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Pneumonia index (OR 1.31,95%CI 1.24—1.40, p 3.78e-18), lifetime smoking (OR 2.83, 95%CI 2.34—3.42, p 6.56e-27), and
Respiratory infection systolic blood pressure robustly increased the risk of LRTIs (OR 1.11, 95%CI 1.02—1.22, p 1.48e-02).
Smoking Conclusion: A region in 15q25.1 was strongly associated with LRTI susceptibility. Reduction in the
prevalence of smoking, overweight, obesity, and hypertension may reduce the disease burden of LRTIs.
Helene M. Flatby, Clin Microbiol Infect 2021;s:1
© 2021 The Author(s). Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology
and Infectious Diseases. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).
Introduction ICD-10 codes were used to identify cases in both the UK Biobank

Lower respiratory tract infections (LRTIs) are the sixth leading
cause of mortality for all ages, with 2.38 million deaths globally
each year [1]. There is significant variability in the host response to
LRTI, even among individuals considered at low risk, which in-
dicates a genetic component to the pathogenesis and prognosis [2].
Previous genetic studies have focused primarily on sepsis caused by
pneumonia [3], childhood pneumonia [4], and viral pneumonia
[5—7]. Genome-wide association studies (GWASs) on host suscep-
tibility to bacterial LRTI in adults are scarce. Although a variety of
pathogens can cause LRTIs, the majority are of bacterial origin [8].

Given that smoking is causally related to LRTI [9], it is relevant to
estimate whether the effect of genetic variants associated with LRTI
risk is modulated by smoking behaviour. Interaction analysis be-
tween smoking behaviour and genetic variants can be performed to
assess how different risk estimates apply to different genetic
predispositions.

A range of other risk factors for LRTI has also been identified in
traditional epidemiological studies, such as obesity [10], diabetes,
air pollution, and individuals of the paediatric and geriatric pop-
ulations [2,8]. However, it can be challenging to quantify the causal
effects of such studies. Mendelian randomization (MR) analyses use
genetic variants—typically identified from GWASs—as instru-
mental variables to assess the causal association between an
exposure and an outcome. Due to the fact that genetic variants are
allocated to the offspring at random, MR analyses are at a reduced
risk of residual confounding and reverse causation compared with
traditional multivariable analyses [11]. MR studies have previously
found cardiometabolic risk factors—such as body mass index (BMI)
[12,13], smoking [14], and systolic blood pressure (SBP)—to affect
the risk of LRTI [15].

Our aims were to identify genetic loci linked to LRTI through
genome-wide association analyses in three large, independent
cohorts of European ancestry—UK Biobank (UK), the Trendelag
Health Study (HUNT, Norway), and FinnGen (Finland)—and to
evaluate whether these genetic effects were modulated by smoking
behaviour. Finally, we conducted MR analyses by combining data
from previously published GWASs with our genome-wide associ-
ation analyses to identify the unconfounded associations between
cardiometabolic risk factors and LRTIL

Methods
Setting

We used individual-level data from the UK Biobank and HUNT,
and summary-level data from FinnGen. The cohorts are described
in the Supplementary Material (Methods).

Phenotype

Cases and controls were determined based on ICD codes for
bacterial LRTI retrieved from hospital records. The same ICD-9 and

and HUNT (Supplementary Material Table S1). In our main analysis,
cases were participants with at least one ICD-9/10 code as a pri-
mary or secondary diagnosis with LRTIL. Controls were drawn from
the same population as cases and were in all analyses defined as
subjects with no registered hospitalization for LRTI (primary or
secondary diagnosis).

For FinnGen, we used publicly available summary statistics from
the genome-wide association analysis of the risk of bacterial pneu-
monia (Supplementary Material Table S1). Cases were defined as
participants with at least one inpatient ICD-8/9/10 code as a primary
or secondary diagnosis for bacterial pneumonia. Subjects without
hospitalization with bacterial pneumonia served as controls [16].

A sensitivity analysis was performed for the UK Biobank and
HUNT, where we included only the primary diagnosis based on
ICD-9/10 codes.

