body response to each of the tested antigens, we first identified
SNPs associated with tested antigens based on genome-wide sig-
nificance (p < 5 x 107®) and suggestive significance (p < 1 x
107%). Starting with the most significant SNPs (peak SNP), we
defined associated regions for each antigen based on calculated
linkage disequilibrium (LD) from best-guess genotypes (R >
0.2, calculated with PLINK; Chang et al.*?) between the peak
SNP and other SNPs reaching suggestive significance for the data-
set. This was repeated for each SNP that was not linked with a
previous peak SNP. We then merged overlapping regions across
all traits to define independent regions of association for further
analysis.
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Fine mapping of GWAS signals

For regions containing SNPs with an association p value less than
the Bonferroni corrected p value (p < 1.1 x 107°%), we then per-
formed conditional analyses to determine if there were multiple
independent signals present within the region. Analyses were car-
ried out in GCTA using the -mlma option and adjusting for allelic
dosage of the top SNP for each associated trait.>* These gene dos-
ages were also used to test for interdependence between these asso-
ciated regions and other regions of interest.

FINEMAP was used (default settings, R2 = 0.8; Benner et al.**) to
identify potential causal groups (Bayes factor >2) of SNPs within
each of these regions based on summary statistics for each of the
associated traits. These were then compared across antigens and
merged to define haplotypes of SNPs based on shared SNPs and di-
rection of effect. Causal groups sharing SNPs were only merged if
the direction of effect across all antigens were in a consistent direc-
tion relative to the minor allele.

Potential causal SNPs were identified from haplotypes shared
across multiple antigens. To do this, we first checked the location
of SNPs relative to the Ensembl GRCh37.p13 gene annotations to
identify the nearest genes. The predicted effects of each variant
were then retrieved using the Ensembl Variant Effect Predictor.*?

Multivariate GWAS

Following fine mapping of association signals in the NFKBI re-
gion, we carried out a multivariate GWAS using the seven pheno-
types with a predicted causal SNP in NFKBI. The phenotypes
included were EBV (EAD), HHV-6 (IE1A), HHV-7 (U14), HIV
(env), HPV-18 (L1), KSHV (K8.1), and T. gondii (sagl). A multivar-
iate GWAS was carried out using SNPTEST (v2.5.6;*%), and the INT
normalized phenotypes. Age at recruitment, sex, and the top four
principal components were included as covariates, as SNPTEST
does not fit a GRM as part of the association model. Principal com-
ponents were calculated from LD-pruned genotype data using
PLINK (v1.90b3).

Cohorte Lausannoise replication study and meta-
analysis

The Cohorte Lausannoise (CoLaus/PsyCoLaus) study includes
6,188 individuals of European ancestry living in Lausanne,
Switzerland who were randomly selected from the general popula-
tion. Recruitment and sampling protocols are described by Fir-
mann et al.>® The institutional ethics committee of the University
of Lausanne, which afterward became the Ethics Commission of
Canton Vaud (www.cer-vd.ch), approved the baseline CoLaus
study (ref. 16/03, decisions of January 13 and February 10,
2003), and written consent was obtained from all participants.

Genotyping data for 5,399 individuals were obtained using the
Affymetrix Axiom Biobank array. Following quality control steps
to remove poorly performing variants and samples, imputed geno-
types were generated with the Sanger Imputation Service.* Geno-
types were phased using EAGLE2 (v2.0.5; Loh et al.?°) and the
HRC panel,*” and imputation was carried out using the HRC refer-
ence panel, 1000 Genomes Phase 3 data, and the UK10K reference
panel.””-*® Serology phenotypes were generated using a similar
Multiplex Serology Panel to the UK Biobank data as described
above (Table $3).1¢2%

Genome-wide association analyses were carried out using 4,216
individuals with imputed genotype data and serology data and
linear mixed models as implemented in GCTA (1.91.3beta) and
thresholded high-quality imputed genotype data (imputation in-

foscore >0.8, MAF >0.01, Pywe < 10 x 1077). Age, sex, and the
top three principal components were included as covariates. For
antigens with a signal at NFKBI and that were also available
from the CoLaus/PsyCoLaus cohort, we performed GWASs of anti-
body levels that were common across the two cohorts and ex-
tracted the set of intersecting SNPs for meta-analysis using Meta-
soft (v2.0.1; Han and Eskin®’).

Infection and inflammation associations in UK Biobank
We used self-reported non-cancer illness (Field ID: 20002) and prev-
alent and incident hospital inpatient International Classification of
Disease version 10 (ICD-10) codes (Field ID: 41270) to define cases
and controls for further infection- and inflammation-related phe-
notypes within UK Biobank. For self-reported conditions, cases
and controls were drawn from participants who reported the pres-
ence or absence of non-cancer-related conditions and had genetic
data available, excluding those who did not respond to the ques-
tion. Controls for infection-related traits derived from self-reported
data were defined as individuals who had reported no major infec-
tions for infection-related phenotypes with genetic data available.
Controls for other immune-related traits were drawn from all unaf-
fected individuals with genetic data.

