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Abstract Vitamin D induces the expression of antimicrobial
peptides with activity against Staphylococcus aureus. Thus,
we studied the association between serum 25-
hydroxyvitamin D (25(OH)D) and S. aureus nasal coloniza-
tion and carriage. Nasal swabs, blood samples and clinical
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data from 2,115 women and 1,674 men, aged 30-87 years,
were collected in the Tromse Staph and Skin Study 2007-08,
as part of the population-based sixth Tromse Study.
Multivariate logistic regression analyses were stratified
by recognized risk factors for S. aureus carriage: sex, age
and smoking. In non-smoking men, we observed a 6.6%
and 6.7% decrease in the probability of S. aureus
colonization and carriage, respectively, by each 5 nmol/
l increase in serum 25(OH)D concentration (P<0.001 and
P=0.001), and serum 25(OH)D>59 nmol/l and >75 nmol/
1 as thresholds for ~30% and ~50% reduction in S. aureus
colonization and carriage. In non-smoking men aged 44—
60 years, the odds ratio for S. aureus colonization was
0.44 (95% confidence interval, 0.28—0.69) in the top
tertile of serum 25(OH)D versus the bottom tertile. In
women and smokers there were no such associations. Our
study supports that serum vitamin D is a determinant of S.
aureus colonization and carriage.

Introduction

The burden of disease from Staphylococcus aureus is high
and worrying due to widespread antimicrobial resistance
[1]. Nasal carriage of S. aureus is a major risk factor for
infections with the bacterium [2—4]. Since about 20% of
healthy adults are persistent nasal carriers [4], prevention or
elimination of the carrier state may contribute substantially
in reducing the S. aureus disease burden. However, there is
still limited evidence in relation to modifiable risk factors
for the carrier state [5]. Smoking is so far the only
protective factor observed across different studies [6, 7],
while serum glucose levels [6] and oral contraceptives use
[8] have been positively associated with S. aureus nasal
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carriage. Interestingly, an inverse dose-dependent associa-
tion was recently observed between serum vitamin D levels
and risk of methicillin resistant S. aureus (MRSA) nasal
carriage, while no association was found for methicillin
sensitive S. aureus (MSSA) [9].

Vitamin D has direct effects on immunity modulated by
the vitamin D receptor (VDR) present in immune cells.
Binding of VDR to its responsive element induces
expression of antimicrobial peptides (i.e. cathelicidin and
[3-defensin) with activity against S. aureus in vitro [10—12].

Serum 25-hydroxyvitamin D (25(OH)D) provides an
overall estimate of vitamin D status and integrates vitamin
D derived from endogenous production from sun exposure,
and from dietary intake [13]. Importantly, populations
living at higher latitudes with periodic lack of photosyn-
thesis show larger proportions of vitamin D insufficiency
and increased risk of several chronic and some infectious
diseases [13—18]. In the present Norwegian study popula-
tion, the Tromse Study, we observed variation in serum 25
(OH)D levels by season, age, body weight, intake of
vitamin D, physical activity and smoking [19, 20], and
variation in S. aureus carriage rates by sex and age [21].

Further studies of the role of vitamin D in the host-
microbe interplay may give novel clues to targets for
prevention of S. aureus carriage and infection as well as
underlying biological mechanisms. We therefore examined
the cross-sectional relationship between serum 25(OH)D
concentration and S. aureus nasal colonization and carriage
in 4,000 men and women participating in the Tromse Staph
and Skin Study (TSSS), a sub-study of the sixth Tromse
Study, evaluating both possible dose-response and thresh-
olds for adequate immune response against S. aureus.

Subjects and methods

Population and study design: The Tromseg Staph and Skin
Study (TSSS)

The Tromse Study is a longitudinal, multipurpose,
population-based study in the municipality of Tromsg,
Norway, 69°N. In the sixth Tromse Study (October 2007—
December 2008), a total of 12,984 subjects (65.7%)
attended [22]. TSSS took place during October 2007 till
July 2008 and nasal swab cultures were collected from all
attendees aged 3049 years and random samples of older
attendees (relative distribution of birth cohorts as in the
municipality). The 4,026 participants who had a first nasal
swab culture were invited to a repeated sample within a few
weeks (Fig. 1). Participants with missing data on serum 25
(OH)D (n=60) or smoking status (n=48) and those taking
antibiotics, either systemic or eye drops/ointments, within
24 h before nasal swabbing (first swab n=27, second swab
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n=14) were excluded. We included 3,789 participants with
minimum one valid nasal swab culture for analysis of
S. aureus nasal colonization, and 2,780 participants with
two valid nasal swab cultures for the analysis of S. aureus
carriage (Fig. 1).

Information was obtained from questionnaires, interview,
clinical examinations and blood samples performed by
specially-trained healthcare workers according to stand-
ardised procedures. The study was approved by the
Regional Committee of Medical and Health Research
Ethics, North Norway.

Detection of S. aureus nasal colonization and carriage

Both anterior nares were sampled with a NaCl-moistened
sterile rayon-tipped swab that was placed in Amies charcoal
transport medium (Copan, Brescia, Italy). All specimens
were cultured within 3 days at the Department of
Microbiology and Infection Control, University Hospital
of North Norway (UNN), Tromse. The swabs were plated
on chromID S. aureus and chromID™ MRSA agars
(bioM¢érieux, Marcy I’Etoile, France) and incubated for 48
hours at 35°C. Colony morphology on the agar plates was

The Sixth Tromse Study
n = 12984

v
The Tromse Staph and Skin Study (TSSS)
4026 participants with a single nasal swab culture?

