
Vitamin D represses rhinovirus replication
in cystic fibrosis cells by inducing LL-37

Aline Schögler1,2,3, Ricardo J. Muster1,2, Elisabeth Kieninger1,4,
Carmen Casaulta1, Caroline Tapparel5, Andreas Jung6, Alexander Moeller6,
Thomas Geiser2,7, Nicolas Regamey2,8 and Marco P. Alves1,2

Affiliations: 1Division of Paediatric Respiratory Medicine, University Children’s Hospital, Bern, Switzerland.
2Dept of Clinical Research, University of Bern, Bern, Switzerland. 3Graduate School for Cellular and
Biomedical Sciences, University of Bern, Bern, Switzerland. 4University Children`s Hospital Basel, UKBB,
Basel, Switzerland. 5Laboratory of Virology, Division of Infectious Diseases and Division of Laboratory
Medicine, University of Geneva Hospitals and Faculty of Medicine, University of Geneva, Geneva, Switzerland.
6Division of Respiratory Medicine, University Children’s Hospital, Zürich, Switzerland. 7Dept of Pulmonary
Medicine, University Hospital Bern, Bern, Switzerland. 8Division of Paediatric Respiratory Medicine, Lucerne
Children’s Hospital, Lucerne, Switzerland.

Correspondence: Marco P. Alves, Dept of Clinical Research, University of Bern, 3008 Bern, Switzerland.
E-mail: marco.alves@dkf.unibe.ch

ABSTRACT Vitamin D has immunomodulatory properties in the defence against pathogens. Its
insufficiency is a widespread feature of cystic fibrosis (CF) patients, which are repeatedly suffering from
rhinovirus (RV)-induced pulmonary exacerbations.

To investigate whether vitamin D has antiviral activity, primary bronchial epithelial cells from CF
children were pre-treated with vitamin D and infected with RV16. Antiviral and anti-inflammatory activity
of vitamin D was assessed. RV and LL-37 levels were measured in bronchoalveolar lavage (BAL) of CF
children infected with RV.

Vitamin D reduced RV16 load in a dose-dependent manner in CF cells (10−7 M, p<0.01). The antiviral
response mediated by interferons remained unchanged by vitamin D in CF cells. Vitamin D did not exert
anti-inflammatory properties in RV-infected CF cells. Vitamin D increased the expression of the
antimicrobial peptide LL-37 up to 17.4-fold (p<0.05). Addition of exogenous LL-37 decreased viral
replication by 4.4-fold in CF cells (p<0.05). An inverse correlation between viral load and LL-37 levels in
CF BAL (r=−0.48, p<0.05) was observed.

RV replication in primary CF bronchial cells was reduced by vitamin D through the induction of LL-37.
Clinical studies are needed to determine the importance of an adequate control of vitamin D for
prevention of virus-induced pulmonary CF exacerbations.
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Introduction
Cystic fibrosis (CF) patients experience acute episodes of virus-induced pulmonary exacerbations, which
have a significant clinical impact on CF lung disease [1–4]. Rhinovirus (RV) accounts for the vast majority
of virus-associated pulmonary CF exacerbations [5–7]. To date, therapeutic options to prevent CF
pulmonary deteriorations induced by viruses are rare. Recently the role of vitamin D in the innate
immune defence towards pathogens has become increasingly recognised [8, 9]. Vitamin D is a steroid
hormone classically linked to bone and calcium metabolism and supposedly involved in the regulation of
innate immune responses. Despite routine oral supplementation with vitamin D, more than 90% of CF
patients are presented with insufficient serum vitamin D levels (<30 ng·mL−1) [10, 11]. Epidemiological
studies show an inverse association of vitamin D levels in the serum and infections of the upper [12, 13]
and lower [14, 15] respiratory tract. Moreover, vitamin D status and metabolism have been reported to
modulate virus infections such as respiratory syncytial virus (RSV) [16, 17] and influenza A virus (IAV)
[18, 19] infection, demonstrating a central role of this molecule in the innate immune response to
respiratory viruses. These observations and the fact that CF patients are often presented with insufficient
vitamin D levels point to the potential role of vitamin D regarding the antiviral response in CF patients.
We therefore hypothesised that vitamin D has antiviral activity in CF airway cells. We used an in vitro
model based on RV-infected primary bronchial epithelial cells isolated from children with CF to evaluate
the antiviral properties of vitamin D.