Similarly, potential cases and controls based on ICD-10 data
were drawn from those individuals with hospital inpatient diagno-
ses and genetic data available. Case definitions are outlined in
Tables S4 and S5. Controls for ICD-10-derived phenotypes were
drawn from individuals with hospital inpatient and genetic data
who were not affected by the trait of interest. In the case of infec-
tion-related traits, the selection was further restricted to those who
had not reported a major infection or had no ICD codes relating to
infection (e.g., Chapter I [AO0-B99], Chapter X: Diseases of the res-
piratory system: Acute upper respiratory infections [JOO-JO6],
Influenza and pneumonia [J09-J18], other acute lower respiratory
infections [J20-]22]).

Where equivalent phenotypes were present in both self-re-
ported and ICD-10 data, a joint phenotype was defined using all
possible cases and controls. Similarly, summary phenotypes for al-
lergy, infection, and inflammation were defined using all available
cases and controls. Due to the small numbers of cases across many
phenotypes, we used only those with more than 50 cases.

Association tests for these traits were carried out using linear
mixed models as implemented in SAIGE (v 0.36.3.2; Zhou
et al.*®), also including age at recruitment and genetic sex as cova-
riates, except for traits where only one sex was present in the cases,
in which case sex was not included, but controls were drawn only
from individuals of that sex (Tables S4 and S5 for more informa-
tion). Due to relatively small numbers of individuals for which
cause of death was available (approximately 25,000), we used lo-
gistic regression to assess the relationship between rs28362491:de-
IATTG and the contribution of infection or inflammatory condi-
tions to cause of death. Similar to the GWAS analysis described
above, we used imputed dosages of rs28362491:delATTG with
age and sex as covariates. We also restricted analysis to individuals
in the White British subset as defined by UK Biobank.

Association with blood cell counts

Association tests for blood cell counts were carried out on the full
UK Biobank cohort using transformed cell-count data and
imputed genotypes. Traits included red blood cell (RBC) count,
white blood cell (WBC) count, platelet, basophil, eosinophil,
lymphocyte, monocyte, and neutrophil counts. Values were
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normalized using a rank-based inverse normal transformation
prior to analysis. Association tests were carried out using BOLT-
LMV, including age at recruitment and genetic sex as covariates.

Expression quantitative trait locus analysis

To assess the regulatory function of 128362491, we used the tightly
linked 5'UTR SNP 1572696119 (1* = 0.999, D’ = 0.999). We corre-
lated rs72696119 genotype with NFKBI mRNA expression in naive
and stimulated primary immune cell subsets from healthy Euro-
pean adults, using data from expression quantitative trait locus
(eQTL) studies. CD56*"CD3~ NK cells, CD19" B cells, CD14* mono-
cytes, and CD16™ neutrophils were separated, genotyped, and gene
expression quantified as previously described.**~** Following qual-
ity control and normalization of gene-expression data, we corre-
lated 1572696119 genotype with NFKBI RNA expression in each
cell type: B cells (n = 279), NK cells (n = 245), neutrophils (n =
101), naive monocytes (n = 414), and stimulated monocytes (lipo-
polysaccharide [LPS] 2 h, n = 261; LPS 24 h, n = 322; interferon
gamma [IFNy] 24 h, n = 367). NFKB1 expression was correlated
with genotype by linear regression and analysis of variance
(ANOVA), including the first 25 principal components of gene-
expression data in each cell type/condition to account for con-
founding variation. p- values are calculated with F-tests (1 degree
of freedom). Statistical analysis was performed in R. We used
publicly available eQTL data from the DICE database for CD4"
and CD8" T cells to examine association of rs72696119 with
NFKB1 expression in naive T cells (Schmiedel et al.**; https://
dice-database.org/).

Colocalization of eQTL and GWAS signals

Colocalization testing between eQTL signals and antibody and
blood cell GWAS association signals was carried out using coloc
(v5.0.1; Wallace**) with susieR (v0.11.92; Wang et al. and Zou
et al.*>*®) and the intersection of variants from all GWAS pheno-
types and the eQTL traits from the region immediately upstream
of and across NFKB1. LD was calculated independently for each
dataset using PLINK. Colocalization was tested between pairs of
antibody traits: between HHV6 (IE1A) and blood cell traits, be-
tween HHV6 (IE1A) and eQTL datasets, and between related blood
cell traits and eQTL datasets (e.g., monocyte count and unstimu-
lated and stimulated monocyte eQTL datasets) (Table S13).