237 were excluded
60 with missing serum 25(OH)D
—»] 48 with missing smoking data
102 without growth in nasal culture
27 had taken antibiotics®

3789 participants were included in the analysis
of S. aureus Colonization

— 960 did not attend a second visit

2829 participants with repeated nasal swab culture®

48 were excluded
] 35 without growth in nasal culture
14 had taken antibiotics®

2780 participants were included in the analysis
of S. aureus Carriage

Fig. 1 Study population: S. aureus colonization (single nasal swab
culture) and S. aureus carriage (repeated nasal swab culture).
*Participants invited; <50 years: all, and >50 years: random samples.
®Antibiotics taken in the last 24 hours before visit: systemic or eye
drops/ointments. “Median time between repeated nasal swabs was
31 days
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the basis for S. aureus and MRSA identification. Suspected
positive colonies were confirmed as S. aureus by the
Staphaurex Plus agglutination test (Murex Diagnostic Ltd,
Dartford, UK). No MRSA was registered.

S. aureus colonization state was defined as positive or
negative for S. aureus in the first sample. Carrier state was
based on the culturing results of two consecutive samples;
carrier = two positive samples and non-carrier = one or no
positive sample [23].

Assessment of serum 25-hydroxyvitamin D concentrations

Non-fasting blood samples were drawn from an antecubital
vein, and sera were consecutively analysed for 25(OH)D by
immunometry (electrochemiluminescence immunoassay),
using an automated clinical chemistry analyser (Modular
E170; Roche Diagnostics [20, 24]). The total analytical
coefficient of variation was 7.3%. We recently showed that
smokers had 15-20% higher serum 25(OH)D than non-
smokers. However, this was not observed when using other
immunological and liquid-chromatography mass spectrom-
etry methods [19]. To this discrepancy, presently, we have
no explanation. Thus, non-smokers and smokers are
analysed separately.

Assessment of characteristics of the study population

Two self-administered structured questionnaires covered a
broad range of issues related to health and lifestyle. Body
height and weight were measured, and body mass index
was calculated (BMI kg/m?) [22]. Use of antibiotics in the
last 24 hours was registered by interview.

Statistical analysis

Logistic regression models were used to study the association
between serum 25(OH)D and S. aureus colonization and
carriage; odds ratios (ORs) and 95% confidence intervals
(ClIs) were determined. Due to lack of prior knowledge of
serum 25(OH)D thresholds for adequate immune response,
serum 25(OH)D tertiles were selected as suitable for the
samples; non-smokers were subdivided as: <44.9 nmol/l,
44.9-58.6 nmol/l, >58.6 nmol/l; and smokers: <59.6 nmol/l,
59.6-75.3 nmol/l, >75.3 nmol/l. Also, proposed cut-points
for vitamin D deficiency/insufficiency were examined (i.e. <
50.0, 50.0—<75.0, >75.0 nmol/l) [14] among non-smokers.
Selected characteristics of men and women in the different
serum 25(OH)D tertiles were compared by one-way ANOVA
and Kruskal-Wallis test for continuous variables and two-
sided Pearson chi-squared test for categorical variables.

We evaluated model fit and biological plausibility of
several covariates and the final multivariate models included
age, BMI, diabetes mellitus (yes/no), and calendar month

(2 months categories), and in smokers also number of
cigarettes smoked per day and total years smoked. Further
adjustment for education (< or > college/university degree),
last hospitalization in 12 months (yes/no), recreational
physical activity (3 levels), and alcohol intake (< or >2 times
a week) did not alter the multivariate risk estimates.

We studied whether age modified the association in
stratified logistic regression models using tertiles of age for
non-smokers grouped as: <44 years, 44-60 years,
>60 years.

Tests of reliability of the final analyses were done by
the Hosmer-Lemeshow goodness of fit test. Tests for linear
trend were performed by assigning consecutive integers to
each tertile of serum 25(OH)D, and testing whether the
slope coefficient differed from zero using the Wald chi-
square test. Test for interaction was done by inclusion of
the multiplicative term of the two predictor variables in
the model. Two-sided P values<0.05 were considered
statistically significant. STATA version 11.0 (StataCorp)
was used.

Results

The characteristics of the non-smoking and smoking TSSS
study population are shown in Tables 1 and 2, respectively.

Non-smoking population

Non-smokers constituted 80.7% (1,351 of 1,674) men and
78.3% (1,655 of 2,115) women. Mean serum 25(OH)D
concentration was 53.3 nmol/l in non-smoking men and
52.4 nmol/l in non-smoking women. For both sexes, high
serum 25(OH)D was associated with higher age, physical
activity level and alcohol intake, and in women, there was a
negative association with BMI (all P-values<0.05) (Table 1).
The prevalence of S. aureus nasal colonization and carriage
was 37.5% (506 of 1,351) and 34.1% (338 of 992) in men,
and 24.4% (403 of 1,655) and 21.3% (264 of 1,239) in
women, respectively.