Material and methods
Study patients
Primary bronchial epithelial cells of children with CF and healthy volunteers at a median (range) of 5.5
(1.1–16.1) years were collected at the University Hospitals of Bern and Zürich (Switzerland). 17 CF and 10
control cell cultures have been successfully established. The clinical characteristics of the study participants
are shown in tables 1 and 2. Data of cells of CF patients 1–11, which have been recruited for this study,
were published previously [21]. CF patients 12–17 were additionally recruited to perform the recombinant
LL-37 treatment experiment only. Exclusion criteria were previously defined as bleeding tendency, therapy
with anticoagulants and/or immunosuppressive agents, steroid use within the past three months and atopy
(the two latter for controls only). Written informed consent was obtained from all study participants and/
or caregivers and the study was approved by the ethics committees of the Canton of Bern and Zürich.

Cell culture and rhinovirus propagation
Submerged primary CF and control bronchial epithelial cells were obtained and grown in bronchial
epithelial growth medium (Lonza, Switzerland) as previously described [21]. Major group RV16 stock
from species A (American Type Culture Collection, Manassas, VA, USA) was grown and titrated on
Ohio-HeLa cells (European Collection of Cell Cultures, Salisbury, UK) at 2.5×107 TCID50–mL−1 (median
tissue culture infective dose) as previously described [22].

Vitamin D3 treatment and rhinovirus infection
At passage two, primary bronchial cells were pre-treated with active vitamin D3 (1,25-(OH)2D3;
Sigma-Aldrich, St. Louis, MO, USA) at 10−9 M, 10−8 M or 10−7 M and placed in bronchial epithelial basal
medium (BEBM; Lonza, Switzerland) without supplementation for 24 h. 96% of ethanol was used to

TABLE 1 Demographic and clinical characteristics of study controls

Subjects Sex Age years Atopy# Steroid use¶

1 M 7.6 No No
2 M 12 No No
3 F 14.8 No No
4 M 4.2 No No
5 M 1.7 No No
6 M 16.2 No No
7 F 13.3 No No
8 M 1.4 No No
9 M 5.5 No No
10 F 14.2 No No

M: male; F: female. #: defined as positive history of hay fever, eczema or asthma. ¶: defined as any
treatment with systemic, inhaled or nasal steroids within the past 3 months.
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reconstitute active vitamin D3 to a stock solution of 10−4 M. Vitamin D was then further diluted in BEBM
to the desired concentration giving a final ethanol concentration of 0.1% for 10−7 M, 0.01% for 10−8 M and
0.001% for 10−9 M vitamin D. 10−7 M of vitamin D equals 40 ng·mL−1, which is a typical concentration of
vitamin D in human serum; thus, the dosages used for experimentation were in the physiological range [8].
Using a multiplicity of infection of 4, 80–90% confluent cells were infected with RV16 for 1 h. 24 h
post-infection, cell lysates and supernatants were collected and stored at −80°C until further analysis.

RNA extraction and cDNA synthesis
Total RNA isolation was performed by using the NucleoSpin RNA kit (Macherey-Nagel, Switzerland)
according to the manufacturer’s manual. cDNA was synthesised from 200 μg of total RNA by using the
Omniscript RT Kit (Qiagen, Basel, Switzerland).