Mendelian randomization
The causal effect of blood cell counts on antibody response and
risk of disease were tested using one- and two-sample Mendelian
randomization (MR) by using rs28362491 as the genetic instru-
mental variable. We used normalized cell counts for RBCs, baso-
phils, eosinophils, neutrophils, monocytes, lymphocytes, and
platelets. Antibody response measures and health-record-derived
traits were restricted to those with a significant association at
1528362491 (antibody response: EBV [EAD and ZEBRA], HHV-6
[IE1A], HHV-7 [U14], HPV-18 [L1], HTLV-1 [env], KSHV [K8.1],
and T. gondii [sagl]; health records: hay fever, influenza [ICD], Le-
gionella spp. [ICD], Neisseria meningitidis [ICD], papillomavirus
[ICD], psoriasis, ulcerative colitis, Alzheimer’s disease, cervical in-
traepithelial neoplasia [SR], allergy, and infection). Bias as a result
of overlapping samples between datasets for two-sample analyses
are expected to be negligible given the small size of the antibody
dataset in comparison with the full UK Biobank cohort.*’

We used the inverse-variance weighted (IVW) method as imple-
mented in the R package MendelianRandomization*®*° for two-

sample MR and multiplicative structural mean model (MSMM,; bi-
nary outcome) from R package OnesampleMR (https://github.
com/remlapmot/OneSampleMR) for one-sample analyses. Power
calculations for pairs of traits were carried out using an online po-
wer calculator (https://sb452.shinyapps.io/power/). The variance
in the exposure explained by rs28362491 (R?) and F statistics for
instrument strength was also calculated. An F statistic >10 was
taken to be indicative of a low risk of weak instrument bias in
MR analyses.

Results

We have previously described the use of a Multiplex
Serology panel to measure immunoglobulin G (IgG) anti-
body responses against 45 antigens from 20 infectious
agents implicated in the pathogenesis of chronic disease,
applied to 9,695 individuals in UK Biobank.”* We observed
that antibody responses to antigens from the same path-
ogen were more strongly correlated with each other (Spear-
man’s tho 0.10-0.86; Figure S1) than with those of other
pathogens (Spearman’s rho —0.05-0.75) and that all anti-
body responses were generally weakly correlated with each
other with the exception of KSHV (K8.1), HIV (env),
HTLV-1 (env), and HPV-18 (L1), which were all strongly
correlated (Spearman’s tho 0.70-0.75). However, seropreva-
lence estimates for these pathogens in UK Biobank are very
low (0.2%-8.1%; Mentzer et al.>*). Since cross-reactivity be-
tween antigens was found to be negligible for all antigens
included in the current panel, except for HTLV-1 gag,** it
is likely that shared genetic variants and environmental fac-
tors influence these correlated responses. Using the 9,611
individuals with both serology data and imputed genetic
data, we performed GWASs of quantitative antibody re-
sponses to 45 antigens to identify these common genetic
loci that influence response to multiple infections.

We identified 27 genome-wide significant (p < 5 x 10~%)
loci associated with magnitude of antibody responses to
any antigen (Figure 1; Table S6). We observed four genomic
regions, localizing to NFKB1 (most significant association
with HHV-6 [IE1A]; beta = —0.10; p = 1.30 x 10 '°), the
extended MHC region (EBV [EBNA-1]; beta = —0.32; p =
6.90 x 107%7), the IGH locus (HPV-16 [E6]; beta = 0.19;
p = 1.60 x 107'%, and FUT2 (JC polyomavirus [VP1];
beta = —0.13; p = 1.70 x 1072Y), which were associated
with antibody response to multiple antigens and where at
least one association signal passed Bonferroni correction
(p < 1.1 x 10~°). All four genetic regions are well recognized
to drive differences in infection susceptibility.'*!!14-17.23,50

Associations were observed within the extended MHC
region, centered mainly around human leukocyte antigen
(HLA) genes, for at least one antigen from each of the 20
pathogens, with associations for human CMV, Chlamydia
trachomatis, EBV, HHV-6, HHV-7, HPV-16, HSV-1 and -2,
HTLV-1, JCV, MCV, Toxoplasma gondii (T. gondii), and VZV
reaching genome-wide significance (Table S7). This sug-
gests that, with adequate power, we are now able to resolve
HLA associations with responses to antigens considered
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FUT2 (Chromosome 19,

4919

Figure 1.

NFKBT1 is a key locus affecting antibody response and risk of infection and inflammatory disease

Central inset: stacked Manhattan plot of association statistics for antibody response to 45 pathogen-derived antigens. Signals for the four
loci with multiple associations are colored: NFKB1 (blue), the MHC locus (brown), the IGH locus (purple), and FUTZ2 (teal). Surrounding
insets: Regional association plots for specific antigens demonstrating signals at each of the four highlighted loci. Y axis (all plots) is —

log10(P).

most clinically relevant (such as EBNA-1 and EA for EBV;
Figure 1), such as those described from the same UK Bio-
bank cohort.'®!7:**

NFKBT is associated with antibody responses against
multiple pathogens

Of particular interest is the identification of multiple vari-
ants in NFKB1 as a common locus associated with antibody
responses across multiple pathogens and pathogen
types, including EBV, HPV-18, HIV, HTLV-1, KSHYV, and
T. gondii. To confirm the likely contribution of this locus
to multiple infectious antigen responses, we replicated
this association, demonstrating a consistent direction of
effect for three antigens (EBV [EA-D] beta = —0.12, p =
9.15 x 1077; EBV [ZEBRA] beta = —0.12, p = 7.20 X

10~7; and HHV7 [U14] beta = —0.06, p = 1.81 x 107?) us-
ing an independently recruited cohort (CoLaus/
PsyCoLaus'®) where data using the same Multiplex
Serology technology was available but with a different set
of antigens (Tables 1 and S8).