There was an inverse dose-response relationship between
serum 25(OH)D and S. aureus nasal colonization and
carriage in non-smoking men (Fig. 2). The estimated beta
coefficient equals a 6.6% and a 6.7% decrease in the
probability of S. aureus colonization and carriage, respec-
tively, by each 5 nmol/l increase in serum 25(OH)D
concentration (P<0.001 and P=0.001; unadjusted). Fur-
thermore, in the multivariate logistic regression analysis we
observed a 35% and 33% reduction in colonization and
carriage risk in upper versus bottom tertiles of serum 25
(OH)D in men (OR 0.65, 95%CI 0.49-0.87, P for trend
0.004; and OR 0.67, 95%CI 0.48-0.95, P for trend 0.03,
respectively) (Table 3). Also, those with serum 25(OH)D
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Table 1 The Tromse Staph and Skin Study. Characteristics of non-smoking men and women by tertiles of serum 25(OH)D

Characteristic Single swab culture

Serum 25(OH)D (nmol/l)

Men (n=1,351%)

Women (n=1,655%)

Tertile 1 Tertile 2 Tertile 3 PP Tertile 1 Tertile 2 Tertile 3 P

<449 (n=438) 44.9-58.6 (n=464) >58.6 (n=449) <44.9 (n=566) 44.9-58.6 (n=537) >58.6 (n=552)
Age (years) 51.9 (12.8) 543 (12.8) 56.3 (12.3) <0.001 53.7 (14.2) 54.4 (12.9) 56.0 (12.4) 0.003
Ethnicity sami 10 (2.6) 8 (1.8) 6 (1.4) 050 9 (1.7) 9 (1.9) 7 (1.4) 0.84
Low education® 250 (57.5) 256 (55.7) 257 (57.5) 0.81 317 (57.2) 308 (58.3) 324 (59.3) 0.78
BMI (kg/m?) 27.5 (4.0) 27.7 (3.5) 27.1 (3.3) 0.05 274 (54) 26.8 (4.7) 25.9 (4.1) <0.001
Diabetes mellitus 13 (3.1) 24 (5.3) 4(0.9) 0.001 26 (4.7) 21 (4.0) 21 (3.9) 0.77
Atopic eczema 30 (7.7) 32 (7.5) 32 (7.8) 0.99  52(10.2) 42 (9.0) 43 (8.8) 0.72
Hospitalization® 44 (10.2) 42 (9.1) 46 (10.4) 0.78 71 (12.6) 53 (10.1) 66 (12.2) 0.38
Low physical activity® 91 (21.5) 77 (17.2) 54 (12.7) 0.003 118 (22.7) 77 (15.5) 60 (11.6) <0.001
High alcohol intake’ 86 (19.7) 115 (25.1) 126 (28.4) 0.01  71(12.7) 100 (18.9) 136 (24.9) <0.001
Characteristic Repeated swab culture

Serum 25(0OH)D (nmol/l)

Men (n=992%) Women (n=1,239%)

Tertile 1 Tertile 2 Tertile 3 PP Tertile 1 Tertile 2 Tertile 3 P

<449 (n=329) 44.9-58.6 (n=346) >58.6 (n=317) <449 (n=431) 44.9-58.6 (n=390) >58.6 (1=418)
Age (years) 52.3 (12.6) 55.0 (12.7) 56.6 (12.3) <0.001 53.7 (13.9) 54.7 (12.8) 56.0 (11.9) 0.03
Ethnicity sami 7(23) 6 (1.8) 5(1.7) 083 9.2 3 (0.8) 7 (1.8) 0.31
Low education® 196 (59.9) 193 (56.4) 180 (57.1) 0.63 240 (56.9) 227 (59.4) 250 (60.2) 0.59
BMI (kg/m?) 27.6 (4.1) 27.7 (3.6) 272 (3.4) 013 274 (5.2) 26.8 (4.7) 26.1 (4.2) <0.001
Diabetes mellitus 9 (2.8) 21 (6.2) 2(0.7) <0.001 22 (5.2) 13 (3.5) 17 (4.2) 0.46
Atopic eczema 21 (7.1) 27 (8.4) 19 (6.5) 0.64 40 (10.1) 30 (8.6) 33 (8.8) 0.74
Hospitalization? 32 (9.9) 31 (9.0) 33 (10.5) 0.81 53 (12.4) 35(9.2) 47 (11.4) 0.34
Low physical activity® 67 (21.0) 59 (17.6) 37 (12.3) 0.02  83(20.7) 53 (14.7) 55 (13.9) 0.02
High alcohol intake” 63 (19.3) 88 (25.7) 90 (28.9) 0.02  51(12.5) 75 (19.5) 108 (26.2) <0.001

Values are given as means (standard deviation) and numbers (%)
BMI body mass index
#Numbers may vary due to missing information

®Kruskal Wallis test for continuous variables. Pearson chi-square test for categorical variables

©Only education below college/university degree
dHospitalization in last 12 months
¢ Sedentary recreational physical activity like watching TV

f Alcohol intake>2 times per week

concentration>75 nmol/l versus below 50 nmol/l had
almost half the risk of S. aureus colonization and carriage
(OR 0.54, 95%CI 0.35-0.84, P for trend 0.004; and OR
0.52, 95%CI 0.31-0.90, P for trend 0.02, respectively)
(Table 3). As S. aureus carriage rate in men is inversely
related to age [21], we stratified by age tertiles in the
multivariate logistic regression analysis. In the middle-age
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tertile, age 44—60 years, OR for colonization and carriage in
top versus bottom tertile of serum 25(OH)D was 0.44 and
0.51 (95% CI 0.28-0.69, P for trend <0.001; and 95%CI
0.30-0.88, P for trend 0.02, respectively), while in younger
and older adult men no association was observed (P for
interaction 0.10 and 0.45, respectively) (results not shown
in figures or tables).
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Table 2 The Tromse Staph and Skin Study. Characteristics of smoking men and women by tertiles of serum 25(OH)D
Characteristic Single swab culture

