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Original research

Low vitamin D and risk of bacterial pneumonias:
Mendelian randomisation studies in two population-

based cohorts
Yunus Colak

ABSTRACT

Background Vitamin D may regulate the innate
immune system, and randomised controlled trials suggest
a beneficial effect of vitamin D supplementation against
acute respiratory tract infections. By using a Mendelian
randomisation approach, we tested the hypothesis that
low 25-hydroxyvitamin D is associated with increased
risk of bacterial pneumonia in observational and genetic
analyses.

Methods We genotyped 116335 randomly chosen
white Danes aged 20 to 100 from the Copenhagen City
Heart Study and Copenhagen General Population Study
for plasma 25-hydroxyvitamin D decreasing genetic
variants around CYP2R1 (rs117913124, 1512794714
and rs10741657), DHCR7 (rs7944926 and rs11234027),
GEMINZ (rs2277458) and HAL (rs3819817). Information
on plasma 25-hydroxyvitamin D was available on 35833
individuals. Individuals were followed from 1981 through
2018 for hospital diagnoses of bacterial pneumonias.
Results During up to 38 years follow-up, we observed
6342 bacterial pneumonias in observational analyses and
13916 in genetic analyses. In observational analyses,
multivariable adjusted HR for bacterial pneumonias

was 1.27 (95% Cl: 1.16 to 1.40) for individuals with
25-hydroxyvitamin D<25nmol/L compared with

those with =25nmol/L. In genetic analyses, the OR

for bacterial pneumonia per 10 nmol/L lower plasma
25-hydroxyvitamin D was 1.12 (95% Cl: 1.02 to 1.23)

in Wald's ratio, 1.12 (95% Cl: 1.04 to 1.20) in inverse-
variance weighted, 1.63 (95% CI: 0.96 to 2.78) in
MR-Egger and 1.15 (95% Cl: 1.05 to 1.26) in weighted
median instrumental variable analysis. This association
was strongest for genetic variants around CYP2R1. There
was no observational or genetic evidence to support that
25-hydroxyvitamin D is associated with risk of urinary
tract infections, skin infections, sepsis or gastroenteritis,
which were used as negative control outcomes.
Conclusions Low vitamin D is associated
observationally and genetically with increased risk of
bacterial pneumonias.

INTRODUCTION

The proposed role of vitamin D in human health
has been extended well beyond calcium and bone
homoeostasis to now include regulation of the
innate immune system.' > Accordingly, obser-
vational studies have found that low plasma
25-hydroxyvitamin D concentrations are associated
with increased risk of respiratory tract infections
in adults, children and infants.>” Nevertheless,
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What is the key question?

» This study was designed to answer whether
low plasma vitamin D is a causal factor in
bacterial pneumonias by using a Mendelian
randomisation approach.

What is the bottom line?

» By using a Mendelian randomisation approach
in two population-based cohorts with >110000
individuals and up to 38 years of follow-up, low
plasma vitamin D is associated observationally
and genetically with increased risk of bacterial
pneumonias, but not with risk of urinary
tract infections, skin infections, sepsis or
gastroenteritis.

Why read on?

» This is the first study that investigates the
causal association of vitamin D with bacterial
pneumonias alone using genetic evidence.

randomised controlled trials investigating effect
of vitamin D supplementation against respiratory
tract infections have found conflicting results.'*
However, a systematic review and meta-analysis
comprising 11 321 participants and including all
randomised controlled trials with vitamin D supple-
mentation of any duration against acute respiratory
tract infections showed a beneficial effect.”* To our
knowledge, no study has attempted to investigate
the causal association of vitamin D with bacterial
pneumonias alone using genetic evidence.

A Mendelian randomisation analysis takes
advantage of natural randomisation and uses
genetic variants as proxies of modifiable expo-
sures.” Since alleles are randomly distributed at
conception, genetic variants should not be associ-
ated with potential confounders, and since genes
are present at birth, genetic analyses are not
susceptible to reverse causation. Thus, causal infer-
ences can be made using such a study design akin
to randomised controlled trials. Indeed, genetic
variants have been identified that specifically lead
to lifelong lower plasma 25-hydroxyvitamin D
concentrations,”* providing an ideal framework
to assess low 25-hydroxyvitamin D as a causal
risk factor for bacterial pneumonias. In such a
Mendelian randomisation framework, instru-
ments or genetic variants known to be associated
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with plasma 25-hydroxyvitamin D are tested for their associ-
ation with bacterial pneumonia. From this, it may be possible
to show that 25-hydroxyvitamin D is causal of bacterial pneu-
monia under a number of key assumptions. The assumptions are
that the genetic variants are associated with 25-hydroxyvitamin
D, are only associated with bacterial pneumonia through
25-hydroxyvitamin D and are independent of confounders of
the association of plasma 25-hydroxyvitamin D with bacterial
pneumonia.

By using a Mendelian randomisation approach, we tested
the hypothesis that low 25-hydroxyvitamin D is associated
with increased risk of bacterial pneumonia in observational and
genetic analyses. For this purpose, we used two population-
based cohorts with >110000 individuals and up to 38 years of
follow-up.

METHODS

Study populations

The Copenhagen City Heart Study is a population-based
prospective cohort study initiated in 1976 to 1978, with
follow-up examinations in 1981 to 1983, 1991 to 1994 and
2001 to 2003.%° All individuals in Denmark are assigned a unique
identification number at birth or immigration (Central Person
Registration number) and recorded in the national Danish Civil
Registration System. Individuals aged 20 to 100 were randomly
selected and invited from the national Danish Civil Registration
System to reflect the white adult general population of Danish
descent (an individual is registered as of Danish descent in the
national Danish Civil Registration System if the person and both
parents are born in Denmark and have Danish citizenship). At
study entry, all individuals completed a questionnaire, under-
went a physical examination and gave blood for biochemical
and genetic analyses (1991 to 1994 and 2001 to 2003 examina-
tions only). In observational analyses, we included 10 272 indi-
viduals with plasma 25-hydroxyvitamin D measurements from
the 1981 to 1983 examination. In genetic analyses, we included
9536 individuals from the 1991 to 1994 and/or 2001 to 2003
examinations with information on all genotypes. Of these, 5597
had information on both plasma 25-hydroxyvitamin D measure-
ments and all genotypes.