Using a combination of fine mapping and examination
of possible variant effects, we identified the most-likely
causative variant to be rs28362491, a 4 bp insertion-dele-
tion (indel) variant within a promoter region upstream of
NFKBI1. The 1528362491 deletion is proposed to disrupt a
promoter binding site, lowering NFKB1 expression.”' We
found rs28362491 to be part of a cluster of tightly linked
SNPs (R? > 0.8) predicted to contain at least one causal
variant for 7 antigens: EBV (EAD), HHV-6 (IE1A), HHV-7
(U14), HPV-18 (L1), HIV (env), KSHV (K8.1), and T. gondii
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Table 1.

UK Biobank and ColLaus/PsyCoLaus meta-analysis results for rs28362491

UK Biobank (n = 9611)

ColLaus/PsyColaus (n = 4216)

Meta-analysis

Phenotype Seropositive beta SE P Seropositive beta SE P beta SE P

EBV (EAD) 8,278 —0.059 0.014 3.20x 10°° 3,257 —0.117 0.024 9.15x 1077 —0.074 0.012 1.13x 107°
EBV (ZEBRA) 8,763 —0.062 0.014 1.30x 105 3,718 —0.116 0.023 7.20x 107 -0.076 0.012 3.01 x 10°1°
HHV6 (IE1A) 7,469 —0.086 0.015 290 x 10™° 766 —0.03 0024 203x10°' —0.071 0.012 1.03x 107
HHV7 (U14) 9,103 —0.057 0.014 5.00 x 10°° 2,244 —0.055 0.023 1.81x 1072 —0.057 0.012 2.68 x 10™°
KSHV (K8.1) 305 —0.069 0.014 1.50x 10°® 58 0.035 0.024 1.47x10°' -0.042 0.012 7.40 x 10°*
T. gondii (sagl) 2,190 -0.063 0.014 1.20x 10~° 1,328 -0.004 0.023 873 x 107" -0.047 0012 133 x107*

(sagl). A Bayesian-based multivariate GWAS using these
phenotypes confirmed the presence of a shared association
across NFKBI (Figure S4), with rs28362491 also demon-
strating a significant association (logl0 Bayes factor =
5.056), as well as shared associations across the HLA region
(rs9272339; 1og10 Bayes factor = 25.976).

NFKBI is one of five genes that encode the NF-kB family
of transcription factors. The NF-xB family plays a critical
role in induction and mediation of pro-inflammatory
response to infection and for development and mainte-
nance of blood cells and immune tissues through modula-
tion of apoptosis. Transcriptomic profiling of immune
response to pathogens suggests that NFKB1 forms part of
a larger set of genes involved in regulation of immune
response to a wide range of pathogen infections.> Further-
more, mutations in NFKB1 have been identified as one of
the most common causes of monogenic CVID in European
populations.?**?

In addition, rs28362491 has been associated with multi-
ple disease phenotypes in a range of previously published
genetic association studies. Examples of such traits with
significant evidence of effect include coronary artery dis-
ease with consistent reports of increased odds of disease
with presence of the deletion demonstrated in European®?
(odds ratio [OR] = 2.88 [95% confidence interval (CI) 1.21-
6.84]; Figure 2; Table S9), Indian’* (OR = 1.26 [1.03-1.55]),
and Uyghur’® (OR = 1.58 [1.22-2.05]) populations; risk of
lung injury in acute respiratory distress syndrome in Euro-
peans’® (OR = 3.7 [1.8-7.9]); and ulcerative colitis in Euro-
peans®'*” (OR = 1.57 [1.14-2.16]).

The same region has also been found to be associated in
the same direction for other traits where, although the
1528362491 variant was not reported, it is likely that the ef-
fect may co-localize. These traits include tonsillectomy""
(OR = 1.08 [1.06-1.08]; 15230523, R? = 0.759), ankylosing
spondylitis®® (OR = 1.12 [1.08-1.16]; 1s3774937, R* =
0.751), primary biliary cholangitis®” (OR = 1.34 [1.11-
1.23]; 15230534, R? = 0.745), and mouth ulcers®® (OR =
1.03 [1.02-1.04]; 154699030, R* = 0.863) among others
(Table S9). Intriguingly, the same locus and/or variant
was associated with other traits in the opposite direction,
including allergic rhinitis®® (OR = 0.96 [0.95-0.97];
1512509403, R*> = 0.556), hay fever and eczema®” (OR =

0.96 [0.95-0.97]; 15230507, R? = 0.776), and cancer risk®
(OR = 0.89 [0.83-0.96]; 1528362491).

