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Summary

Background Asthma is a chronic disease associated with airway hyperresponsiveness
(AHR), airway obstruction and airway remodelling. NF-kB is a transcriptional factor that
regulates and co-ordinates the expression of various inflammatory genes. The NF-«xB su-
bunits, p50 and Rel-A, are translocated to the nucleus by importin a3 and importin o4.
There is growing evidence that vitamin D is a potent immunomodulator. However, the
evidence for beneficial or adverse effects of vitamin D in asthma is still unclear.

Objective In this study, we examined the effect of vitamin D status on AHR, airway
inflammation and cytokines in the bronchoalveolar lavage fluid (BALF) in a murine model
of allergic asthma.

Methods Female BALB/c mice were fed with special vitamin D-deficient or vitamin D-suffi-
cient (2000 IU/kg) or vitamin D-supplemented (10 000 IU/kg) diet for 13 weeks. Mice were
sensitized and challenged with ovalbumin (OVA). The effect of vitamin D on lung histology,
AHR, T regulatory cells (Tregs) and BALF cytokines was examined. The expression of impor-
tin-o3 and Rel-A in the lung of OVA-sensitized mice was analysed using immunofluorescence.
Results Vitamin D deficiency was associated with higher AHR in OVA-sensitized and chal-
lenged mice than those in vitamin D-sufficient mice. This was accompanied with marked
signs of airway remodelling, high BALF eosinophilia, increased BALF pro-inflammatory
cytokines, reduced BALF IL-10 levels, reduced blood Tregs, increased expression of impor-
tin-o3 and Rel-A in the lung tissue. Vitamin D supplementation attenuated the pro-inflam-
matory effects, but did not completely reverse the features of allergic airway inflammation.
Conclusion and Clinical Relevance Vitamin D could be beneficial as an adjunct therapy in
the treatment of allergic asthma.

Keywords allergic airway inflammation, asthma, importin-o3, NF-«xB, T-regulatory cells,
vitamin D, vitamin D receptor
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Introduction

myofibroblast differentiation, fibroblast proliferation
and production of collagen [8]. Similarly, the bronchial

Asthma is a chronic disease associated with airway
hyperresponsiveness (AHR), airway obstruction, airway
remodelling [1, 2]. It is a leading cause of activity limi-
tation and costs about $56 billion in health-care
expenses annually in the United States [3]. AHR is an
increased ability of the airways to narrow after expo-
sure to bronchoconstrictors, one of the hallmarks of
functional abnormalities in asthmatic subjects [4, 5].

In chronic asthmatics, the airway epithelium pro-
duces increased amount of pro-inflammatory cytokines
and growth factors [6]. These include TNF-a, IL-1, IL-4,
IL-6, IL-8, IL-13 and TGF-pB [7]. The resultant effect is

smooth muscle cells (BSMCs) in asthmatics behave in
an autocrine and paracrine manner by producing and
responding to pro-inflammatory and broncho-protective
mediators [9]. Some of the main pro-inflammatory
cytokines and chemokines secreted by the smooth mus-
cle cells in asthma are TNF-o, IL-1f, IL-5, IL-6, IL-8,
IL-17, GM-CSF, TGF-B, RANTES, Eotaxin, MCP-1,2,3
[10, 11]. The secretion of these cytokines is regulated
by numerous transcriptional factors that play an impor-
tant role in the pathogenesis of asthma [12].

NF-«B is a transcriptional factor that regulates and co-
ordinates the expression of various inflammatory genes
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and inflammatory mediators, including cytokines,
chemokines, adhesion molecules, immunoreceptors and
growth factors. Therefore, it is often termed as a ‘central
mediator of human immune response’ [13, 14]. Since the
size of NF-«B subunits, p50 and RelA, is larger than what
nuclear membrane allows to passively diffuse, its translo-
cation to the nucleus is mediated by cytoplasmic mole-
cules called importins [15]. Importin o3 and Importin o4
are the main importin-o isoforms for the nuclear translo-
cation of NF-«xB p50-RelA heterodimer upon stimulation
with TNF-a or other inflammatory mediators [15-17].

Vitamin D has a significant role in both direct and
indirect regulation of proliferation, differentiation and
function of immune cells [18]. It binds to its receptor,
Vitamin D Receptor (VDR), which is a member of the
super family of steroid nuclear receptors [19]. VDR is a
transcription factor that interacts with its co-regulators
and alters the transcription of target gene involved in a
wide spectrum of biological responses [20]. Recent stud-
ies provide a strong evidence that vitamin D has a role
in innate as well as adaptive immune system [21].

There is growing evidence that vitamin D has a role
in allergic airway diseases [22]. Vitamin D deficiency
has been associated with obesity, African American race
(particularly in urban, inner-city settings) and recent
immigrants to westernized countries, thus reflecting the
same epidemiological patterns as observed in the
asthma epidemic [23].