The Copenhagen General Population Study is a population-
based prospective cohort study initiated in 2003 with ongoing
enrolment, recruited and examined as the Copenhagen City
Heart Study but from different parts of Copenhagen.®* In
observational analyses, we included 25 561 individuals, with
plasma 25-hydroxyvitamin D measurements. In genetic anal-
yses, we included 106 799 individuals with information on all
genotypes. Of these, 25 410 had information on both plasma
25-hydroxyvitamin D measurements and all genotypes.

No individual appeared in more than one study. For the
Copenhagen City Heart Study, the response-rate was 72% in the
1976 to 1978 examination, 63% in the 1981 to 1983 exam-
ination, 61% in the 1991 to 1994 examination and 50% in the
2001 to 2003 examination. Non-responders versus responders
in the 1976 to 1978 examination were more often men (52%
vs 46%) and slightly older (median age: 55 vs 54 years). Similar
differences could be observed between non-responders and
responders for the subsequent examinations: 53% vs 45% and
61 vs 58 years in the 1981 to 1983 examination, 45% vs 44%
and 63 vs 61 years in the 1991 to 1994 examination and 43% vs
439% and 67 vs 62 years in the 2001 to 2003 examination, respec-
tively. For the Copenhagen General Population Study recruiting
in 2003 to 20135, response rate was 43%. Non-responders versus

responders were more often men (48% vs 45%) and slightly
younger (median age: 56 vs 58).

Plasma 25-hydroxyvitamin D measurements

Measurements of plasma 25-hydroxyvitamin D using the
DiaSorin Liaison 25(OH)vitamin D Total Assay, a direct compet-
itive chemiluminescence immunoassay, were conducted blind
to information on outcome and genotypes.*’ For the Copen-
hagen City Heart Study, plasma samples were collected in 1981
to 1983 (n=10 272) and stored at —20°C for approximately
30 years before measurement. For the Copenhagen General
Population Study, plasma samples were either collected in 2004
to 2005 (n=12 506) and stored at —80°C for approximately
5 years before measurement or in 2009 to 2011 (n=13 055)
for measurement on fresh samples. Assay precision was tested
daily, while assay accuracy was tested monthly using an external
quality control programme (Vitamin D External Quality Assess-
ment Scheme (DEQAS)). The inter-assay coefficient of variance
was 10% for low concentration control (~40 nmol/L) and 8% for
high concentration control (~135 nmol/L).

Genotypes

Genotyping using TagMan assays was conducted blind to infor-
mation on outcome and plasma 25-hydroxyvitamin D concen-
trations.’® Specific genotypes for plasma 25-hydroxyvitamin D
concentration were selected as those having the strongest and
largest association in genome-wide association studies,?® ¥
we chose genetic variants around CYP2R1 (rs12794714 and
rs10741657) and DHCR7 (rs7944926 and rs11234027),
as they are expected to influence biologically active plasma
25-hydroxyvitamin D concentrations via either synthesis of pre-
vitamin D from 7-dehydrocholesterol in the skin or conversion
of vitamin D to 25-hydroxyvitamin D in the liver. We on purpose
did not genotype for variants in the vitamin D binding protein,
as such variants will influence the amount of 25-hydroxyvitamin
D transported in plasma rather than differences in biologically
active plasma 25-hydroxyvitamin D. Recently, three addi-
tional genotypes for plasma 25-hydroxyvitamin D concentra-
tion were identified in genome-wide association studies; a rare
genetic variant located around CYP2R1 (rs117913124) and two
frequent genetic variants around GEMIN2 (rs2277458) and
HAL (rs3819817),%” *® which we also genotyped. Call rates were
>99% after two reruns.

Bacterial pneumonias

Bacterial pneumonias (International Classification of Diseases
(ICD)-8: 481xx to 486xx and ICD-10: A481, J13 to ]J16,
J170, J18) were defined as acute emergency department visits
and hospital admissions with the mentioned primary diagnosis.
Information was obtained from the national Danish Patient
Registry, which records all public and private hospital contacts
in Denmark, recorded from baseline until 13 December 2018.
Diagnoses recorded in the registry are made by medical doctors
according to national law. Denmark used the ICD-8 until 1
January 1994 and proceeded directly to ICD-10 after this date.
As negative control outcomes, we included urinary tract infec-
tions, skin infections, sepsis and gastroenteritis.*!

By using the unique Central Person Registration number
provided to everyone in Denmark at birth or immigration and
linking it with the national Danish Patient Registry, no person
was lost to follow-up, and individuals who emigrated were
censored at the date of emigration (n=137 in observational anal-
yses and n=538 in genetic analyses).
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Potential confounders