NFKBT is associated with dysregulation of inflammatory
responses, balancing susceptibility to infections with

risk of allergy

We found that the direction of effect for rs28362491 was
consistent across 9 antigens for which we observed a signal
for serum antibody responses in UK Biobank (EBV [EAD
and ZEBRA], HHV-6 [IE1A], HHV-7 [U14], HPV-18 [L1],
HIV [env], HTLV-1 [env], KSHV [K8.1], and T. gondii
[sagl]), with the deletion allele (rs28362491:delATTG) be-
ing associated with lower antibody responses in UK Bio-
bank (Figure 3). Given this observation, with our observed
replication in CoLaus/PsyCoLaus and the published associ-
ations with multiple infectious or inflammatory condi-
tions (Table S9), we further tested for the effect of
1528362491:delATTG specifically on susceptibility to infec-
tion or inflammatory disease in UK Biobank, using preva-
lent and incident hospital inpatient (ICD-10) or self-re-
ported cases of infection and inflammatory conditions in
487,297 participants. While neither hospital inpatient
data nor self-reporting are likely to provide a comprehen-
sive record of infection or pathogen exposure, they provide
a valuable counterpoint to help understand the relation-
ship between antibody titers and disease.

Firstly, we replicated the previously published associa-
tions with diverse traits such as allergic rhinitis®' and ulcer-
ative colitis,*'*7*%°* confirming the variant’s role in a va-
riety of traits (Figure 3; Tables S9 and S10). Then we
explored the effect of the variant on reported traits related
to the measured antibody responses. For example, we
found that although 1s28362491:delATTG was consis-
tently associated with reduced antibody levels against all
measured HPV antigens, there was an increased odds of re-
porting cervical intraepithelial neoplasia (OR=1.17 [1.02-
1.18]) or having an ICD code of papillomavirus (OR = 1.09
[1.02-1.34]) (Figure 3). We observed a similar pattern for
EBV where the deletion was associated with reduced re-
sponses against multiple EBV antigens (e.g., EA-D: OR =
0.94 [0.92-0.97]), yet there was a trend toward increased
odds of self-report of EBV infection/infectious mononucle-
osis (OR = 1.07 [0.98-1.18]) and multiple sclerosis (which
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Phenotype Total (cases) rs28362491 OR (95% CI) p
ARDS (<65yrs) NR 9.43(1.21-73.20) 3.00 x 1072
Lung injury score in ARDS 103 (77) P 3.70 (1.80-7.90) 3.00 x 107%
Coronary artery disease 220 (120) —_— 2.88(1.21-6.84) 1.50 x 10792
Ulcerative colitis 282 (127) —_— 2.51(1.28-4.92) 1.10 x 10792
Left ventricular dysfunction in CAD 600 (190) —_— 2.34 (1.31-4.17) 7.00x 10703
Coronary artery disease 2020 (960) - 1.58 (1.22-2.05) <0.001
Ulcerative colitis 1152 (350) —- 1.57 (1.14-2.16) 4.30x 10793
Coronary artery disease 830 (600) - 1.26 (1.03-1.55) 2.90 x 1072
Cancer risk 43000 (18222) = 0.89 (0.83-0.96) 2.00 x 10703
Behcet's disease 270 (89) —— 0.56 (0.38-0.81) 4.00 x 10793
Myocardial infarction 253 (86) —_— 0.30 (0.18-0.52) <0.001
0.51.0 10.0 50.0
Odds Ratio

Figure 2.

rs28362491:delATTG is associated with increased risk of a range of disease associated with dysregulation of inflammation

References are listed in Table S9. ARDS, acute respiratory distress syndrome; CAD, coronary artery disease.

has been plausibly causally linked with EBV infection;
OR = 1.05 [0.98-1.11] in our UK Biobank data), as well
as a similar effect for H. pylori.

We then proceeded to test the association of the variant
with a wider number of infectious and inflammatory diag-
noses. Out of 39 infections tested, the deletion allele
increased risk of infection with influenza (OR = 1.120
[1.000-1.253]; p = 4.90 x 107?), legionella (OR = 1.524
[1.097-2.118]; p = 1.21 x 107?), and papillomavirus
(OR=1.095[1.019-1.177]; p=1.38 x 1072) and decreased
the risk of infection with Neisseria meningitidis (OR = 0.704
[0.509-0.974]; p = 3.43 x 1072). Since many infections
were limited in number, we also tested the effect of the
deletion allele against a phenotype consisting of any infec-
tion and found that overall, there was a significant increase
in risk associated with the deletion (OR = 1.014 [1.001-
1.027], p=3.31 x 102 Table S10). Furthermore, we found
that the same variant was associated with an increased risk
of diseases associated with dysregulation of inflammatory
responses and chronic inflammation, such as psoriasis
(OR = 1.044 [1.005-1.083]; p = 2.55 x 10~?). In contrast,
we found that the deletion allele was protective against
allergic diseases, such as allergic rhinitis (OR = 0.965
[0.949-0.981]; p = 3.57 x 10°), which are associated
with acute inflammatory responses.