Serum 25(OH)D (nmol/l)

Men (n=323%) Women (n=460%)

Tertile 1 Tertile 2 Tertile 3 P> Tertile 1 Tertile 2 Tertile 3 P

<59.6 (n=115) 59.6-75.3 (n=122) >75.3 (n=86) <59.6 (n =143) 59.6-75.3 (n=140) >75.3 (n=177)
Age (years) 51.1 (12.3) 51.9 (11.5) 53.0 (10.9) 0.35 52.1 (12.4) 53.4 (10.8) 52.1 (10.6) 0.40
BMI (kg/m?) 26.7 (4.3) 26.8 (3.5) 26.9 (4.3) 0.99 27.0 (5.3) 25.6 (4.5) 24.7 (3.6) 0.001
No. of cigarettes/day 12.8 (9.6) 13.0 (6.6) 13.6 (6.0) 0.07 9.4 (6.9) 10.9 (4.7) 11.1 (5.2) 0.001
No. of years smoked 30.4 (12.8) 32.9 (11.5) 33.9 (11.7) 0.06 28.8 (11.1) 31.7 (10.2) 32.8 (9.8) 0.004
Characteristic Repeated swab culture

Serum 25(OH)D (nmol/l)

Men (n=233%) Women (n=316%)

Tertile 1 Tertile 2 Tertile 3 P°  Tertile 1 Tertile 2 Tertile 3 P°

<59.6 (n=82) 59.6-75.3 (n=88) >75.3 (n=63) <59.6 (n=97) 59.6-75.3 (n=98) >75.3 (n=121)
Age (years) 50.8 (12.1) 53.1 (11.3) 54.0 (11.4) 0.12 522 (11.9) 53.7 (11.3) 53.2 (10.2) 0.47
BMI (kg/m?) 27.2 (4.5) 26.9 (3.3) 26.6 (3.8) 0.55 275 (5.6) 254 (4.2) 24.6 (3.6) 0.001
No. of cigarettes/day 12.7 (10.2) 13.0 (7.0) 12.7 (5.2) 022 9.2 (7.0) 10.6 (4.6) 11.5 (5.7) <0.001
No. of years smoked 30.3 (12.1) 33.6 (11.6) 34.6 (12.1) 0.06 28.7 (11.2) 32.0 (10.3) 33.7 (9.6) 0.002

Values are given as means (standard deviation) and numbers (%)
BMI body mass index

*Numbers may vary due to missing information

® Anova and Kruskal-Wallis test for continuous variables. Pearson chi-square test for categorical variables

In non-smoking women, there was a pattern of an
inverse trend of the linear regression line in the serum 25
(OH)D-S. aureus colonization and carriage plots (P=0.25,
and P=0.22, respectively; unadjusted) (Fig. 2), but there
was no difference in S. aureus nasal colonization and
carriage risk between tertiles or categories (i.e. cut-off
values 50 and 75 nmol/l) of serum 25(OH)D (Table 3).

As general recommendations on vitamin D status in
adults do not differ by sex, we examined the total
population of non-smokers and observed a 3.8% and
4.4% decrease in S. aureus colonization and carriage risk
by each 5 nmol/l increase in serum 25(OH)D concentration,
respectively (P=0.001 and P=0.002; unadjusted) (Fig. 2).

Smoking population

In the smoking population, average vitamin D concen-
tration was higher than in non-smokers; mean serum 25
(OH)D concentration was 66.8 nmol/l in men and
71.3 nmol/l in women. In women, serum 25(OH)D was
positively associated with number of cigarettes smoked

per day and years of smoking (both P-values<0.05)
(Table 2). The prevalence of S. aureus nasal colonization
and carriage was 29.1% (94 of 323) and 24.5% (57 of 233)
in men, and 18.3% (84 of 460) and 15.2% (48 of 316) in
women, respectively. All prevalence rates were signifi-
cantly lower than in non-smokers (all P-values<0.05). We
did not observe any association between serum 25(OH)D
concentration and S. aureus nasal colonization or carriage
rates in top versus bottom tertile of serum 25(OH)D in either
male (multivariate model; colonization: OR 1.19; 95%CI
0.62-2.29, P for trend 0.66; and carriage: OR 1.33, 95%CI
0.53-3.33, P for trend 0.47) or female smokers (multivariate
model; colonization: OR 0.96, 95% CI 0.50-1.86, P for
trend 0.83; and carriage OR 1.49, 95%CI 0.59-3.77, P for
trend 0.48) (results not shown in figures or tables).