Body mass index (BMI) was calculated as measured weight
divided by measured height squared (kg/m?). Smoking status
was defined as never, former or current smoking. Cumulated
tobacco consumption was calculated in pack-years based on
information on age at smoking initiation and cessation (or for
current smokers until age at baseline examination), duration of
tobacco consumption and amount of consumed tobacco in form
of number of daily consumed cigarettes, cheroots and cigars and
grams of weekly consumed pipe tobacco: a pack-year was defined
as 20 cigarettes or equivalent smoked daily for a year. Alcohol
consumption was self-reported in units per week (1 unit=12
g). Estimated glomerular filtration rate (eGFR) was calculated
from serum creatinine measured using standard hospital assays.
Chronic disease at baseline included diabetes mellitus, ischaemic
heart disease, chronic obstructive pulmonary disease (COPD)
and cancer. Diabetes at baseline was based on self-report, non-
fasting plasma glucose >11mmol/L, use of antidiabetic medi-
cation and/or previous inpatient/outpatient hospital contacts
due to diabetes (ICD-8: 249 to 250 and ICD-10: E10 to E14),
obtained from the national Danish Patient Registry. Ischaemic
heart disease (ICD-8: 410 to 414 and ICD-10: 120 to 125) and
COPD (ICD-8: 491 to 492 and ICD-10: J41 to J44) at baseline
were based on inpatient/outpatient hospital contacts, obtained
from the national Danish Patient Registry. Cancer at baseline,
excluding non-melanoma skin cancer cases, was obtained from
the national Danish Cancer Registry.

Statistical analyses

Deviation from Hardy-Weinberg equilibrium was investigated
using the y*-tests; deviation may suggest genotyping or popu-
lation sampling errors, but we observed none. Associations with
potential confounders were investigated using linear and logistic
regression models, as appropriate. Associations between the
genotypes and plasma 25-hydroxyvitamin D were investigated
using linear regression models; we evaluated the strength of the
genotypes as instruments by examining the F-statistic and R*: a
high F and/or R* indicates sufficient strength to ensure statistical
reliability of the risk estimates.’® Kaplan-Meier estimator was
used to determine cumulative prevalence of bacterial pneumonias
with log-rank test. Cox proportional hazard models were used
to determine risk of bacterial pneumonias. Multiple failure-time
analysis was carried out to investigate risk of recurrent events
using the method proposed by Andersen and Gill.** Wald’s test
was used to assess interaction on risk of bacterial pneumonias.
We used age as the underlying timescale (=age adjusted) with
left truncation (=delayed entry) at study examination. Observa-
tional analyses were adjusted for age, sex, seasonal variation of
25-hydroxyvitamin D (by adjusting for month and year of blood
sampling), birth year, cohort, BMI, smoking status, cumulative
tobacco consumption, alcohol consumption, eGFR and chronic
disease at baseline (diabetes, ischaemic heart disease, COPD
and cancer). Genetic analyses were adjusted for age, sex, birth
year and cohort, as genetic analyses generally are not prone to
confounding. In order to estimate the causal effect of plasma
25-hydroxyvitamin D on bacterial pneumonia, we used instru-
mental variable analysis with individual level data, accounting
for partial overlap and methods designed to be robust to some
violations of the assumptions for Mendelian randomisation anal-
yses, that is, inverse-variance weighted, MR-Egger and weighted
median estimators.** ** All instrumental variable analyses were
carried out using single events, that is, first event, as method-
ology for investigating recurrent events has not been developed

yet. The causal effect was estimated by including genetic variants
that were not prone to weak instrument bias (sufficiently high
F-statistic and R?) in accordance with previous recommenda-
tions.’* ** However, instrumental variable analysis was repeated
by also including all genetic variants. In a sensitivity analysis,
we investigated the associations in the UK Biobank through
GeneAtlas.”” *® However, UK Biobank had a different outcome
definition (influenza and all pneumonia combined) from the one
used in the present study, as bacterial pneumonia alone was not
available. In another sensitivity analysis, we combined genetic
variants around CYP2R1 to create unweighted and weighted
genetic risk score, since most of the association seemed to be
driven through these genotypes; only internal weighted risk
scores could be calculated as genome-wide association studies
did not report results necessary to calculate externally weighted
risk score.”®’ Since information on potential confounders was
99.9% complete, we performed multivariate imputation using
chained equations to fill out the missing values in the observa-
tional analyses; however, results were similar without the use of
imputation. We used Stata/SE 13.1 for Windows.

RESULTS

We had 35 833 individuals in observational analyses and
116 335 in genetic analyses (figure 1 and table 1). Plasma
25-hydroxyvitamin D concentrations were associated with
all potential confounders (online supplemental table S$1). In
contrast, the genotypes for 25-hydroxyvitamin D were not asso-
ciated with any potential confounders (online supplemental table
S2) but as expected associated with plasma 25-hydroxyvitamin
D concentrations in a dose-dependent manner (online supple-
mental figure S1), illustrating that such genotypes can be used
as largely unconfounded instruments to assess the association
of genetically determined low 25-hydroxyvitamin D with risk
of bacterial pneumonias by using a Mendelian randomisation
approach. Among the genotypes, GEMIN2 rs2277458 and HAL
rs3819817 had F-statistic <10and R* <0.1%, suggesting that
these genotypes may be weak instruments (online supplemental
figure S1).

In the Copenhagen City Heart Study, median follow-up was
21 years (up to 38 years) for the observational analyses and 18
years (up to 27 years) for the genetic analyses. In the Copen-
hagen General Population Study, corresponding values were 8.8
years (up to 14 years) and 9.3 years (up to 15 years), respectively.
During follow-up, we observed 6342 bacterial pneumonias in
the observational analyses and 13 916 in the genetic analyses.

Observational analyses

Individuals with 25-hydroxyvitamin D<25nmol/L had an
increased risk of bacterial pneumonias compared with those
with 25-hydroxyvitamin D=25 nmol/L in the Copenhagen City
Heart Study and Copenhagen General Population Study, both in
combined and separate analyses (figure 2). Compared with indi-
viduals with 25-hydroxyvitamin=25 nmol/L, the multivariable
adjusted HR for bacterial pneumonias was 1.27 (95% CI: 1.16 to
1.40) in individuals with 25-hydroxyvitamin D<25 nmol/L. This
risk estimate was largely similar in subgroup analyses without
evidence of interaction, including in the two studies separately
(figure 3).