Altogether, these results demonstrate that this variant is
associated with diverse groups of infectious or allergic diag-
noses. It appears that the deletion tends to increase the risk
of infectious or chronic inflammatory diagnoses possibly
associated with reduced antibody responses. Conversely,
the insertion is associated with increased antibody
response (and thus reduced risk of infectious diagnoses)
but will come at an increased risk of allergic conditions.
Given these observed divergent patterns of association
with risk of inflammatory and infectious or allergic disease,
we proceeded to test for risk of mortality in UK Biobank
participants due to allergic, infectious, or inflammatory
disease. Although low in frequency given the relative

immaturity of the UK Biobank cohort study, we observed
similar trends of a protective effect of the deletion variant
against death from allergic disease (OR = 0.846 [0.658-
1.088], p = 0.192) and an increased risk of infection
(OR = 1.065 [0.982-1.155], p = 0.129) and inflammation
(OR =1.038 [0.991-1.087], p = 0.117) (Table S11).

NFKBT1 influences hematopoiesis and immune cell
function

Having found significant evidence of the rs28362491:de-
IATTG variant being associated with phenotypic disease
endpoints and our intermediate antibody traits, we next
sought to use these associations to understand the likely
molecular pathways disrupted leading to increased infec-
tion risk. We first investigated the effect of 1s28362491:de-
IATTG on WBC counts and function (Table S12). Using
cell-count data from UK Biobank, we observed that the
deletion allele was not significantly associated with lower
overall WBC counts (p = 0.96), but instead, carriers of
the deletion allele had a higher total number of lympho-
cytes (beta = 1.98 x 1072, p = 3.30 x 10~%*) and eosino-
phils (beta = 6.49 x 1073, p = 9.30 x 10 % than
those without. Individuals with the deletion also
had lower counts of basophils (beta = —1.25 x 1072,
p = 2.00 x 10~%), monocytes (beta = —1.50 x 1072, p =
2.70 x 107'%), neutrophils (beta = —7.27 x 1073,
p = 2.50 x 107%), and platelets (beta = —5.79 x 107,
p = 1.30 x 10%) (Figure 4).

We next interrogated the differential expression of
NFKBI in diverse blood cell types and found that the effect
varied depending on the stimulation state of the cell. As
1528362491 is upstream of NFKBI and is not captured
in the eQTL datasets, we used a tightly linked SNP
(1572696119, 12 = 0.999 D’ = 0.999) in the 5’ untranslated
region (UTR) of NFKBI as a tagging SNP for eQTL analyses.
We found that rs72696119 is a cis-eQTL for NFKB1, associ-
ated with increased expression in resting monocytes (p =
1.20 x 10~2), neutrophils (p = 8.00 x 10~%), NK cells
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Phenotype Total (cases) rs28362491 OR (95% ClI) p
UKB Ulcerative colitis 317450 (4950) —_— 1.08 (1.04-1.12) 2.15x107%
UKB Myocardial infarction 318321 (19676) o 1.01 (0.98-1.03) 5.50 x 10~°1
UKB Coronary artery disease 319785 (43482) - 1.00 (0.99-1.02) 5.95 x 10701
UKB Hayfever 383057 (30537) - 0.96 (0.95-0.98) 3.57 x 107%

0.9 1.0 1.2
Odds Ratio
B

Phenotype Total (cases) rs28362491 OR (95% ClI) p
Abnormal cervical smear (SR) 201985 (804) 0.99 (0.90-1.09) 8.33 x 107
Cervical abnormality (SR) 201985 (1225) 1.05 (0.97-1.14) 2.00 x 10701
Cervical intraepithelial neoplasia (SR) 201985 (433) ———a———  1.17 (1.02-1.34) 2.32x10792
Papillomavirus (ICD) 327340 (1529) —_— 1.09 (1.02-1.18) 1.44 x 1072
EBV 444157 (1061) 1.07 (0.98-1.16) 1.43x107%
Multiple sclerosis 453607 (2129) 1.05 (0.98-1.11) 1.44 x 10~
Helicobacter pylori 419413 (3404) A 1.02 (0.97-1.07) 3.71 x 10791

09 1.0 1.2
Odds Ratio
C

Phenotype Total rs28362491 Beta (SE) p
HPV16 (E6) 9611 —_— -0.04 (0.01) 6.10 x 10793
HPV16 (E7) 9611 -0.02 (0.01) 2.20 x 1079
HPV16 (L1) 9611 —_— -0.05 (0.01) 1.20 x 10793
HPV18 (L1) 9611 —_— -0.06 (0.01) 4.30x 1079
EBV (EA-D) 9611 -0.06 (0.01) 3.20 x 1079
EBV (EBNA1) 9611 -0.01 (0.01) 4.40 x 1079
EBV (VCAp18) 9611 -0.03 (0.01) 2.10x 107
EBV (ZEBRA) 9611 -0.06 (0.01) 1.30x 1079
H. pylori (CagA) 4833 -0.01 (0.02) 7.80x 107°!
H. pylori (Catalase) 9611 —_— -0.04 (0.01) 7.90 x 10793
H. pylori (GroEL) 9611 = 0.00 (0.01) 9.40 x 107%*
H. pylori (HP1564) 9611 —_— -0.03 (0.01) 1.90 x 10792
H. pylori (UreA) 9611 —_— -0.03 (0.01) 4.70 x 10792
H. pylori (VacA) 9611 — -0.04 (0.01) 6.50 x 10793

.0.08 -0.05 -0.02 0.00
Beta

Figure 3. rs28362491:delATTG is associated with increased risk of a range of infections and disease associated with dysregulation of
inflammation and protective against exacerbated immune responses and allergy

(A) Replication of published associations between 1528362491 and disease in UK Biobank.