Statistical analysis

Genome-wide association analyses

Genome-wide association analyses were conducted using scal-
able and accurate implementation of generalized mixed model
(SAIGE; Supplementary Material: Methods) [17]. Summary statis-
tics from the three cohorts were meta-analysed using fixed effect
and weighted by effect size estimates and standard errors in METAL
(version 2011-03-25) [18]. The meta-analysis included genomic
control to account for residual population stratification. I and
Cochran's Q-test for heterogeneity were calculated to assess het-
erogeneity across the cohorts [18]. We considered association with
p < 5e-08 to be genome-wide significant [19].

Stratified and interaction analyses

To evaluate whether the genetic risk of LRTI was modulated by
smoking or sex, we conducted stratification and interaction ana-
lyses. We performed genome-wide association analyses stratified
by smoking status (ever-smokers and never-smokers) and by sex.

In addition, we carried out an interaction analysis of smoking
habits using the UK Biobank. Logistic regression models were used
to calculate the association between smoking and LRTI by genotype
group, presence or absence of the effect allele of the lead SNP, using
never-smoker without the effect allele as the reference group. An
interaction term was calculated between smoking status (never-
smoker versus ever-smoker) and SNP genotype using the glm()
function in R (version 3.6.1). Birth year, sex, genotype chip, and
ancestry-informative principal components 1 to 6 were included as
covariates.

Mendelian randomization

We performed two-sample MR analyses evaluating the uncon-
founded effect of the following five cardiometabolic traits on the risk
of LRTI: BMI, type 2 diabetes mellitus (T2DM), low-density lipo-
protein cholesterol (LDL-C), SBP, and lifetime smoking index. Ge-
netic variants to be used as instruments for the exposures were
obtained from publicly available GWAS summary data sources
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Table 1
Background characteristics at entry in the UK Biobank and HUNT study
UK Biobank HUNT
Cases (n =12 807) Controls (n =395 091) All (n =407 898) Cases (n = 7766) Controls (n = 61 656) All (n = 69 422)
Female sex® 5583 (43.6) 215 031 (54.4) 220 614 (54.1) 3638 (46.8) 33 146 (53.7) 36 784 (52.9)
Age at recruitment (years)” 62 (57—-66) 58 (51-63) 58 (51-63) 64 (51-72) 43 (30—-56) 45 (31-59)
Ever-smoker? 9086 (71.0) 237 031 (60.0) 246 117 (60.3) 5274 (82.0) 34 597 (64.5) 39 871 (66.4)
Diabetes (self-reported)® 184 (1.4) 2843 (0.7) 3027 (0.7) 718 (9.2) 2693 (4.4) 3411 (4.9)
Body mass index, kg/m? 283 (5.6) 27.4(4.7) 274 (4.8) 26.7 (5.8) 26.8 (4.9) 26.8 (5.0)
LDL cholesterol, mmol/L® 3.4(0.9) 3.6 (0.9) 3.6 (0.9) 3.7(1.2) 3.5(1.1) 3.5(1.1)
Systolic blood pressure, mmHg®  140.3 (19.3) 138.2 (18.6) 138.3 (18.6) 141.2 (27.5) 132.8 (22.3) 133.7 (23.1)

LDL, low-density lipoprotein.
2 Data are presented as number (%).
b Data are presented as median (25th and 75th centile).
¢ Data are presented as mean (SD).

(Supplementary Material Table S2). The instrumental variables used
as exposures had a p < 5e-08 for their respective trait and were
independent (r> < 0.001 and kb 10 000) to ensure that the genetic
variants were not prone to weak instrument bias. Our results from
the genome-wide association analyses in each of the three cohorts
and the meta-analysis were used to evaluate the effect of the genetic
instruments on the outcome. The analyses were conducted using
the TwoSampleMR (version 0.5.4) [20] and MendelianRandomiza-
tion packages (version 0.5.0) [21] in R (version 4.0.0). The main
analysis was performed using the inverse-variance weighted (IVW)
method [20]. Three key assumptions should be met for an instru-
mental variable to be valid: the instrument should be robustly
associated with the exposure, share no common cause with the
outcome, and only affect the outcome through the risk factor [11].
Sensitivity analyses were performed using MR Egger, weighted
median, weighted mode [20], and the contamination mixture
method [21] to check whether these assumptions were met.