Compared with individuals with
25-hydroxyvitamin=50 nmol/L, multivariable adjusted HRs
for bacterial pneumonias were 0.95 (95% CI: 0.88 to 1.103)
in those with 25 to 49.9 nmol/L, 1.19 (95% CI: 1.06 to 1.32)
in those with 12.5 to 24.9nmol/L and 1.51 (95% CI: 1.25

470

Golak Y, et al. Thorax 2021,76:468-478. doi:10.1136/thoraxjnl-2020-215288

y61Adoo Ag pajoalold 1senb Aqg 1720z ‘0T Iidy uo /wod fwg xeloyy//:dny woly papeojumod ‘0Z0Z 1890100 /Z U0 882STZ-0202-|ulxeioyly9sTT 0T se paysiignd 1siy :xeloyL


https://dx.doi.org/10.1136/thoraxjnl-2020-215288
https://dx.doi.org/10.1136/thoraxjnl-2020-215288
https://dx.doi.org/10.1136/thoraxjnl-2020-215288
https://dx.doi.org/10.1136/thoraxjnl-2020-215288
https://dx.doi.org/10.1136/thoraxjnl-2020-215288
https://dx.doi.org/10.1136/thoraxjnl-2020-215288
https://dx.doi.org/10.1136/thoraxjnl-2020-215288
http://thorax.bmj.com/

Respiratory infection

Observational analyses flowchart

initiated in 1976-78 with follow-up examinations in 2003-2015
in 1981-83, 1991-94, and 2001-03

1 l

‘ The Copenhagen City Heart Study ‘ The Copenhagen General Population Study

25-hydroxyvitamin D measurement 25-hydroxyvitamin D measurement
in the 1981-83 examination in 2004-2005 and 2009-2011
N=10 272 N=25 561

|

Observational analyses

N=35 833
Genetic analyses flowchart
The Copenhagen City Heart Study The Copenhagen General Population Study
initiated in 1976-78 with follow-up examinations in 2003-2015
in 1981-83, 1991-94, and 2001-03

l

Genotyping in the 1991-94 and Genotyping in 2003-2015
2001-03 examinations N=106 799
N=9536
5597 individuals had 25-hydroxyvitamin D 25 410 individuals had 25-hydroxyvitamin D
measured in the 1981-83 examination and measured in 2004-2005 or 2009-2011 and
overlapped with observational analyses overlapped with observational analyses
Genetic analyses
N=116 335

Figure 1  Flowchart depicting samples used in observational and genetic analyses.

to 1.81) in those with <12.5nmol/L 25-hydroxyvitamin for trend =0.05); however, 95% CIs for HRs did not overlap

D (figure 4). No clear associations were observed between with 1.0 in individuals with plasma 25-hydroxyvitamin
25-hydroxyvitamin D concentrations and risk of urinary tract D<12.5 nmol/L for skin infections and 12.5-24.9 nmol/L for
infections, skin infections, sepsis or gastroenteritis (all p values sepsis.

Table 1 Potential confounders in observational and genetic analyses in individuals in the general population

Individuals in Association with Individuals in genetic Association with
observational analyses 25-hydroxyvitamin D analyses genetic risk score,
(n=35 833) concentration, P value*  (n=116335) P value*
Age — years 58.1 (48.8 to 66.6) 4x10™" 58.3 (48.1 t0 67.7) 0.23
Men — no. (%) 16 076 (45) 5x107% 52 339 (45) 0.26
BMI — kg/m? 25.4 (23.0 t0 28.2) 2x10716 25.5 (23.1 to 28.4) 0.91
Active smokers — no. (%) 11230 31) 5x102% 22787 (20) 0.16
Cumulative tobacco consumption — pack-yearst 20.0 (9.0 to 35.0) 2x10% 16.5 (6.3 t0 31.0) 0.96
Alcohol — units/day 1.0 (0.3 t0 2.0) 0.002 1.1(0.4t02.1) 0.72
eGFR — mL/min 77 (65 to 89) 9x10* 80 (69 to 91) 0.68
Chronic disease at baseline
Diabetes — no. (%) 1507 (4) 2x10™° 4945 (4) 0.30
Ischaemic heart disease 1925 (5) 0.001 6616 (6) 0.79
COPD - no. (%) 725 (2) 0.02 2405 (2) 0.39
Cancer - no. (%) 2091 (6) 2x10° 7798 (7) 0.27

Data presented as median (25" and 75™ percentiles), or n (%). Based on the Copenhagen City Heart Study and the Copenhagen General Population Study.
*Calculated using linear or logistic regression, as appropriate.

tOnly calculated for former and current smokers.

BMI, body mass index; COPD, chronic obstructive pulmonary disease; eGFR, estimated glemarular filtration rate.
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The Copenhagen City Heart Study and Copenhagen General Population Study

100 1 No. of individuals = 35 833 HR (95% CI)

No. of events = 6342 <25 nmol/L 1.27 (1.16-1.40)

75 | P for logrank = 2 x 107 225 nmol/L 1 [Reference]

50 1

25

Cumulative prevalence for
bacterial pneumonias, %

20 30 40 50 60 70 80 90 100

Age, years
Number at risk

25-hydroxyvitamin D
<25 nmol/L 0 85 222 1284 2059 2028 1224 319 10
225 nmol/L 0 641 1469 7292 10660 11514 7289 2056 64

The Copenhagen City Heart Study

100 1 No. of individuals = 10 272 HR (95% CI)

No. of events = 3165 <25 nmol/L 1.28 (1.14-1.44)

75 | P for logrank = 7 x 109 225 nmol/L 1 [Reference]