Discussion

In this large population-based study with repeated nasal
swab cultures we observed an inverse dose-response
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association between serum 25(OH)D and S. aureus nasal
colonization and carriage in non-smoking men with no such
clear association among women. Based on our findings, we
suggest that vitamin D can upregulate the antibacterial
immune response and thereby prevent S. aureus coloniza-
tion and carriage, and subsequent disease. Furthermore, we
hypothesize that the relative importance of vitamin D in this
context is particularly high in the male population who lack
female sex hormones known to boost the immune defence
[25-27]. S. aureus was significantly less frequent in
smokers than in non-smokers, and interestingly, serum 25
(OH)D levels did not vary by S. aureus colonization or
carriage states in smokers. These findings support that the
inverse association between vitamin D and S. aureus
colonization and carriage may be masked by smoking,
which is possibly explained by the bactericidal activity of
cigarette smoke [7] and the increased immune activity
associated with smoking-induced hypoxia.

This study is, to our knowledge, the first to report an
association between vitamin D levels and MSSA carriage in
a general population. However, in a recent study including
single nasal swab cultures from 14,000 children and adults
across the USA, an inverse association between vitamin D
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Serum 25(0H)D (nmol )

levels and risk of MRSA was observed [9]. The microbe-
dependent association may partly be due to the increased
resistance of MRSA to natural antimicrobial peptides (i.e.
cathelicidin) induced by vitamin D in host defence against
S. aureus [28]. The apparent discrepancy with our MSSA
results may be explained by several factors. While in
Matheson et al. more detailed subgroup analysis was not
presented [9], we observed that gender and smoking status
may modify the association between vitamin D levels and
S. aureus colonization and carriage. Furthermore, our study
included men and women from a well-defined arctic adult
source population, 69°N, and there is minimal concern
about geographical and ethnical heterogeneity that, in
contrast, may have influenced the findings by Matheson et
al. [9].

The inverse dose-response relationship between vitamin
D status and S. aureus prevalence observed among non-
smokers in our study is in accordance with former findings
[9], and points to targets for reducing the reservoir of S.
aureus in the population, in particular when vitamin D
insufficiency is common. Carriage of S. aureus precedes
infection. Thus, our findings suggest that vitamin D
supplementation may reduce the incidence of MSSA and
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Table 3 The Tromse Staph and Skin Study. Estimated odds ratios (ORs) for S. aureus nasal colonization and carriage in non-smoking men and
women by serum 25(OH)D tertiles and categories

Swab culture Men Women
Single swab culture, 25(OH)D tertiles
25(0OH)D (nmol/l) Total, n Colonized, n (%) OR® (95% CI) OR® (95% CI) Total, n Colonized, n (%) OR? (95% CI) OR® (95% CI)

<44.9 438 184 (42.0) 1.0 1.0 566 142 (25.1) 1.0 1.0

44.9-58.6 464 184 (39.7) 0.95 (0.73-1.24) 0.92 (0.70-1.21) 537 130 (24.2) 0.95 (0.73-1.25) 1.00 (0.76-1.32)
>58.6 449 138 (30.7) 0.66 (0.50-0.88) 0.65 (0.49-0.87) 552 131 (23.7) 0.93 (0.71-1.22)  0.99 (0.75-1.31)
p trend 0.004 0.004 0.60 0.94

Repeated swab culture, 25(OH)D tertiles

25(0OH)D (nmol/l) Total, n Carriers, n (%) OR® (95% CI) OR’ (95% CI)  Total, n Carriers, n (%) OR® (95% CI) OR® (95% CI)
<44.9 329 123 (37.4) 1.0 1.0 431 96 (22.3) 1.0 1.0

44.9-58.6 346 129 (37.3) 1.06 (0.77-1.46) 1.04 (0.75-1.43) 390 83 (21.3) 0.94 (0.67-1.31) 1.02 (0.72-1.43)
>58.6 317 86 (27.1) 0.68 (0.49-0.96) 0.67 (0.48-0.95) 418 85 (20.3) 0.88 (0.63-1.23) 0.95 (0.68-1.33)
p trend 0.03 0.03 0.46 0.76

Single swab culture, 25(OH)D categories

25(OH)D (nmol/l) Total, » Colonized, n (%) OR® (95% CI) OR" (95% CI) Total, n Colonized, n (%) OR® (95% CI) OR® (95% CI)
<50.0 621 257 (41.4) 1.0 1.0 783 197 (25.2) 1.0 1.0

50.0-<75.0 603 215 (35.7) 0.81 (0.64-1.02) 0.80 (0.63-1.02) 713 171 (24.0) 0.94 (0.74-1.19) 1.0 (0.79-1.28)
>=75.0 127 34 (26.8) 0.57 (0.37-0.88) 0.54 (0.35-0.84) 159 35 (22.0) 0.84 (0.56-1.26) 0.88 (0.58-1.34)
p trend 0.006 0.004 0.38 0.68

Repeated swab culture, 25(OH)D categories

25(0OH)D (nmol/l) Total, n Carriers, n (%) OR? (95% CI) OR’ (95% CI)  Total, n Carriers, n (%) OR® (95% CI) OR® (95% CI)
<50.0 471 177 (37.6) 1.0 1.0 592 134 (22.6) 1.0 1.0