In a recent study, children with severe, therapy-resis-
tant asthma having lower vitamin D levels had increased
airway smooth muscle (ASM) mass and worse asthma
control and lung function [24]. Vitamin D deficiency leads
to decreased lung volume, decreased lung function and
altered lung structure [25]. Supplementing pregnant
women with high doses of vitamin D reduces asthma risk
by 40% in their children at the age of 3-5 years [23]. These
studies emphasize a potential role of vitamin D in modu-
lating the immune response in allergic airway diseases.

We have recently reported decreased expression of
importin-o3 leading to decreased translocation and
activation of RelA in calcitriol-treated human bronchial
smooth muscle cells [26]. Based on these findings, this
study was designed to expand our in vitro findings to
an in vivo model of vitamin D-deficient, vitamin D-suf-
ficient and vitamin D-supplemental mouse model of
allergic airway inflammation. We also examined the
effect of vitamin D on lung histology, AHR, T regula-
tory cells (Tregs) and BALF cytokines.

Materials and methods

Animals and diets

Female BALB/c mice were purchased from Harlan Labo-
ratories (Indianapolis, IN, USA). Mice were maintained
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in a pathogen-free environment at the Animal Resource
Facility of Creighton University. The research protocol
of this study was approved by the Institutional Animal
Care and Use Committee of Creighton University. Food
and water were provided ad libitum. Female mice were
divided in to three groups. They were fed on vitamin D-
deficient (TD 110272), vitamin D-sufficient containing
2000 IU/kg (TD 110273) and vitamin D-supplemental
diets 10 000 IU/kg (TD110742) (Harlan Laboratories,
Madison, WI, USA).

In the first group, vitamin D-deficient diet was given to
breeding male and female mice. These were fed on a spe-
cial diet containing 1.2% calcium to prevent them from
hypocalcemic tetany. The diet was also fortified with vita-
mins A, E and K. Female offsprings were weaned on the
same diet. The second and third groups of mice were fed
with purified diet containing 2000 IU/kg or 10 000 IU/kg
of vitamin D3, respectively, starting at day 21.

Induction of allergic airway inflammation

The sensitization protocol was started at six weeks of
age, as established in our laboratory [21]. Briefly, mice
were sensitized with 20 pug i.p. injections of ovalbumin
(OVA; Sigma-Aldrich, St. Louis, MO, USA) emulsified in
2.25 mg of Inject alum (Pierce Biotechnology, Rockford,
IL, USA) on days O and 14. Animals were challenged
with 1% OVA for three consecutive days from day 28
to day 30 and with 5% OVA on day 32. On day 33,
using whole-body plethysmography (Buxco Electronics,
Troy, NY, USA) the response to aerosolized acetyl B-
methylcholine (Sigma-Aldrich, St. Louis, MO, USA) was
measured in all mice to examine AHR. The mice with
established AHR were then challenged with 5% OVA by
aerosol on day 44. On day 45, AHR and enhanced
pause in response to aerosolized acetyl B-methylcholine
were measured in all mice. On day 46, AHR to meth-
acholine was measured with the invasive tracheotomy
method to measure specific airway resistance.

Measurement of serum 25(0H) D levels and serum
calcium levels

Blood (~ 800 uL) was collected from the left ventricle
of mice. Out of the total blood, 100 puL. was used for
Tregs analysis and the rest was kept at room tempera-
ture for 3 h and centrifuged at 5000 rpm for 15 min.
Serum was separated and the samples were sent to
Creighton Medical Laboratories for measurements of
serum 25(0H)D and calcium (Table 1).

T regulatory cell identification

The anti-mouse CD4 + (FITC) (eBioscience, San Diego,
CA, USA) and anti-mouse CD25 + (PE) (Milteny-
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Table 1. Serum 25(0OH)D
experimental mice

and calcium levels (mean + SEM) in

Serum 25(0H)D levels .
Serum calcium

(ng/mL)
& (mg/dL)

Experimental group 6 weeks 13 weeks 13 weeks
Mice-0 U/ 6.00 £+ 0.63 5.0 £ 0.25 9.06 £ 0.06

kgVitamin D
Mice-2000 U/ 30.75 + 0.45 31.00 + 0.75 9.16 £ 0.02

kgVitamin D
Mice-10 000 U/ 62.15 + 1.5 67.12 £ 0.5 9.18 £ 0.27

kgVitamin D

biotech Inc., Auburn, CA, USA) were added to the
whole blood. Flow cytometric analysis was performed
to gate CD4"CD25" cells using FACS Aria Flow Cytome-
try System (BD Biosciences, San Jose, CA, USA). FITC
and PE-labelled I1gG (BD Pharmingen, San Jose, CA,
USA) served as the isotype control.