(B) Odds ratios and 95% confidence intervals for association between rs28362491 and 7 health-record-derived disease traits derived from
health record data (ICD-10 and self-report).

(C) Regression coefficients (betas) for association between rs28362491 and normalized antibody response against 14 antigens with
equivalent ICD-10 or self-reported phenotypes in (B). Phenotypes in (B) and (C) are colored by pathogen: papillomavirus (teal), EBV
(pink), and H. pylori (purple). Solid colors indicate traits with a p < 0.05. ICD, phenotype is derived from ICD-10 health record data;
SR, phenotype is derived from self-reported health record data.

(p=9.23 x 10~*), and decreased expression in naive CD4 ™" As blood cell counts are available for the full UK Biobank
and CD8" Tcells (p=3.50 x 10" *and p =1.40 x 10" 3)but  cohort, we used Mendelian randomization analysis to test
not associated with differential expression in B cells (p = for causal links between the rs28362491:delATTG variant,

0.99). All significant loci in all tested analyses were found blood cell traits, and measured antibody responses. To
to colocalize (e.g., HHV-6 [IE1A] and lymphocyte count: —maximize power for these associations, given the small de-
PPi4y = 1.45 X 1077; Table S13). gree of sample overlap relative to the total number of
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Figure 4.

rs28362491 variation is also associated with differential hematopoiesis and NFKB1 expression in white blood cells

(A) Effect of rs28362491:delATTG on WBC counts, indicated by red-blue shading. Yellow shaded regions indicate a lack of information
on cell counts (mast cells, B and T cells) or signals that did not reach genome-wide significance (NK cells, platelets, neutrophils, and

eosinophils).

(B) Causal estimates from two-sample Mendelian randomization analyses examining the effect of normalized blood cell counts on anti-

body responses.

(C) Differential expression by genotype at tightly linked 5’UTR SNP 1572696119 (delATTG linked with G), eQTL p values, and p values for
pairwise t tests for differential expression by genotype. Expression for B (no significant difference) and T cells (individual level data not

available) not shown.

individuals in the exposure (blood cell traits) dataset, we
carried out a two-sample MR analysis. Two-sample MR sup-
ported a causal effect between blood cell counts and anti-
body response levels, consistent with direction of effect
of the rs28362491:delATTG variant in the corresponding

GWAS data. Increased RBC, basophil, neutrophil, mono-
cyte, and platelet counts all associated with higher anti-
body responses, and increased lymphocyte and eosinophil
counts associated with lower antibody responses (Figure 4;
Table S14). Statistical power for two-sample MR for blood
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cell traits and antibody responses was between 99% and
100% (Table S15), suggesting we had adequate power for
these traits.

We did not identify any other significant associations be-
tween normalized blood cell counts and infection or
inflammation-related disease (Table S16). However, we
did not have sufficient power to deter a causal effect be-
tween these traits (2.5%-3%, Table S17). F statistics for
the full cohort ranged from 103.028 for normalized
lymphocyte count to 10.414 for platelet counts
(Table S18).

Discussion

The genetic architecture underlying susceptibility to a host
of infectious diseases is being resolved to greater detail.
Loci, including the MHC, immunoglobulin loci, and
FUTZ2, are becoming associated with a larger number of in-
fectious traits when detected through multiple study
formats, either through case-control analyses of clinical
disease definition, self-report, or antigen-specific diagnos-
tics.'*171%%% Here, we identify rs28362491 in the pro-
moter region of NFKB1, which is common in all popula-
tions (global allele frequency[del] = 0.42), that incurs a
subtle, yet demonstrable effect across both the UK Biobank
population and, where available, other population data-
sets, modulating the risk of a range of infections.

As expected, given the known pleiotropy of NF-«B
signaling, our study provides significant evidence of the
delicate balance between immune response to infection
and inflammatory processes, where disruptions can tip
the balance toward exacerbated immune responses and al-
lergy or toward increased risk of infection and impaired
resolution of inflammation. There are likely multiple
mechanisms underlying this effect, involving differential
hematopoiesis and immunoglobulin class switching
driven by modulation of NFKB1 gene expression.

On the basis of our functional work, we suggest that
reduction of NFKBI expression, driven by the deletion
variant, favors development of lymphoid progenitor cells
and lymphoid cell lineages over myeloid lineages during
hematopoiesis. NF-«B activity regulates B cell development
and maturation and is important for T cell co-stimula-
tion.®® Despite moderate increases in the relative number
of circulating lymphocytes, reduced NFKBI expression in
T cells may result in impaired T cell function, thereby mak-
ing them less responsive to infection. Variants tightly
linked to 1528362491 have been associated with a reduced
IgA/1gG:IgM ratio (Table S9), suggesting that reduced
NFKB1 expression may also affect B cell class switching
during activation,'*?? leading to the reduced IgG antibody
levels observed in our study.