50.0-<75.0 426 139 (32.6) 0.84 (0.64-1.12) 0.84 (0.63-1.11) 524 108 (20.6) 0.88 (0.66—1.17) 0.92 (0.69-1.23)
>=75.0 95 22 (23.2) 0.55 (0.33-0.92) 0.52 (0.31-0.90) 123 22 (17.9) 0.73 (0.44-1.21) 0.78 (0.47-1.29)
p trend 0.02 0.02 0.18 0.32

n numbers, CI confidence interval, OR odds ratio

# Age-adjusted

° Multivariate logistic regression model including: age, diabetes mellitus (yes/no), body mass index (BMI), seasonal month divided in 2 month

categories

MRSA infections. Importantly, we identified serum 25(OH)
D above 59 nmol/l and 75 nmol/l as thresholds for ~30%
and ~50% reduction in S. aureus colonization and carriage
in non-smoking men. Consensus to define a cut-point for
vitamin D insufficiency based on serum 25(OH)D levels is
lacking. Various cut-points have been proposed based on
population-based reference limits or biological indices as
parathyroid hormone, calcium absorption, or bone mineral
density, but without reference to immune function and
infectious diseases [29, 30]. Given the high risk of S.
aureus infection in combination with malnutrition in
specific patient populations (i.e. surgical, dialysis, ICU,
HIV [4]), and the fact that most of the infections are caused
by the patient’s nasal strain [3, 4], our finding suggests that
vitamin D repletion reaching serum 25(OH)D above 60—
75 nmol/l may be a significant alternative in the prevention
of hospital infections. A recent retrospective study includ-
ing 52 subjects with Clostridium difficile and S. aureus

infections showed a link between low vitamin D status and
adverse outcome [31]. Larger and prospective studies are
needed to determine a possible role of vitamin D
supplementation and repletion in relation to S. aureus
colonization, carriage and infection.

The inverse relationship between serum 25(OH)D
concentration and S. aureus colonization and carriage did
not reach statistical significance among women in our
study. It has been proposed that women are inherently
protected from infections by estrogens, which increase
immune function [25, 32]. A variety of immunocompetent
cells express estrogen receptors, which mediate the antimi-
crobial effects, i.e. regulating the expression of caspases
and cytokines [25-27]. Thus, we hypothesize that the
stable, low lifetime prevalence of S. aureus carriage in
women is mainly explained by endogenous estrogens that
may overwhelm the protective effect of vitamin D. The
observed gender difference is in accordance with studies of
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other outcomes; type 2 diabetes and insulin resistance have
been associated with low vitamin D status in men only [33,
34], but so far these gender differences lack explanation.

Recent studies suggest that higher vitamin D status is
protective against upper respiratory tract infections [17, 18,
35], and that seasonal influenza might be linked to the
wintertime deficiency of vitamin D [15]. Furthermore,
vitamin D deficiency has been associated with increased
risk of tuberculosis (TB) [36] and immunomodulatory
effects of vitamin D and sunlight in TB therapy continue
to be revealed [16]. Importantly, however, a U-shaped
association between serum 25(OH)D concentration and risk
of active TB was recently observed [37], indicating that
vitamin D supplementation may have detrimental effects on
the immune function among individuals with normal or
high vitamin D status.

Our main findings may be biased by the positive
association between age and serum 25(OH)D among
non-smoking men; higher consumption of traditional
marine food like cod liver and fresh cod liver oil, more
frequent extended stays in the south, and lower BMI in
the elderly may contribute to this association (results not
presented). Also, in male participants, age is inversely
related to S. aureus nasal carriage [21]. Based on this, we
included age as a covariate in our regression analysis and
stratified by age group (i.e. tertiles) but observed no
interaction. However, in the middle-age tertile with
subjects relatively evenly distributed in serum 25(OH)D
levels and homogenous S. aureus frequencies across the
age range, the strength of the vitamin D-S. aureus
associations increased.

Thus, if there is an association between serum 25(OH)D
and risk of S. aureus colonization and carriage this could be
explained by the immunmodulatory effects of vitamin D. S.
aureus stimulates the conversion of 25-hydroxyvitamin D
(25(OH)D) to the active metabolite 1,25-dihydroxyvitamin
D (1,25(0H)2D) [12]. Vitamin D stimulates the production
of antimicrobial peptides (i.e. cathelicidin and (3-defensin)
with activity against S. aureus [10], and contributes to the
formation of an intact epidermal barrier preventing S.
aureus invasion (i.e. regulation of keratinocytes) [11].
Interestingly, genetic polymorphisms in VDR in combina-
tion with type 1 diabetes has been associated with the risk
of S. aureus colonization and carriage [38, 39].

Detailed studies have shown that there are two carrier
states that differ in the immune response to S. aureus and
risk of infections; persistent carriers and others [23]. In our
study, culturing results of two repeated nasal swabs differed
only in a minor proportion of the participants (8%); thus
classification by colonization state almost equalled carrier
state. Many other similar studies have used only one sample
[7, 9]. Furthermore, the high participation rate and uniform
use of standard and validated clinical and laboratory

@ Springer

procedures increase the external validity of our findings
[22, 40].

The cross-sectional study design precludes establishing
temporality and thus causality of serum 25(OH)D concen-
trations and S. aureus colonization and carriage. Due to our
former studies indicating an overestimation of serum 25
(OH)D levels in smokers by the ECLIA (Roche) test [19],
we stratified by smoking status and included smoking data
as covariates in the analysis of the smoking population.
This strengthens the validity of the linear trend estimates.
However, estimation of externally valid cut-oft values for
serum 25(OH)D in smokers is hindered.

In conclusion, our study indicates an inverse association
between serum 25(OH)D concentration and the risk of S.
aureus nasal colonization and carriage in non-smokers,
particularly in men. Prospective randomised trials are
needed to assess whether increase in circulating vitamin D
concentration can effectively decrease the risk of S. aureus
carriage and subsequent infection.