50

25

Cumulative prevalence for
bacterial pneumonias, %

0 4
T T T T T T T T T
20 30 40 50 60 70 80 90 100

Age, years

Number at risk

25-hydroxyvitamin D

<25 nmol/L 0 41 124 569 1168 1426 926 220 6
225 nmol/L 0 276 650 2208 4162 5375 3820 1033 48

The Copenhagen General Population Study

100 1  No. of individuals = 25 561 HR (95% Cl)
No. of events = 3177 <25nmollL  1.26 (1.09-1.47)
75| Pforlogrank =1x 101 225 nmollL 1 [Reference]

Cumulative prevalence for
bacterial pneumonias, %

T
20 30 40 50 60 70 80 90 100

Age, years
Number at risk

25-hydroxyvitamin D
<25 nmol/L 0 44 98 715 891 602 298 99 4
225 nmol/L 0 365 819 5084 6498 6139 3469 1023 16

Figure 2 Cumulative prevalence and risk of bacterial pneumonias according to plasma 25-hydroxyvitamin D concentration in individuals in the
general population. Cumulative prevalence from Kaplan-Meier estimator, and risk estimates obtained from Cox regression models with multiple
failure-time analysis according to Andersen and Gill adjusted for age (as timescale), sex, seasonal variation of 25-hydroxyvitamin D, birth year, cohort,
body mass index, smoking status, cumulative tobacco consumption, alcohol consumption, estimated glomerular filtration rate, chronic disease at
baseline (diabetes, ischaemic heart disease, chronic obstructive pulmonary disease and cancer).
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No. of

o ) .
individuals/events HR (95% CI) P for interaction
All individuals 35833/6342 - 1.27 (1.16-1.40) NA
Age <58 years 17 151/2268 —— 1.35(1.16-1.58) 0.22
Age 258 years 17 002/3742 — 1.24 (1.10-1.39)
Women 18 713/3130 — 1.33(1.17-1.52) 0.68
Men 15 440/2880 —— 1.25(1.10-1.44)
BMI <25 kg/m? 17 130/2950 —— 1.35(1.18-1.55) 0.11
BMI 225 kg/m? 17 023/3060 — 1.23 (1.08-1.40)
Non-smokers 23 513/3262 —— 1.25(1.07-1.45) 0.83
Active smokers 10 640/2748 — 1.31(1.16-1.48)
Alcohol <1 units/day 16 490/3190 — 1.34 (1.18-1.52) 0.62
Alcohol 21 units/day 17 663/2820 —— 1.22 (1.06-1.41)
eGFR <76 mL/min 16 973/3994 - 1.30 (1.16-1.46) 0.76
eGFR 276 mL/min 17 180/2016 —— 1.27 (1.08-1.49)
No diabetes 32 736/5620 - 1.33(1.21-1.47) 0.022
Diabetes 1417/390 —— 0.81 (0.51-1.27)
No ischaemic heart disease 33908/5774 - 1.31(1.19-1.45) 0.11
Ischaemic heart disease 1925/568 —— 0.96 (0.66-1.40)
No COPD 33 482/5564 - 1.28 (1.16-1.41) 0.61
COPD 671/446 —1— 1.42(0.85-2.36)
No cancer 32 190/5567 - 1.29 (1.17-1.42) 0.83
Cancer 1963/443 —— 1.30 (0.89-1.90)
CCHS 9750/3003 —— 1.29 (1.14-1.45) 0.92
CGPS 24 403/3007 —— 1.30 (1.11-1.51)
[ I |
0.5 1 2 3

HR (95% CI) for bacterial pneumonias for
<25 nmol/L versus 225 nmol/L 25-hydroxyvitamin D

Figure 3  Risk of bacterial pneumonias in different subgroups according to plasma 25-hydroxyvitamin D concentration in individuals in the general
population. Risk estimates obtained from Cox regression models with multiple failure-time analysis according to Andersen and Gill adjusted for

age (as timescale), sex, seasonal variation of 25-hydroxyvitamin D, birth year, cohort, body mass index (BMI), smoking status, cumulative tobacco
consumption, alcohol consumption, estimated glomerular filtration rate (eGFR), chronic disease at baseline (diabetes, ischaemic heart disease, chronic
obstructive pulmonary disease (COPD) and and cancer), as appropriate. P for interaction obtained from Wald's test. Number of individuals vary slightly
in the subgroup analyses due to availability of data. Chosen cut-off values for age, BMI, alcohol and eGFR represent median values. Based on the
Copenhagen City Heart Study (CCHS) and Copenhagen General Population Study (CGPS) if not otherwise stated. Risk estimates for the CCHS and
CGPS vary slightly from figure 1, as complete case analysis has been used here.

Genetic analyses
Each 25-hydroxyvitamin D decreasing allele in CYP2R1
rs12794714 and CYP2R1 rs10741657 was associated with
higher risk of bacterial pneumonias but not of other infections
(figure 5). Other genotypes were not associated individually with
higher risk of bacterial pneumonias or other infections; however,
individuals with genetic variation in GEMIN2 rs2277458 had a
reduced risk of sepsis and gastroenteritis.