RT-PCR
Quantitative RT-PCR was performed by using 2 μL of cDNA and 18 μL of Taqman Fast universal PCR
master mix (Thermo Fisher Scientific, Waltham, MA, USA) containing specific primers (20 μM) and
probes (5 μM) for 18S [21], RV (intracellular viral RNA) [21], interferon (IFN) λ2/3 [21], viperin (virus
inhibitory protein, endoplasmic reticulum-associated, interferon-inducible), Toll-like receptor 3 (TLR3)

TABLE 2 Demographic and clinical characteristics of study cystic fibrosis patients

Patient Sex Age
years

Atopy# Steroid
use¶

FEV1
%

Genotype Vitamin D
supplementation

units·day−1

Under
exacerbation+

Pathogens§ ABPA
history

1 M 8.2 No Inhaled 101 F508del/R347P 800 No none No
2 M 3.8 No No 108 F508del/F508del 800 No S. aureus,

S. pneumoniae,
H. influenzae

No

3 F 4.7 No No ND F508del/2347delG 1500 Yes P. aeruginosa,
S. pneumoniae,
Penicillium spp

No

4 F 11 Yes No 67 G542X/2708del13 800 No S. aureus,
A. fumigatus

Yes

5 M 8.7 Yes Inhaled 106 F508del/F508del 800 No S. aureus No
6 M 2.6 No Inhaled ND F508del/F508del 800 No P. aeruginosa,

Penicillium spp.
No

7 F 9.1 Yes No 81 F508del/F508del 1800 No S. aureus Yes
8 M 1.1 No No ND F508del/F508del 400 No S. aureus,

H. influenzae,
M. catarrhalis

No

9 F 15 Yes Systemic 38 F508del/F508del 1600 No P. aeruginosa,
S. aureus

Yes

10 M 6.2 No No 127 F508del/F508del 1200 No None No
11 M 10.9 No No 62 No mutation found None No None No
12 M 3.1 No No ND F508del/F508del 1000 Yes S. aureus,

H. influenzae
No

13 F 4.8 No Nasal 139 F508del/F508del 1600 No S. aureus,
H. influenzae

No

14 F 2.6 No No ND F508del/F508del 1800 No P. aeruginosa,
S. aureus,

H. influenzae

No

15 M 3.0 No No ND F508del/F508del 1200 No S. aureus,
H. influenzae

No

16 M 4.5 No No ND F508del/F508del 800 No S. aureus,
H. influenzae,
Penicillium spp

No

17 F 4.5 No No ND F508del/F508del 800 No S. aureus No

M: male; F: female. FEV1: forced expiratory volume in 1 s; ABPA: Allergic bronchopulmonary aspergillosis; ND: not determined; S. aureus:
Staphylococcus aureus; H. influenzae: Haemophilus influenzae; S. pneumoniae: Streptococcus pneumoniae; P. aeruginosa: Pseudomonas aeruginosa;
A. fumigatus: Aspergillus fumigatus; M. catarrhalis: Moraxella catarrhalis. #: defined as positive history of hay fever, eczema or asthma. ¶: defined
as any treatment with systemic, inhaled or nasal steroids within the past 3 months; +: as defined by [20]; §: present in bronchoalveolar lavage
fluid at time of brushing.
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[21], retinoic acid inducible gene I (RIG-I) [21], melanoma differentiation-associated protein 5 (MDA5)
[21], β-defensin 2 (forward primer: 5′-ACAAATTGGCACCTGTGGTCT-3′; reverse primer: 5′-GCAGCT-
TCTTGGCCTCTC-3′; probe: 5′-FAM-CCTGGAACAAAATGCTGCAAAAGCC-TAMRA-3′) [23] and
LL-37 (forward primer: 5′-CATCGATTTCTTCCCTGTGAA-3′; reverse primer: 5′-TCTTGGAGCTTATT-
AAAGGCATTC-3′; probe 5′-FAM-ACAAGAGCAAGGCCGTGGAGCA-TAMRA-3′) [24]. PCR reactions
were carried out on a 7500 fast Real-Time PCR System (Thermo Fisher Scientific). The ΔΔCT method was
used to quantify the mRNA expression levels of endogenous genes, which were normalised to the
housekeeping gene 18S rRNA. Viral RNA copies numbers were obtained through the generation of a
standard curve obtained with serial dilutions of a plasmid containing RV cDNA.