Multiplex cytokine analysis

After the mice were killed, lungs were gently lavaged
with 1 mL of warm saline (37°C) via a tracheal cannula.
All samples were centrifuged and stored in —80°C free-
zer until analysed. The levels of IL-4, IL-5, IL-6, IL-10,
IL-13, IL-17, RANTES, IP-10 and TNF-a in the BAL
fluid supernatants were measured by the Milliplex
mouse cytokine/chemokine kit (Millipore, Billerica, MA,
USA) on a Luminex 200 analyzer (Luminex Corp,
Austin, TX, USA) following Manufacturer’s recommen-
dations The analysis was done in duplicate, and the
cytokine concentrations were calculated against the
standards using Beadview® software (ver. 1.03;
Millipore, Billerica, MA, USA).

Staining lung tissue sections

Lung lobes were fixed in 4% formalin and paraffin
embedded. These lung sections were stained with hae-
matoxylin and eosin following manufacturer’s recom-
mendation (Newcomer Supply, Middleton, WI, USA).
Mucus production was identified by periodic acid-Schiff
(PAS) reaction according to the manufacturer’s recom-
mendation (Sigma-Aldrich St. Louis, MO, USA). Tri-
chrome staining was used to identify collagen
following the standard protocol recommended by the
manufacturer (IMEB Inc., San Marcos, CA, USA).

Immunofluorescence

Paraffin embedded lung sections were stained for
immunofluorescence using specific antibodies to impor-
tin-o3 [(ab6039) goat; Abcam, MA, USA] and NF-kB

p65 [(sc-109) (rabbit; SantaCruz Biotechnology, CA,
USA)]. The sections were stained by the methods
described previously [21]. Negative controls of tissue
sections were run without incubation with the primary
antibody.

Statistical analysis

Values of all measurements are reported as
mean + SEM. Unpaired Student’s f-test was used to
determine differences between two groups. Multiple
group comparison was made using one-way ANovA with
the Bonferroni correction. Values of all measurements
are reported as mean + SEM. The P < 0.05 was consid-
ered significant (*P < 0.05, **P < 0.01, ***P < 0.001).

Results

Effect of vitamin D on AHR and infiltratory cells in
OVA-sensitized and challenged mice

The AHR to methacholine was examined and estab-
lished on days 33 and 45 as measured by non-invasive
whole-body plethysmography (Fig. 1a,b). The OVA-sen-
sitized and challenged mice demonstrated elevated AHR
to methacholine compared to PBS control in all vitamin
D groups of mice. Vitamin D-deficient OVA-sensitized
and challenged mice exhibited a significantly higher
AHR to methacholine compared to vitamin D-sufficient
OVA-sensitized and challenged mice. Interestingly,
OVA-sensitized mice fed on vitamin D-supplemented
diet exhibited significant reduction in AHR compared to
vitamin D-sufficient OVA-sensitized mice. However, the
AHR exhibited by vitamin D- supplemented OVA-sensi-
tized and challenged mice were significantly higher than
PBS control mice of the same group (Fig. 1a,b). These
results were confirmed with a more rigorous invasive
method using tracheostomy in anaesthetized mice on
day 46 to measure specific airway resistance (Fig. 1c)
and a similar pattern was observed. There was no signifi-
cant difference in AHR among PBS control vitamin D-
Deficient, PBS control vitamin D-sufficient and PBS
control vitamin D-supplemented groups.

Aerosolized administration of 100 mg/mL methacho-
line at day 45 exhibited the following Penh values:
7.38 £ 0.64 in vitamin D-deficient OVA-sensitized and
challenged mice; 3.73 + 0.55 in vitamin D-sufficient
OVA-sensitized and challenged mice; and 2.12 + 0.39
in vitamin D-supplemented OVA-sensitized and chal-
lenged mice (n =7 in each group) (Fig. 1b). Specific
airway resistance induced by 100 mg/mL methacholine
exhibited mean values of 11.11 & 0.59 cm H,0.s/mL in
vitamin D-deficient OVA-sensitized and challenged
mice; 7.18 & 0.58 cm H,0.s/mL in vitamin D-sufficient
OVA-sensitized and challenged mice; 4.18 £+ 0.41 cm