In  instrumental  variable analysis, lower plasma
25-hydroxyvitamin D concentration was associated with higher

risk of bacterial pneumonia (figures 6 and 7). ORs for bacterial
pneumonia per 10 nmol/L lower plasma 25-hydroxyvitamin D
were respectively 1.12 (95% CI: 1.02 to 1.23) in Wald’s ratio,
1.12 (95% CI: 1.04 to 1.20) in inverse-variance weighted,
1.63 (95% CI: 0.96 to 2.78) in MR-Egger and 1.15 (95% CI:
1.05 to 1.26) in weighted median instrumental variable anal-
ysis (figure 7, upper panel). Results were attenuated but similar
when also including the rare genetic variant, that is, CYP2R1
rs117913124, and the genetic variants prone to weak instrument
bias, that is, GEMIN2 rs2277458 and HAL rs3819817 (figure 7,
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No. of
individuals/events
Bacterial pneumonias
25-hydroxyvitamin D l
250 nmol/L 17 762/2902
25-49.9 nmol/L 13 102/2279 —
12.5-24.9 nmol/L 4081/915
<12.5 nmol/L 888/246

Urinary tract infections

25-hydroxyvitamin D
=50 nmol/L

25-49.9 nmol/L
12.5-24.9 nmol/L
<12.5 nmol/L

17 762/1858
13 102/1437

Skin infections

25-hydroxyvitamin D
=50 nmol/L
25-49.9 nmol/L

17 762/1199
13 102/1011

4081/449 4 =
888/95 ——

HR (95% CI) P for trend

1 [Reference] 3x10*
0.95 (0.88-1.03)
1.19 (1.06-1.32)

1.51 (1.25-1.81)

1 [Reference] 0.08
1.03 (0.94-1.13)
1.12(0.96-1.30)
1.21 (0.94-1.56)

1 [Reference] 0.20
1.00 (0.90-1.12)

12.5-24.9 nmol/L 4081/321 1.00 (0.86-1.17)
<12.5 nmol/L 888/93 — 1.42 (1.08-1.87)
Sepsis
25-hydroxyvitamin D
250 nmol/L 17 762/759 I 1 [Reference] 0.11
25-49.9 nmol/L 13 102/585 0.98 (0.86-1.12)
12.5-24.9 nmol/L 4081/215 —— 1.24 (1.01-1.52)
<12.5 nmol/L 888/39 = 1.17 (0.81-1.68)
Gastroenteritis
25-hydroxyvitamin D
250 nmol/L 17 762/485 [ ] 1 [Reference] 0.27
25-49.9 nmol/L 13 102/441 —— - 1.09 (0.94-1.27)
12.5-24.9 nmol/L 4081/137 — 1.06 (0.84-1.34)
<12.5 nmol/L 888/33 L 1.23 (0.82-1.87)
[ ]
0.8 1 2

HR (95% CI)

Figure 4 Risk of bacterial pneumonias and other infections according to plasma 25-hydroxyvitamin D concentration in individuals in the general
population. Risk estimates obtained from Cox regression models with multiple failure-time analysis according to Andersen and Gill adjusted for age
(as timescale), sex, seasonal variation of 25-hydroxyvitamin D, birth year, cohort, body mass index, smoking status, cumulative tobacco consumption,
alcohol consumption, estimated glomerular filtration rate, chronic disease at baseline (diabetes, ischaemic heart disease, chronic obstructive
pulmonary disease and cancer). Based on the Copenhagen City Heart Study and Copenhagen General Population Study.

lower panel). However, these latter analyses may be biassed as
outliers affect inverse-variance weighted and MR-Egger esti-
mates, and weak instruments can also bias estimates in general,
though usually towards the observational estimate.

Sensitivity analyses

None of the 25-hydroxyvitamin D decreasing genotypes were
associated with risk of influenza and all pneumonia combined in
the UK Biobank, and estimates were attenuated for the Copen-
hagen City Heart Study and Copenhagen General Population
Study compared with bacterial pneumonia alone (online supple-
mental figure S2); however, the CYP2R1 rs12794714 genotype
was associated with increased risk of influenza and all pneumonia

in the Copenhagen City Heart Study and Copenhagen General
Population Study (latter also as a separate cohort). However, this
outcomes definition is different from our main analyses as UK
Biobank estimates could not be attained for bacterial pneumonia
alone.

Since we suspected that the increased risk of bacterial pneu-
monia was probably driven through CYP2RI, we combined
all available genetic variants around CYP2R1 (rs117913124,
rs12794714 and rs10741657) in a genetic risk score. HR per
1,25-hydroxyvitamin D decreasing CYP2R1 risk score for
bacterial pneumonias was 1.03 (95% CI: 1.01 to 1.04) in an
unweighted genetic risk score and 1.01 (95% CI: 1.00 to 1.02)
in a weighted genetic risk score (online supplemental figure S3).
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Respiratory infection