ELISA
Protein levels of interleukin (IL)-8 and IL-6 were measured in cell culture supernatants of vitamin D
treated (10−8 M and 10−7 M) and untreated CF cells by commercially available ELISA kits for human IL-8
and IL-6 (both R&D Systems, Abingdon, UK).

Recombinant LL-37 treatment
Primary bronchial CF cells were placed in multi-well plates at passage two and grown in BEBM for 24 h.
Cells from CF patients 12–17 were infected with RV16 and subsequently post-treated with 20 μg·mL−1 of
recombinant LL-37 (Hycult Biotech, Plymouth Meeting, PA, USA) in BEBM for 24 h. This concentration
was chosen based on available literature [25] and preliminary experiments using different concentrations
(1, 4 and 20 μg·mL−1) (data not shown).

Bronchoalveolar lavage
RV-positive bronchoalveolar lavage (BAL) samples of CF children were collected as previously described
[20]. Clinical characteristics of study participants and measurement of RV load were derived from a
previous study [20]. LL-37 protein levels were assessed in BALs using an ELISA kit for human LL-37
(Hycult Biotech, US) according to the manufacturer’s manual.

Statistical analysis
Data are presented as median unless otherwise stated. Non-parametric, paired Wilcoxon tests were applied
to determine differences between two groups. Correlation was tested using the Spearman rank correlation
test. GraphPad Prism 5 software (GraphPad Software Inc., US) was used to perform statistical analysis.
A p-value <0.05 was considered statistically significant.

Results
Viral replication is repressed by vitamin D in CF bronchial epithelial cells in a dose-dependent
manner
To determine the effect of vitamin D on viral replication, primary CF bronchial cells pre-treated with
vitamin D were infected with RV16 and viral replication was assessed. We found that treatment of CF cells
with 10−7 M of vitamin D significantly reduced virus replication by two-fold (p=0.001; figure 1), whereas
virus replication was not repressed by treatment with 10−9 M or 10−8 M of vitamin D in CF cells
compared to untreated cells (figure 1). Decreased virus replication was not due to vitamin D-induced cell
death (data not shown).

Vitamin D does not stimulate an antiviral response mediated by the interferon pathway in CF
bronchial epithelial cells
The classical antiviral response elicited by airway epithelial cells is mediated through the IFN pathway.
Recently it has been shown that the IFN pathway can be modulated by vitamin D through a synergistic
manner with TLR pathway activation [8, 26]. Thus, to investigate possible underlying antiviral
mechanisms of vitamin D, the expression of IFN-λ2/3, a typical IFN produced by the airway epithelium
upon infection, and of the prototypical IFN-stimulated gene (ISG) viperin were evaluated in RV-infected
CF cells treated or not treated with 10−9 M to 10−7 M of vitamin D. We observed that neither the
expression of IFN-λ2/3 nor the expression of viperin was induced by vitamin D treatment in infected CF
cells compared with untreated cells (figure 2a and b). To confirm that the IFN pathway was not involved
in the antiviral activity of vitamin D in CF cells, we investigated further the expression of the pattern
recognition receptors (PRRs) TLR3, RIG-I and MDA5 by vitamin D treatment in RV-infected CF cells.
RVs are recognised in a coordinated manner by these three PRRs in airway epithelial cells [27] leading to
downstream induction of IFNs. In accordance with IFN-λ2/3 and viperin data, the assessed PRRs
expressions were not modified by vitamin D treatment in RV-infected CF cells compared with untreated
cells (figure 2c–e).
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Pro-inflammatory cytokine secretion upon virus infection is not reduced by vitamin D in CF
bronchial epithelial cells
CF lung disease is characterised by a deregulated inflammatory response with increased secretion of
inflammatory cytokines such as IL-8 and IL-6 at baseline condition and upon virus infection [28, 29].
Also, vitamin D has been reported to have anti-inflammatory effects in airway epithelial cells [4, 30]. Thus,
we studied whether vitamin D treatment reduced RV-induced cytokine production in CF cells. We found
that vitamin D treatment did not decrease RV-induced IL-8 and IL-6 secretion in CF cells compared with
untreated cells (figure 3).