Phenome-wide association

Phenome-wide association analyses were performed through
the Open Targets platform (genetics.opentargets.org, accessed 14th
September 2020) for the lead variant that reached genome-wide
significance in the meta-analysis [22].

Ethical approval

The Regional Committee for Medical Research, Health Region IV,
in Norway (REK) has approved the HUNT study, and this project is
regulated in conjunction with the Norwegian Social Science Data
Services (NSD). The UK Biobank study has ethical approval from the
North West Multi-Centre Research Ethics Committee (MREC).
Approval for individual projects is covered by the Research Tissue
Bank (RTB). The FinnGen Biobank was evaluated and approved by
the Coordinating Ethics Committee of the Helsinki and Uusimaa
Hospital District.

Results
Cohort demographics for UK Biobank, HUNT, and FinnGen

The baseline characteristics for cases and controls in the UK
Biobank and HUNT are shown in Table 1. The case prevalence of
LRTI was 12 807 (3.7 %), 7766 (11.2%), and 4747 (3.8%), in UK Bio-
bank, HUNT, and FinnGen, respectively, with a male predominance
among cases in all three cohorts (56.4%, 53.2%, and 53.9% respec-
tively). Mean age at the first event was lower for cases in FinnGen
(57 years) compared with UK Biobank and HUNT (62 and 64 years,

respectively). In the UK Biobank and HUNT, cases at baseline were
older than controls, had higher SBP, and were more likely to be
ever-smokers and self-report having diabetes (Table 1). This infor-
mation was unavailable for cases and controls in FinnGen.

Genome-wide association analyses

Evaluating each cohort separately, no region reached genome-
wide significance (Manhattan plots presented in Supplementary
Material Figs. 7-9).

The meta-analysis of the three cohorts totalled 25 320 cases and
575 294 controls. One locus reached genome-wide significance:
lead SNP rs10519203 in hydroxylysine kinase (HYKK) on chromo-
some 15 located in the region 15q25.1 (Fig. 1). The genome-wide-
significant SNPs in the 15q25.1 region were mapped to IREB2,
HYKK, CHRNA5, CHRNA3, and CHRNB4 genes, where many SNPs
were in high linkage disequilibrium (LD) with the lead SNP (Fig. 2).
The effect allele (A) of rs10519203 (effect allele frequency (EAF)
0.66 in each of the three cohorts) was associated with LRTI with an
OR 0f 0.94 (95%C1 0.92—0.95, p 3.86e-11) in the meta-analysis, with
no heterogeneity between the individual cohorts (1> 0%) (Table 2;
Manhattan plots presented in Supplementary Material Figs. 7—9).

The genomic inflation factor in the meta-analysis (A 1.02), UK
Biobank (A 1.01), HUNT (A 0.99) and FinnGen (A 1.01) did not
indicate inflation of the results (Supplementary Material
Figs. 10—13).

The sensitivity analysis using only primary diagnosis yielded
results similar to those of the main analysis (Supplementary
Material Table S3).

Stratified and interaction analyses

We observed the same genetic associations with LRTI when we
carried out genome-wide analyses stratified by sex (Supplementary
Material Table S4). Stratified by smoking status, we observed that
the effect of rs10519203 was present among ever-smokers (OR 0.90,
95%CI 0.87—0.92, p 1.38e-15) but not among never-smokers (OR
1.01, 95%CI 0.97—1.06, p 5.20e-01). Furthermore, in the analysis
limited to never-smokers, we identified a locus in NR4A2 (OR 1.68,
95%ClI 1.40—2.02, p 4.22e-08) that reached genome-wide signifi-
cance that was not identified in the main analysis (Supplementary
Material Table S4). In the interaction analysis we observed a non-
additive interaction between smoking and the protective allele A
of rs10519203 (OR 0.79, 95%CI 0.69—0.89, p 1.00e-04). Through the
association between smoking and LRTI by genotype group, we
found that the protective effect of the A-allele was present only for
ever-smokers (Table 3).
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Fig. 1. Manhattan plot of results for the meta-analysis on primary or secondary diagnosis of lower respiratory tract infection (LRTI). Manhattan plot showing results for the fixed-
effect meta-analysis on primary or secondary diagnosis of LRTI. The x-axis shows the genomic position (chromosomes 1—23), and the y axis represents the negative logarithm (base
10) of the variant p value. The blue line indicates genome-wide suggestive associations (p value <1e-06), and the red line indicates genome-wide significant associations (p value