e sovrts oo 2o D PRESHC)  Paake
Bacterial pneumonias
CYP2R1rs117913124 117 283/13 722 -8.5 nmol/L (-13%) — 0.97 (0.88-1.06) 0.48
CYP2R1rs12794714 117 130/13 718 -2.8 nmol/L (-4.2%) —— 1.06 (1.02-1.09) 6 x 10*
CYP2R1rs10741657 117 531/13 759 -2.5 nmol/L (-3.8%) —— 1.04 (1.00-1.07) 0.03
DHCRY7 rs7944926 117 465/13 743 -2.0 nmol/L (-4.1%) T 1.02 (0.98-1.05) 0.32
DHCRY7 rs11234027 117 261/13 700 -2.1 nmol/L (-4.4%) 1.00 (0.96-1.04) 0.91
GEMIN2 rs2277458 117 503/13 752 -1.3 nmol/L (-2.1%) { 0.97 (0.93-1.01) 0.10
HAL rs3819817 117 468/13 743 -0.9 nmol/L (-2.0%) 0.99 (0.96-1.02) 0.36
Urinary tract infections
CYP2R1rs117913124 117 283/9687 -8.5 nmol/L (-13%) 1.00 (0.89-1.11) 0.95
CYP2R1 rs12794714 117 130/9672 -2.8 nmol/L (-4.2%) 1.00 (0.96-1.03) 0.87
CYP2R1 rs10741657 117 531/9719 -2.5 nmol/L (-3.8%) 1.01(0.97-1.04) 0.77
DHCRY7 rs7944926 117 465/9706 -2.0 nmol/L (-4.1%) 0.99 (0.95-1.02) 0.46
DHCRY7 rs11234027 117 261/9690 -2.1 nmol/L (-4.4%) 0.98 (0.93-1.02) 0.30
GEMIN2 rs2277458 117 503/9714 -1.3 nmol/L (-2.1%) 0.99 (0.94-1.04) 0.74
HAL rs3819817 117 468/9711 -0.9 nmol/L (-2.0%) —— 1.02 (0.98-1.05) 0.37
Skin infections
CYP2R1rs117913124 117 283/7244 -8.5 nmol/L (-13%) 1.01(0.91-1.13) 0.80
CYP2R1 rs12794714 117 130/7239 -2.8 nmol/L (-4.2%) g 0.98 (0.94-1.01) 0.22
CYP2R1rs10741657 117 531/7258 -2.5 nmol/L (-3.8%) 1.00 (0.96-1.03) 0.82
DHCRY7 rs7944926 117 465/7249 -2.0 nmol/L (-4.1%) . 1.03 (0.99-1.07) 0.16
DHCRY7 rs11234027 117 261/7231 -2.1 nmol/L (-4.4%) —— 1.02 (0.97-1.06) 0.51
GEMIN2 rs2277458 117 503/7260 -1.3 nmol/L (-2.1%) —.— 1.01(0.95-1.06) 0.85
HAL rs3819817 117 468/7252 -0.9 nmol/L (-2.0%) —- 0.98 (0.94-1.02) 0.25
Sepsis
CYP2R1rs117913124 117 283/3948 -8.5 nmol/L (-13%) 1.00 (0.86-1.16) 0.97
CYP2R1 rs12794714 117 130/3933 -2.8 nmol/L (-4.2%) 1.00 (0.95-1.05) 0.93
CYP2R1 rs10741657 117 531/3949 -2.5 nmol/L (-3.8%) 1.02 (0.97-1.08) 0.37
DHCRY7 rs7944926 117 465/3950 -2.0 nmol/L (-4.1%) 1.00 (0.94-1.05) 0.88
DHCRY7 rs11234027 117 261/3935 -2.1 nmol/L (-4.4%) 1.00 (0.94-1.07) 0.99
GEMIN2 rs2277458 117 503/3950 -1.3 nmol/L (-2.1%) —— 0.91(0.85-0.97) 0.01
HAL rs3819817 117 468/3951 -0.9 nmol/L (-2.0%) . 1.04 (0.99-1.09) 0.15
Gastroenteritis
CYP2R1rs117913124 117 283/2559 -8.5 nmol/L (-13%) i 0.96 (0.80-1.15) 0.68
CYP2R1rs12794714 117 130/2561 -2.8 nmol/L (-4.2%) — 1.02 (0.96-1.08) 0.54
CYP2R1 rs10741657 117 531/2568 -2.5 nmol/L (-3.8%) — 1.06 (1.00-1.13)  0.07
DHCRY7 rs7944926 117 465/2563 -2.0 nmol/L (-4.1%) —— 0.99 (0.93-1.06) 0.74
DHCRY7 rs11234027 117 261/2555 -2.1 nmol/L (-4.4%) —— 0.97 (0.90-1.04) 0.41
GEMIN2 rs2277458 117 503/2568 -1.3 nmol/L (-2.1%) —a— 0.92 (0.85-0.99) 0.04
HAL rs3819817 117 468/2565 -0.9 nmol/L (-2.0%) —— 1.02 (0.96-1.08) 0.49

[ 1

0.8

1

HR (95% Cl) per one

1.2

25-hydroxyvitamin D decreasing allele

Figure 5 Risk of bacterial pneumonias and other infections according to 25-hydroxyvitamin D decreasing genotypes in individuals in the general
population. Risk estimates obtained from Cox regression models with multiple failure-time analysis according to Andersen and Gill adjusted for age
(as timescale), sex, birth year and cohort. Based on the Copenhagen City Heart Study and Copenhagen General Population Study.

DISCUSSION
By using a Mendelian randomisation approach in two population-
based cohorts with >110000 individuals and up to 38 years of
follow-up, we found that low plasma vitamin D is associated
observationally and genetically with increased risk of bacterial
pneumonias. There was no convincing evidence observationally
or genetically that vitamin D is associated with risk of urinary
tract infections, skin infections, sepsis or gastroenteritis.
Vitamin D seems to regulate the innate immune system,
which is essential in the defence against bacterial pneumo-
nias.” It has been shown that toll-like receptor (TLR)—2/1

ligand, T-cell-derived interferon-gamma (IFN-y) and T-cell-
expressed CD40 ligand induce upregulation of vitamin D
receptor (VDR) and 25-hydroxyvitamin D-1-o-hydroxylase
(CYP27B1) (enzyme that converts inactive 25-hydroxyvitamin
D to active 1,25-hydroxyvitamin D) through an autocrine
pathway in human monocytes and macrophages.**** VDR and
1,25-hydroxyvitamin D then induce upregulation of cathelicidin-
related antimicrobial peptides, that is, LL-37 and hCAP-18, and
human B-defensin 2, autophagy and phagosome maturation,
which ultimately leads to intracellular killing of pathogens, as
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Figure 6 Beta coefficient for bacterial pneumonia and change in plasma 25-hydroxyvitamin D concentration D according to 25-hydroxyvitamin D
decreasing genotypes in individuals in the general population. Beta coefficients for bacterial pneumonia obtained from logistic regression models
adjusted for age, sex, birth year and cohort. Change in plasma 25-hydroxyvitamin D concentration obtained from multiple linear regression models
adjusted for age, sex, seasonal variation of 25-hydroxyvitamin D, birth year and cohort. Dashed black (selected genotypes) and grey (all genotypes)
lines obtained from inverse-variance weighted (IVW) instrumental variable analysis. Selected genotypes included CYP2RT rs12794714, CYP2R1
rs10741657, DHCR7 rs7944926 and DHCR7 rs11234027. Based on the Copenhagen City Heart Study and Copenhagen General Population Study.