LL-37 is induced by vitamin D treatment in RV-infected CF bronchial epithelial cells
Antimicrobial peptides (AMPs) including β-defensin and LL-37 contribute to an elaborate innate immune
response of airway epithelial cells to prevent microbial infections [31, 32]. As LL-37 and β-defensin are
known to be induced by vitamin D in healthy and CF airway epithelial cells [33, 34], we investigated the
expression of β-defensin and LL-37 by vitamin D treatment in RV-infected CF cells. We found that
β-defensin expression was not increased in vitamin D-treated CF cells compared with untreated cells
(figure 4a). However, the expression of LL-37 was amplified in a concentration-dependent manner by
vitamin D in infected CF cells compared with untreated cells, reaching a significant 17.4-fold induction by
10−7 M vitamin D (p=0.04; figure 4b).

Recombinant LL-37 treatment reduces RV replication in CF bronchial epithelial cells
LL-37 has potent antiviral activity against several viruses such as RSV and IAV [35]. Thus, to evaluate
whether LL-37 production is associated with the antiviral activities of vitamin D, viral replication upon
recombinant LL-37 treatment was assessed in CF cells. We observed that RV replication was significantly
decreased 4.4-fold in CF cells treated with LL-37 compared to untreated cells (p=0.03; figure 5).

LL-37 level is inversely associated with RV load in BAL of CF patients
In order to confirm our in vitro observation in vivo, we measured vitamin D levels in BAL of RV-infected
CF children [20]. Vitamin D levels in CF BAL were found to be undetectable as assessed by ELISA (data
not shown). Therefore, we measured LL-37 protein levels in RV-infected CF children BAL and found a
significant inverse correlation between RV load and LL-37 levels (r=-0.48; p=0.03; figure 6).