<5e-08). Genome-wide suggestive loci (+500 kb of lead variant) are highlighted in green.
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Fig. 2. Regional association plot for chromosome 15 locus (rs10519203) from the meta-analysis. Locus zoom plot presenting the results of the fixed-effects meta-analysis in
chr15g25.1 region on primary or secondary diagnosis of lower respiratory tract infection (LRTI). The y axis represents the negative logarithm (base 10) of the variant p value, and the
Xx-axis represents the position on the chromosome 15, with the names and location of genes and nearest genes shown at the bottom. The variant rs10519203 with the lowest p value
in the region is marked by a purple diamond. The colours of the other variants linkage disequilibrium with the lead SNP estimated by 1? (red r? > 0.8, gold 0.6 < r* < 0.8, green
0.4 <1?<0.6,cyan 0.2 < r? < 0.4, blue > < 0.2, grey r> unknown). The European population from the 1000 Genomes Project [30], November 2014 release, was used as a reference, on

genome build hg19.

Mendelian randomization analyses

Using a two-sample MR framework, we found that increasing
BMI, lifetime smoking, and SBP were associated with an increased
risk of developing LRTI. The OR for developing LRTIs in the meta-
analysis was 1.31 (95%CI 1.24—1.40, p 3.78e-18) and 2.83 (95%CI
2.34-3.42, p 6.56e-27) for BMI and lifetime smoking respectively,
with comparable results in the three individual cohorts (Fig. 3).
High SBP and genetic predisposition to T2DM were found to

increase the risk of LRTIs, where the ORs for developing LRTI were
111 (95%CI 1.02—1.22, p 1.48e-02) and 1.04 (95%Cl 1.02—1.07, p
1.79e-03), respectively. For SBP, comparable effect estimates were
present in the UK Biobank and HUNT, but no effect was present in
FinnGen. For T2DM, similar effects were observed in the three co-
horts, with less precision for HUNT and FinnGen. LDL-C was not
found to increase the risk of LRTIL

There were clear signs of pleiotropic effects in the association
between T2DM and LRTI, which suggests that, overall, there was no
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b position of each SNP is given along the chromosome Build 37.
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Table 3
Interaction analysis in the UK Biobank for the effect between rs10519203 and
smoking status

Alleles Smoking OR (95%CI) p value
GG No Reference Reference
GG Yes 1.93 (1.72-2.17) 1.39e-28
AG or AA No 1.05 (0.94—-1.17) 3.90e-01
AG or AA Yes 1.59 (1.44-1.77) 1.25e-18

CI, confidence interval; OR, odds ratio.

robust association between the two in our data (Supplementary
Material Table S5). The MR sensitivity analyses otherwise sup-
ported the findings from the IVW analyses.

Phenome-wide association analysis

Phenome-wide association analysis of rs10519203 identified
360 diseases and traits in the UK Biobank and GWAS Catalogue.
After Bonferroni correction (p < 1.39e-04), 64 traits were signifi-
cantly correlated with 1s10519203 (Supplementary Material
Fig. S14), and the full results are available as Supplementary Data
1. We identified that the presence of the effect allele (A) of
rs10519203 had a protective effect on smoking behaviour, such as
cigarettes smoked per day (lowest p 3.00e-286, OR 0.91) and
different respiratory diseases such as lung cancer (lowest p 2.39e-
16, OR 0.93) and emphysema (lowest p 3.21e-13, OR 0.77).