Acknowledgements We thank Bjerg C Haldorsen for excellent
technical assistance, each participant in the Tromse Study for their
collaboration, the staff at the screening centre and the laboratory at the
Dept of Medical Biochemistry, University Hospital of North Norway for
the serum 25(OH)D analysis. This work was supported by grants from the
Research Council of Norway (grant number 191264), the Northern
Norway Regional Health Authority (grant numbers SFP877-09, SFP920-
10), and the Odd Berg Group Medical Research fund 2007.

Conflicts of interest All authors had no conflicts of interest.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References

1. ECDC (2009) European antimicrobial resistance surveillance system
(EARSS). European Centre for Disease Prevention and Control

2. Bode LG, Kluytmans JA, Wertheim HF, Bogaers D,
Vandenbroucke-Grauls CM, Roosendaal R, Troelstra A, Box AT,
Voss A, van dT I, van Belkum A, Verbrugh HA, Vos MC (2010)
Preventing surgical-site infections in nasal carriers of Staphylo-
coccus aureus. N Engl J Med 362:9-17

3. von Eiff C, Becker K, Machka K, Stammer H, Peters G (2001)
Nasal carriage as a source of Staphylococcus aureus bacteremia.
Study Group. N Engl J Med 344:11-16

4. Wertheim HF, Melles DC, Vos MC, van Leeuwen W, van
Belkum A, Verbrugh HA, Nouwen JL (2005) The role of
nasal carriage in Staphylococcus aureus infections. Lancet
Infect Dis 5:751-762

5. van Belkum A, Melles DC, Nouwen J, van Leeuwen WB, van
Wamel W, Vos MC, Wertheim HF, Verbrugh HA (2009) Co-
evolutionary aspects of human colonisation and infection by
Staphylococcus aureus. Infect Genet Evol 9:32-47

6. Nouwen J, Ott A, Boelens H et al (2004) Smoking pattern and
fasting glucose levels determine Staphylococcus aureus nasal



Eur J Clin Microbiol Infect Dis (2012) 31:465-473

473

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

carriage. Erasmus University Medical Centre, Rotterdam, The
Netherlands. PhD thesis

. Wang JT, Liao CH, Fang CT, Chie WC, Lai MS, Lauderdale TL,

Lee WS, Huang JH, Chang SC (2009) Prevalence of and risk
factors for colonization by methicillin-resistant Staphylococcus
aureus among adults in community settings in Taiwan. J Clin
Microbiol 47:2957-2963

. Choi CS, Yin CS, Bakar AA, Sakewi Z, Naing NN, Jamal F,

Othman N (2006) Nasal carriage of Staphylococcus aureus among
healthy adults. J Microbiol Immunol Infect 39:458-464

. Matheson EM, Mainous AG III, Hueston WJ, Diaz VA, Everett CJ

(2010) Vitamin D and methicillin-resistant Staphylococcus aureus
nasal carriage. Scand J Infect Dis 42:455-460

Schauber J, Dorschner RA, Yamasaki K, Brouha B, Gallo RL
(2006) Control of the innate epithelial antimicrobial response is
cell-type specific and dependent on relevant microenvironmental
stimuli. Immunology 118:509-519

Schauber J, Gallo RL (2008) The vitamin D pathway: a new target for
control of the skin's immune response? Exp Dermatol 17:633-639
White JH (2010) Vitamin D as an inducer of cathelicidin
antimicrobial peptide expression: past, present and future. J
Steroid Biochem Mol Biol 121:234-238

Pearce SH, Cheetham TD (2010) Diagnosis and management of
vitamin D deficiency. BMJ 340:b5664

Bischoff-Ferrari HA, Giovannucci E, Willett WC, Dietrich T,
Dawson-Hughes B (2006) Estimation of optimal serum concen-
trations of 25-hydroxyvitamin D for multiple health outcomes.
Am J Clin Nutr 84:18-28

Cannell JJ, Vieth R, Umhau JC, Holick MF, Grant WB,
Madronich S, Garland CF, Giovannucci E (2006) Epidemic
influenza and vitamin D. Epidemiol Infect 134:1129-1140
Chesney RW (2010) Vitamin D and the magic mountain: the anti-
infectious role of the vitamin. J Pediatr 156:698—703

Ginde AA, Mansbach JM, Camargo CA Jr (2009) Association
between serum 25-hydroxyvitamin D level and upper respiratory
tract infection in the Third National Health and Nutrition
Examination Survey. Arch Intern Med 169:384-390

Laaksi I, Ruohola JP, Tuohimaa P, Auvinen A, Haataja R,
Pihlajamaki H, Ylikomi T (2007) An association of serum vitamin
D concentrations<40 nmol/L with acute respiratory tract infection
in young Finnish men. Am J Clin Nutr 86:714-717

Grimnes G, Almaas B, Eggen AE, Emaus N, Figenschau Y,
Hopstock LA, Hutchinson MS, Methlie P, Mihailova A, Sneve M,
Torjesen P, Wilsgaard T, Jorde R (2010) Effect of smoking on the
serum levels of 25-hydroxyvitamin D depends on the assay
employed. Eur J Endocrinol 163:339-348

Jorde R, Sneve M, Hutchinson M, Emaus N, Figenschau Y,
Grimnes G (2010) Tracking of serum 25-hydroxyvitamin D levels
during 14 years in a population-based study and during 12 months
in an intervention study. Am J Epidemiol 171:903-908