Vitamin D has antiviral properties in healthy bronchial epithelial cells
Since suboptimal serum vitamin D status (<30 ng·mL−1) is also common in healthy children (40%) [36],
we assessed virus replication in vitamin D treated and untreated control cells. We found a 1.7-fold reduced
virus replication in control cells treated with 10−8 M of vitamin D (p=0.01) and a 2.8-fold decrease in
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FIGURE 1 Rhinovirus (RV) load is repressed by vitamin D treatment in primary cystic fibrosis bronchial epithelial
cells in a dose-dependent manner. Intracellular viral RNA with or without 24 h pre-treatment with vitamin D
(10−9 M, 10−8 M and 10−7 M) was measured at 24 h post-RV16 infection by quantitative RT-PCR in primary cystic
fibrosis bronchial epithelial cells. Data are presented as median of 11 independent experiments. Statistical
analysis was done with the paired non-parametric Wilcoxon rank test.
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virus replication by 10−7 M vitamin D (p=0.002) in control cells compared to untreated cells (figure 7a).
To investigate whether vitamin D induced LL-37, we assessed LL-37 expression by vitamin D treatment in
control cells. At baseline, we found a significant induction of LL-37 expression with increasing
concentrations of vitamin D in control cells compared to untreated cells (10−8 M, p=0.01; 10−7 M,
p=0.002). Similarly, we reported a dose-dependent increase of LL-37 expression by 10−9 M, 10−8 M and
10−7 M vitamin D treatment (3.2-, 166-, 539-fold induction, respectively) in RV-infected control cells
compared to untreated cells (p=0.01, p=0.002, p=0.002, respectively; figure 7b).
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bronchial epithelial cells. Protein levels of interleukin (IL)-8 (a) and IL-6 (b) in cell culture supernatants were
measured at 24 h after RV16 infection with our without vitamin D treatment (10−8 M and10−7 M) for 24 h by
ELISA. Data are presented as median of 11 independent experiments. Statistical analysis was done with the
paired non-parametric Wilcoxon rank test.
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FIGURE 2 Interferon (IFN)-λ2/3, viperin and pattern recognition receptors (PRRs) expressions, normalised to 105 18S mRNA, are not modulated by
vitamin D treatment in rhinovirus (RV)-infected primary cystic fibrosis (CF) bronchial epithelial cells. a) IFN-λ2/3 and b) viperin mRNA expression
was assessed at 24 h post RV16 infection by quantitative RT-PCR with or without 24 h pre-treatment with vitamin D (10−9 M, 10−8 M and 10−7 M)
in primary CF bronchial epithelial cells. mRNA levels of the PRRs, c) Toll-like receptor 3 (TLR3), d) retinoic acid inducible gene I (RIG-I), and
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cells treated or not treated with vitamin D (10−9 M, 10−8 M and 10−7 M) for 24 h. Data are presented as median of 11 independent experiments.
Statistical analysis was done with the paired non-parametric Wilcoxon rank test.
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Discussion
Vitamin D deficiency is a common feature among CF patients and to some extent in healthy children. The
aetiology of low vitamin D levels in CF arises from a combination of intestinal malabsorption, impaired
metabolism and reduced exposure to sunlight [37]. Recent evidence suggests that vitamin D has important
antimicrobial properties in CF [38]. However, the impact of the vitamin D status on the antiviral response in
CF airways remains elusive. Therefore, we thoroughly investigated the influence of vitamin D treatment on
the host antiviral response in RV-infected CF cells. This could be of relevance to CF lung disease, which is
commonly exacerbated by respiratory viruses. Herein, we observed that vitamin D treatment reduced virus
replication in CF cells, most likely by stimulating the expression of the AMP LL-37. Indeed, recombinant
LL-37 treatment repressed virus replication in the CF cells. While inducing LL-37, vitamin D did not affect
the antiviral response mediated by the IFNs pathway and did not exert anti-inflammatory properties on
RV-infected CF cells. These in vitro findings were supported by in vivo data, where we found an inverse
correlation between RV load and LL-37 protein levels in the BALs of CF patients infected with RV.

Recent literature reported a potential role of vitamin D in the defence against virus infection including
respiratory viruses such as RSV [16, 17] or IAV [18, 19]. In our study, we observed that vitamin D
repressed RV replication in vitro in human CF and control cells, further underpinning the role of vitamin
D as modulator of the innate immune response to respiratory virus infections. In contrast to our findings,

β-
D

e
fe

n
s
in

10–1

100

101

102

103

104

105

106a)

–RV16 –

–10–9 M Vitamin D +

–10–8 M Vitamin D –

–10–7 M Vitamin D –

–

–

+

–

–

–

–

+

+ +

– +

– –

– –

+

–

+

–

+

–

–

+

L
L

–
3

7

10–2

10–1

100

101

102

103b)

–RV16 –

–10–9 M Vitamin D +

–10–8 M Vitamin D –

–10–7 M Vitamin D –

–

–

+

–

–

–

–

+

+ +

– +

– –

– –

+

p=0.04

–

+

–

+

–

–

+

FIGURE 4 Vitamin D stimulates the expression of LL-37, but not of β-defensin in primary cystic fibrosis (CF)
bronchial epithelial cells. a) β-defensin mRNA expression, normalised to 107 18S mRNA, and b) LL-37 mRNA
expression, normalised to 105 18S mRNA, were measured at 24 h post rhinovirus (RV)16 infection by RT-qPCR in
primary CF bronchial epithelial cells treated or not treated with Vitamin D (10−9 M, 10−8 M and 10−7 M) for 24 h.
Data are presented as median of 11 independent experiments. Statistical analysis was done with the paired
non-parametric Wilcoxon rank test.