shown for Mycobacterium tuberculosis, Pseudomonas aeruginosa
and Bordetella bronchiseptica.**

Interestingly, genetic variants around CYP2R1 but not around
DHCR7, GEMIN2 or HAL were associated individually with
increased risk of bacterial pneumonias. A potential explanation
may be that CYP2R1 is more directly involved in the forma-
tion of 1,25-hydroxyvitamin D compared with the other genes.
Also, while the role of DHCR7 in vitamin D metabolism is

No. of
individuals/events

IV analysis with selected genotypes

Wald’s ratio 116 681/10 223
Inverse-variance weighted 116 681/10 223
MR-Egger 116 681/10 223
Weighted median 116 681/10 223

IV analysis with all genotypes

Wald’s ratio 116 266/10 185
Inverse-variance weighted 116 266/10 185
MR-Egger 116 266/10 185

Weighted median 116 266/10 185

well-established (conversion of 7-dehydrocholesterol to choles-
terol), the role of GEMIN2 and HAL is unknown. This may also
explain the low F-statistic and R? of genetic variants around
GEMIN2 and HAL compared with genetic variants around
CYP2R1 and DHCR7. Also, we cannot exclude that variants
in these genes may only indirectly affect 25-hydroxyvitamin D
through pathways affecting both exposure an outcome sepa-
rately (pleiotropy). Further, we cannot exclude the possibility

OR (95% CI) P-value
—— 1.12(1.02-1.23) 0.02
- 1.12(1.04-1.20) 0.003
L 1.63(0.96-2.78) 0.07
i+ 1.15(1.05-1.26) 0.002
- 1.05(0.99-1.13) 0.12
- 1.06 (1.00-1.13) 0.04
i 1.07 (0.95-1.21) 0.26
- 1.05(0.96-1.13) 0.29
[ I 1
09 1 2 3

OR (95% ClI) for bacterial pneumonia

per 10 nmol/L lower plasma 25-hydroxyvitamin D

Figure 7 Risk of bacterial pneumonia according to 25-hydroxyvitamin D concentration using instrumental variable analysis in individuals in the
general population. Risk estimates for bacterial pneumonia obtained from logistic regression models adjusted for age, sex, birth year and cohort.
Change in plasma 25-hydroxyvitamin D concentration obtained from multiple linear regression models adjusted for age, sex, seasonal variation of

25-hydroxyvitamin D, birth year and cohort. Selected genotypes included

CYP2R1 rs12794714, CYP2R1 rs10741657, DHCR7 rs7944926 and DHCR7

rs11234027. Based on the Copenhagen City Heart Study and Copenhagen General Population Study. IV, instrumental variable.
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that vitamin D may not be involved in the defence against bacte-
rial pneumonias, and that other mechanisms involving CYP2R1
may be at play. Finally, the association of genetic variants around
CYP2R1 with risk of bacterial pneumonias could represent a
chance finding and therefore needs independent confirmation.

We were unable to replicate our findings in the UK Biobank. A
potential explanation may be that a different outcome was used,
that is, influenza and all pneumonia combined instead of bacterial
pneumonia alone. Although we found evidence of an association
with influenza and all pneumonia for the 25-hydroxyvitamin
D decreasing CYP2R1 rs12794714 genotype, we believe that
this association was probably driven by bacterial pneumonia.
Another potential explanation may be that events were iden-
tified differently in the UK Biobank and the validity of these
endpoints in UK biobank is unknown. Information on events in
the present study was obtained from the national Danish Patient
Registry, which records all public and private hospital contacts
in Denmark, where diagnoses are made by medical doctors
according to national law. In addition, events were only defined
as acute emergency department visits and hospital admissions
based on the primary diagnosis to increase the validity,” and to
secure that we only captured the most serious cases admitted to
hospital in the Copenhagen cohorts.

Previous observational studies have found an association of
low plasma 25-hydroxyvitamin D concentrations with higher
risk of respiratory tract infections.” Although results from
randomised controlled trials testing the effect of vitamin D
supplementation against respiratory tract infections have been
conflicting,'®* the largest systematic review and meta-analysis
to date has pointed at a beneficial effect.** In the present study,
we show that low vitamin D is associated with increased risk
of bacterial pneumonias in observational analyses and in part in
genetic analyses. The fact that there was no evidence observa-
tionally or genetically that vitamin D is associated with risk of
other organ specific infections suggests that the association could
be specific for respiratory infections such as bacterial pneu-
monias. Future randomised controlled trials should therefore
be designed to study the effect of vitamin D supplementation
against bacterial pneumonias.

Strengths of the present study include two large-scale indepen-
dent cohorts from the general population with randomly selected
individuals with a long follow-up time, no losses to follow-up
and a substantial number of bacterial pneumonias. Furthermore,
we used physician encoded diagnoses with high validity.*®

Potential limitations in Mendelian randomisation analyses
include population stratification bias, genetic pleiotropy and
linkage disequilibrium. However, as we had an ethnically homo-
geneous white Danish population, the complicating effects of
population stratification were likely avoided, and as genotype
distributions did not appear to differ according to the Hardy-
Weinberg equilibrium, genotyping and population sampling
errors were also likely avoided.

Another potential limitation is that we did not have infor-
mation on family relationships, which could bias our results.
However, since we have sampled randomly, we believe that this
bias will be of minor importance.

As mentioned above, we cannot exclude that our posi-
tive genetic observation could not represent a chance finding.
However, it is reassuring that all different instrumental variable
analyses that were used to estimate the causal effect, each with
its belonging strengths and weaknesses,** gave similar results,
suggesting that the results are robust.

In conclusion, low vitamin D is associated observationally and
genetically with increased risk of bacterial pneumonias.
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