Interestingly, carriage of rs28362491:delATTG was associ-
ated with higher levels of NFKB1 gene expression in all cell
types except B and T cells (Figure 4). This was unexpected
given that the deletion allele results in the disruption of a

promoter binding site. This effect was reversed in mono-
cytes stimulated with IFNy or LPS, where lower NFKBI
expression was observed after stimulation. Although the
mechanisms for this change in expression profile are un-
clear, it might also be related to NFKBI self-regulation, as
with the dysregulation of inflammation, where disruption
of NFKBI transcription disrupts NF-kB activity, resulting
in altered expression profiles in individuals carrying the
deletion allele. Our results support the role of NFKBI as a
master regulator of cellular transcription that is finely
balanced depending on cell state and stimulation.

The observed inverse effect in allergy compared with
infection and inflammatory disease may be a result of
impaired resolution of inflammation stemming from a dys-
regulation of NFKB1 expression as a result of disrupted pro-
moter binding. NF-xkB family members and downstream
gene products play a key role in induction and regulation
of inflammatory responses, and as such, are tightly regu-
lated, possibly by relative ratios of the NF-«xB pS50-p65
(NFKB1 encodes p50, p65 is encoded by RELA) and p50-
p50 dimers.”* Taken together with our cellular findings, it
would appear that in the absence of haploinsufficiency,
variation and regulation of expression is more important
than overall NFKB1 activity in altering risk of infection or
inflammatory disease. However, follow-up studies will be
required to fully dissect the effects of mild disruptions to
NF-kB pathways, particularly since many of our observa-
tions are based on cross-sectional analyses, and therefore,
longitudinal analyses should be prioritized for the future.

Although we present evidence from a variety of sources
and study formats in support of our observation that
strengthens the credibility of the association, our work
does not prove definitively that, firstly, rs28362491:de-
IATTG is the primary driving variant, nor that it is causal
in all phenotypes studied. However, our fine-mapping
methods would make it the most-likely candidate, and his-
toric transcription binding studies would make it the
most plausible functional modulator of expression. Causal
inference through Mendelian randomization supports a
possible link between hematopoietic pathways, cell func-
tion, and antibody responses, but the small effect sizes
and variance explained by the 1528362491:delATTG
variant mean that all but the most robust effects are likely
to be missed in such analysis. Furthermore, these analyses
rely on the assumption that the traits selected, and direc-
tionality of causation are correctly identified. Given the
complexity of the NF-kB pathways and the complex nature
of immune system interactions, it is possible that this
assumption may not hold for all tested causal paths or all
subsets of biobank participants at the time of data collec-
tion. As such, deeper validation of our hypothesis of mech-
anism will be highly challenging to dissect.

Our ability to dissect the relationship between antibody
titer and pathogen-associated disease is limited by the small
size of the current data subset and the low number of
confirmed infections within the UK Biobank samples.
While the multiplex serology platform allows us to capture
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a measure of cumulative pathogen exposure, there are addi-
tional factors that will also affect the peak magnitude and
speed of waning of antibody levels over time, including
age, time since exposure or infection, chronic carriage of
pathogens, and reactivation of latent infections. Longitudi-
nal studies will provide better insights into how antibody ti-
ters change over time and with subsequent infection, which
UK Biobank does offer opportunities to inspect, owing to
follow up samples being available. We also recognize that
the UK Biobank cohort is predominantly of European
descent, and therefore not necessarily representative of
the wider UK population.®® As such, while we are able to
draw correlations between antibody titers and reported dis-
ease, future studies should draw from a much wider cohort
including participants of non-European descent, and indi-
viduals with known history of exposure.

Identifying rs28362491:delATTG as a robust association
with the multiple traits presented here has required data
from a substantial number of individuals demonstrating
that, although the effect of the variant at an individual scale
may be subtle, the variation is very important on a popula-
tion level, influencing susceptibility to a range of diseases
important to human health. These findings are likely to
be important for future disease prediction scores and poten-
tially from a therapeutics perspective building on our
knowledge of the NF-kB complex from primary immunode-
ficiency work where rare but large effect variants contribute
to disease susceptibility. Our findings suggest the NF-«xB
pathway will be difficult to target therapeutically since an
altered balance will encourage either the development of
infection or allergy. However, an acute disruption in favor
of increased expression in cases of, for example, adjuvant
use during vaccination could offer an opportunity for
some infectious disease prevention on a public health scale.

Web resources

Zenodo, A common NFKB1 variant detected through antibody
analysis in UK Biobank predicts risk of infection and allergy:
Summary statistics — Serology, https://doi.org/10.5281/zenodo.
7347714

Zenodo, A common NFKB1 variant detected through antibody
analysis in UK Biobank predicts risk of infection and allergy:
Summary statistics - Health records, https://doi.org/10.5281/
zenodo.7347792

UK Biobank, https://www.ukbiobank.ac.uk/

CoLaus/PsyCoLaus, https://www.colaus-psycolaus.ch/

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2023.12.013.
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