R
V

1
6

 l
o

a
d

 c
o

p
ie

s
 p

e
r 

re
a

c
ti

o
n

108 p=0.03

107

106

105

RV16

20 µg·mL–1 LL–37

+

–

+

+

FIGURE 5 Rhinovirus (RV) load decreases by recombinant LL-37 treatment in primary cystic fibrosis (CF)
bronchial epithelial cells. Intracellular viral RNA with or without 24 h post-treatment with recombinant LL-37
(20 μg·mL−1) was measured at 24 h post RV16 infection by RT-qPCR in primary CF bronchial epithelial cells.
Data are presented of six independent experiments. Statistical analysis was done with the paired
non-parametric Wilcoxon rank test.

526 DOI: 10.1183/13993003.00665-2015

CYSTIC FIBROSIS | A. SCHÖGLER ET AL.



a recent study by BROCKMAN-SCHNEIDER et al. [39] found that RV replication was not reduced by vitamin D
treatment in healthy human airway epithelial cells. Differences in study design (cell culture model and
vitamin D concentrations used) might account for the discrepancy to our results.

We found that the antiviral activity of vitamin D was not associated with a stimulation of the innate
immune response mediated by the IFN pathway. In accordance with our findings, the above mentioned
study reported no effect of vitamin D treatment on the production of IFN-λ1 in RV-infected human
airway epithelial cells in comparison to untreated cells [39]. HANSDOTTIR et al. [4] even found a decrease in
the mRNA expression of IFN-β and the ISGs myxovirus resistance protein 1 and ISG15 by vitamin D
treatment in RSV-infected human airway epithelial cells.

Surprisingly, we only observed a minor increase of inflammatory cytokine secretion by CF bronchial
epithelial cells upon RV infection. This might be attributed to the fact that sampling of supernatants was
performed only at 24 h post-infection. Thus, greater effects on cytokine secretion upon RV infection might
be seen at later time points of sampling. Indeed, a recent study showed an enhanced RV-induced cytokine
release by primary CF airway epithelial cells at 48 h after infection [40]. Further, RV16 is a less potent
inducer of inflammatory cytokines compared to other RV strains such as RV1B [40].
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FIGURE 7 Rhinovirus (RV) load is reduced and LL-37 expression is increased by vitamin D treatment in
primary healthy bronchial epithelial cells. a) Intracellular viral RNA was assessed at 24 h post RV16 infection
by RT-qPCR in primary healthy bronchial epithelial cells treated or not treated with vitamin D (10−9 M, 10−8 M
and 10−7 M) for 24 h . b) LL-37 mRNA expression, normalised to 105 18S mRNA, was measured at 24 h post
RV16 infection by RT-qPCR with or without 24 h pre-treatment with vitamin D (10−9 M, 10−8 M and 10−7 M) in
primary healthy bronchial epithelial cells. Data are presented as median of 10 independent experiments.
Statistical analysis was done with the paired non-parametric Wilcoxon rank test.
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the Spearman rank correlation test.
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Interestingly, in contrast to previous literature reporting anti-inflammatory properties of vitamin D in CF
airway cells [38], we did not observe a reduced secretion of inflammatory cytokines by vitamin D
treatment in RV-infected CF cells. A recent study even reported that the secretion of the pro-inflammatory
cytokine IFN γ-induced protein 10 (IP-10) was increased by vitamin D treatment in RV-infected healthy
airway epithelial cells [39]. However, an interesting study by MCNALLY et al. [30] showed that vitamin D
receptor agonists decreased the release of pro-inflammatory cytokines, such as IL-8 and IL-6, by the CF
airway epithelium in response to antigen challenge. The conflicting results could be due to different
pathogen challenges (Pseudomonas aeruginosa versus RV) and due to the cell culture model used [28]
(cell lines versus primary cells), which might result in different inflammatory responses.

It is now well established that vitamin D has antimicrobial properties in vitro in CF through the induction
of β-defensin and LL-37 in several cell types such as macrophages and airway epithelial cells [38]. Upon
infection, the metabolism of vitamin D synergises with TLR pathway activation to induce an antimicrobial
response including the induction of AMPs [8, 26], thus raising the possibility of locally enhanced innate
immunity. The AMPs contain vitamin D-responsive elements (VDRE) in their gene promoter, whereby
vitamin D is directly inducing LL-37 and β-defensin gene expressions [34]. Furthermore, a positive
correlation between serum vitamin D levels and lung function [41] in CF patients as well as improved
clinical outcomes in CF patients with pulmonary exacerbation have been demonstrated [42].