Discussion

By use of three large, independent, European cohorts, we
identified the 15q25.1 region as being strongly associated with LRTI
susceptibility. The effect of the lead variant, rs10519203, was pre-
sent among smokers but not among never-smokers. In the Men-
delian randomization analyses, we found that increasing BMI,
lifetime smoking, and SBP were associated with an increased risk of
LRTIL.

The genetic variant with the strongest association with LRTI was
the intron variant rs10519203 in HYKK, a protein-coding gene
involved in lysine catabolism. However, due to extensive LD in this
15g25.1 region, it is possible that the causative allele(s) reside
within any of the other genes in the region. A recent pre-print also
identified the 15q25.1 region as being associated with viral and
bacterial pneumonia [23], but our analyses yielded a stronger signal
due to the larger sample size. Previously published studies have
linked variants in the 15g25.1 region to chronic obstructive pul-
monary disease [24], emphysema [25], lung cancer [26], smoking
behaviour [27], and nicotine, alcohol, and cocaine dependence [28].

Using MR analyses, we found an unconfounded association
between BM], lifetime smoking, and SBP with the risk of developing
LRTI. These results align with previously published MR studies
[12—15].

We observed no sex-specific effect in the genome-wide analyses
stratified by sex. In the analysis stratified by smoking status,
however, we observed that the protective effect of the effect allele
for rs10519203 was present only among smokers. This aligns well
with our phenome-wide association analysis, where we found that
the effect allele of rs10519203 had a protective effect for traits
related to smoking behaviour and several other respiratory dis-
eases. We also identified a locus associated with the risk of LRTI that
was present among never-smokers but not among ever-smokers.
Variants in this locus on chromosome 2 have been linked to
reduced forced vital capacity [29].

A key strength of our study is the large number of cases and
controls included, which increases the statistical power and
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Fig. 3. Mendelian randomization analyses of cardiometabolic risk factors on risk of lower respiratory tract infections (LRTIs). Forest plot of the two-sample inverse-variance
weighted Mendelian randomization analyses of cardiometabolic risk factors identified as genetically correlated with LRTIs. Each risk factor was evaluated separately for the meta-
analysis, UK Biobank, HUNT, FinnGen, and the corresponding risk factors. The x-axis represents the results expressed as per standard deviation increase in genetically proxied levels
of the exposure for continuous traits (body mass index (BMI), lifetime smoking, low-density lipoprotein (LDL) cholesterol, systolic blood pressure) and as per unit increase in the log

odds ratio for genetically proxied type 2 diabetes liability.

allowed us to carry out analyses stratified by sex and smoking
status. Another strength is the use of a narrow phenotype definition
for bacterial LRTIs, which may have different underlying patho-
physiology compared with viral LRTIs. The phenotype was based on
hospital record linkage, and there is a risk of non-differential
misclassification. We sought to limit the random error introduced
by this misclassification by using a large sample. Ideally, the GWAS
results used in the meta-analyses should all be conducted with the
same ascertainment criteria on comparable populations and
following the same study design. In the present study, different
genotyping platforms and imputation programmes were used for
the three cohorts, and the phenotype definition was different in
FinnGen compared with UK Biobank and HUNT, which may in-
crease the heterogeneity between the cohorts. However, for the
lead genetic loci, we found very little variety between the included
cohorts. To avoid bias due to population stratification, we evaluated
only subjects of European ancestry, and it is unclear whether our
findings apply to other ancestry groups, highlighting the need for
research on other ancestry groups. Finally, the genetic instruments
used in the MR analyses may have had pleiotropic effects, which
could produce spurious findings. To limit this risk, we conducted
several sensitivity analyses which revealed that the observed pos-
itive association between T2DM and LRTI in the main MR analysis
might be due to bias, while the other findings were robust.

In conclusion, we identified a region in 15g25.1 to be strongly
associated with LRTI susceptibility. Using an MR framework, we

found that increased BMI, lifetime smoking, and SBP were associ-
ated with a greater risk of LRTI. Reduction in the prevalence of
smoking, overweight, obesity, and hypertension may reduce the
disease burden of LRTIs.
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