Olsen K, Simonsen GS, Sundsfjord A, Haukland HH, Sollid JE,
Danielsen K, Haldorsen B, Eggen AE, Furberg AS (2009) The
epidemiology of Staphylococcus aureus nasal and throat carriage
in a large community-based population in Northern Norway. The
Tromse Staph and Skin Study. Poster number 1678 at the 19th
ECCMID (19th European conference of clinical microbiology and
infectious diseases), Helsinki

Jacobsen BK, Eggen AE, Mathiesen EB, Wilsgaard T, Njolstad I
(2011) Cohort profile: the Tromse Study. Int J Epidemiol 1-7.
doi:10.1093/ije/dyr049

van Belkum A, Verkaik NJ, de Vogel CP, Boelens HA, Verveer J,
Nouwen JL, Verbrugh HA, Wertheim HF (2009) Reclassification
of Staphylococcus aureus nasal carriage types. J Infect Dis
199:1820-1826

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Leino A, Turpeinen U, Koskinen P (2008) Automated measure-
ment of 25-OH vitamin D3 on the Roche Modular E170 analyzer.
Clin Chem 54:2059-2062

Marriott I, Huet-Hudson YM (2006) Sexual dimorphism in innate
immune responses to infectious organisms. Immunol Res 34:177—
192

Salem ML (2004) Estrogen, a double-edged sword: modulation of
THI1- and TH2-mediated inflammations by differential regulation
of TH1/TH2 cytokine production. Curr Drug Targets Inflamm
Allergy 3:97-104

Yeretssian G, Doiron K, Shao W, Leavitt BR, Hayden MR,
Nicholson DW, Saleh M (2009) Gender differences in expression
of the human caspase-12 long variant determines susceptibility to
Listeria monocytogenes infection. Proc Natl Acad Sci USA
106:9016-9020

Turner J, Cho Y, Dinh NN, Waring AJ, Lehrer RI (1998) Activities
of LL-37, a cathelin-associated antimicrobial peptide of human
neutrophils. Antimicrob Agents Chemother 42:2206-2214

Hollis BW (2005) Circulating 25-hydroxyvitamin D levels
indicative of vitamin D sufficiency: implications for establishing
a new effective dietary intake recommendation for vitamin D. J
Nutr 135:317-322

Lips P (2004) Which circulating level of 25-hydroxyvitamin D is
appropriate? J Steroid Biochem Mol Biol 89-90:611-614
Youssef D, Bailey B, El Abbassi A, Copeland R, Adebonojo L,
Manning T, Peiris AN (2010) Healthcare costs of Staphylococcus
aureus and Clostridium difficile infections in veterans: role of
vitamin D deficiency. Epidemiol Infect 138:1322—1327

Beery TA (2003) Sex differences in infection and sepsis. Crit Care
Nurs Clin North Am 15:55-62

Ford ES, Zhao G, Tsai J, Li C (2011) Association between
concentrations of vitamin D and concentrations of insulin,
glucose, and HbAlc among adolescents in the United States.
Diabetes Care:1-3. doi:10.2337/dc10-1754

Knekt P, Laaksonen M, Mattila C, Harkanen T, Marniemi J,
Heliovaara M, Rissanen H, Montonen J, Reunanen A (2008)
Serum vitamin D and subsequent occurrence of type 2 diabetes.
Epidemiology 19:666—671

Laaksi I, Ruohola JP, Mattila V, Auvinen A, Ylikomi T, Pihlajamaki H
(2010) Vitamin D supplementation for the prevention of acute
respiratory tract infection: a randomized, double-blinded trial among
young Finnish men. J Infect Dis 202:809-814

Nnoaham KE, Clarke A (2008) Low serum vitamin D levels and
tuberculosis: a systematic review and meta-analysis. Int J
Epidemiol 37:113-119

Nielsen NO, Skifte T, Andersson M, Wohlfahrt J, Soborg B, Koch
A, Melbye M, Ladefoged K (2010) Both high and low serum
vitamin D concentrations are associated with tuberculosis: a case-
control study in Greenland. Br J Nutr 104:1487-1491

Claassen M, Nouwen J, Fang Y, Ott A, Verbrugh H, Hofman A, van
Belkum A, Uitterlinden A (2005) Staphylococcus aureus nasal
carriage is not associated with known polymorphism in the Vitamin
D receptor gene. FEMS Immunol Med Microbiol 43:173-176
Panierakis C, Goulielmos G, Mamoulakis D, Maraki S, Papavasiliou
E, Galanakis E (2009) Staphylococcus aureus nasal carriage might
be associated with vitamin D receptor polymorphisms in type 1
diabetes. Int J Infect Dis 13:e437—e443

Haldorsen B, Olsen K, Ericson Sollid J, Husom Haukland H,
Sundsfjord A, Simonsen G, Breivik S, Larsen G, Furberg AS
(2009) Nasal and throat swab cultures for the assessment of
Staphylococcus aureus colonization and carriage. The Tromse
Staph and Skin Study. Poster number 1150 at the 19th ECCMID
(19th European conference of clinical microbiology and infectious
diseases), Helsinki

@ Springer


http://dx.doi.org/10.1093/ije/dyr049
http://dx.doi.org/10.2337/dc10-1754