Indeed, we observed a significant induction of LL-37 but not β-defensin expression by vitamin D in
RV-infected CF cells and also control cells in comparison to untreated cells. In our study, β-defensin
expression in CF cells was barely detectable by conventional quantitative RT-PCR (Ct values >35).
Remarkably, a cooperation with nuclear factor κB (NF-κB) is required for vitamin D-induced transcription
of β-defensin. Indeed, NF-κB response elements adjacent to the VDRE on the promoter mediate the
cooperative transcription of β-defensin [43]. In contrary, LL-37 mRNA expression is induced in a
synergistic manner by calcium and vitamin D [44]. Therefore, other factors than vitamin D such as
inflammatory cytokines or calcium regulate the transcription of LL-37 and β-defensin, which might
explain why LL-37 but not β-defensin expression was induced upon vitamin D in the CF cells.
Interestingly, LL-37 has been shown to have antiviral properties against respiratory viruses [35] suggesting
that LL-37 might be involved in the regulation of the antimicrobial host response through direct induction
by vitamin D. In accordance, we found that treatment of RV-infected CF cells with recombinant LL-37
significantly reduced virus replication compared to untreated CF cells. Experimental evidences suggest that
LL-37 mediates its antiviral properties by disrupting and damaging the viral envelope of viruses such as
IVA and vaccinia virus, whereas the mode of action on non-enveloped viruses such as RVs is still unclear
and needs further investigation [35].

Interestingly, we observed a negative association between RV load and LL-37 protein levels in BALs of CF
patients infected with RV, suggesting that CF patients with lower levels of LL-37 might be more
susceptible for pulmonary RV infection. It would be interesting to assess LL-37 levels in RV-positive BALs
of healthy children, which however was not possible due to the difficulties to obtain such samples.

Moreover, healthy children are often presented with insufficient levels of serum vitamin D, especially
during winter time when sun exposure is reduced [36]. We found diminished viral replication in healthy
bronchial cells after vitamin D treatment, which might be associated with an increased expression of LL-37
by vitamin D. These findings suggest that the antiviral properties of vitamin D are independent of the
health status of the airways. Remarkably, we observed higher expression of LL-37 in CF cells compared
with control cells. This however might be due to the fact that LL-37 is a marker for bronchial
inflammation, which is pronounced in CF lung disease [45].

The following limitations should be considered when interpreting our results. We have used a cell culture
model based on submerged cell cultures, which are not fully differentiated. Thus it would be interesting to
repeat our experiments in a more physiological model of fully differentiated airway epithelial cultures
grown at the air-liquid interface. Further, interaction between bacteria and respiratory viruses were not
taken into account in the study. Moreover, we did not perform any nasal swabbing to exclude ongoing
infection in the upper airways. A major limitation of the study was that vitamin D levels assessed in BALs
of children with CF were below detection limit (11 ng·mL−1) as measured by a commercially available
ELISA kit (data not shown) and serum vitamin D values of the CF children at the time of bronchoscopy
were not available.

In conclusion, we report a repressive effect of vitamin D on RV replication in primary bronchial epithelial
cells of CF and healthy children, possibly associated with the induction of the AMP LL-37, of which we
demonstrated antiviral properties against RV infection in CF cells. LL-37 protein in BALs of CF children is
inversely associated with RV load, which sheds light on the importance of LL-37 in the defence against
respiratory viruses. Our data suggest that vitamin D may be a modulator of the antiviral response in CF
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patients and point to the importance of adequate control of the vitamin D in patients suffering from CF.
Clinical studies are needed to investigate the role of vitamin D in the prevention of virus-associated
pulmonary deteriorations in CF.
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