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 672-683
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Fig. 1. AHR and specific airway resistance to methacholine. (a) Day 33 AHR to methacholine (Mch) was established (n = 7 in each experimental
group). (b) Day 45 AHR to methacholine (Mch) was measured again (n = 7 in each experimental group). (C) Four randomly selected animals from
each group of PBS and OVA-sensitized and challenged groups were subjected to invasive method of tracheostomy and specific airway resistance
(R;) to Mch was recorded. % — Vitamin D-deficient OVA-sensitized and challenged mice vs. Vitamin D-sufficient OVA-sensitized and challenged
mice — (*P < 0.05; **P < 0.01; ***P < 0.001); #Vitamin D-deficient OVA-sensitized and challenged mice vs. Vitamin D-supplemented OVA-sensi-
tized and challenged mice; (*P < 0.05; *P < 0.001); @ Vitamin D-sufficient OVA-sensitized and challenged mice vs. Vitamin D-supplemented
OVA-sensitized and challenged mice (@ P < 0.05; @@ P < 0.01); A Vitamin D-deficient PBS control mice vs. Vitamin D-deficient OVA-sensitized
and challenged mice; (A P < 0.001); @ Vitamin D-sufficient PBS control mice vs. Vitamin D-sufficient OVA-sensitized and challenged mice
(°P < 0.05; °°P <0.01; °*°P <0.001); T Vitamin D-supplemented PBS control mice vs. Vitamin D-supplemented OVA-sensitized and challenged
mice — (T P < 0.05; 11 P <0.01; TT1 P < 0.001); Effect of vitamin D on total and differential leucocytes in bronchoalveolar lavage fluid of PBS
control and OVA-sensitized mice (d). Total cells in the BALF were counted using coulter counter, and differential analysis was performed using
standard morphological criteria. A total of 300 cells were examined per cytospin slide and absolute cell numbers were calculated per millilitre of
the BALF based on the percentage of individual cell in a slide. Data are shown as mean + SEM for seven animals in each group (*P < 0.05;
*P < 0.01; **P < 0.001).

H,0.s/mL in vitamin D-supplemented OVA-sensitized lymphocytes was observed among OVA-sensitized vita-
and challenged mice (Fig. 1c). min D groups.

Sensitization and allergen challenge of mice with
OVA significantly increased the total number of cells in
the BALF with predominant increase in eosinophils,
neutrophils and lymphocytes in all vitamin D OVA-sen-

Differences in the degree of airway remodelling after
OVA sensitization and challenge in different vitamin D

sitized and challenged group of mice compared with groups

PBS. Vitamin D-deficient OVA-sensitized and chal- After tracheostomy animals were killed, lungs were har-
lenged mice had increased number of eosinophils com- vested and sectioned, followed by staining with H&E,
pared to vitamin D-sufficient OVA-sensitized and Trichrome and PAS stain to examine histological hall-
challenged mice and vitamin D-supplemented OVA-sen- marks of asthmatic airways. Airways of the PBS control
sitized and challenged mice. A decrease in the number mice in all vitamin D groups exhibited normal paren-
of eosinophils was observed in the BALF of vitamin D- chyma with no mucus staining and little collagen stain-
supplemented OVA-sensitized and challenged mice ing around the respiratory epithelium.

compared to vitamin D-sufficient OVA-sensitized and Vitamin D-deficient OVA-sensitized and challenged
challenged mice (Fig. 1d). However, no significant dif- mice exhibited exaggerated features of severe airway

ference in the density of macrophages, neutrophils and remodelling compared to vitamin D-sufficient OVA-

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 672-683
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Vitamin D supplemental

—_—

Fig. 2. Lung histological examination: Haematoxylin and eosin (H&E) showing differences in the airway remodelling (a—f), Trichrome staining
showing collagen deposition in blue colour (g-1) and, periodic acid-Schiff (PAS) showing mucous staining in pink colour (m-r1), in the airway of
PBS-control and OVA-sensitized and challenged vitamin D deficient, sufficient and supplemental mice. Note the airway thickening, smooth muscle
cell thickening, collagen deposition, epithelial hyperplasia with abundant cytoplasmic as well as airway lumen filled with mucin in vitamin
D-deficient group compared to vitamin D-sufficient and Vitamin D-supplemental groups (arrowhead). (n = 7 in each experimental group).

sensitized and challenged mice (Fig. 2). The airway had
marked epithelial cell hypertrophy indicated by an
increase in epithelial cell height, airway occlusion, and
more mucus staining and collagen deposition. The
lungs of vitamin D-supplemented OVA-sensitized and
challenged mice exhibited the signs of mild airway
remodelling, showing less airway epithelial cell hyper-
trophy, mild mucus staining and less collagen deposi-
tion (Fig. 2a-1).

Effect of vitamin D on cytokines and chemokines in the
BALF of OVA-sensitized and challenged mice

A significant increase was found in the levels of Th2
cytokines, IL-4 (Fig. 3a), IL-5 (Fig. 3b) and IL-13
(Fig. 3d), in the BALF of all OVA-sensitized and chal-
lenged groups of mice compared to the PBS control.
However, the levels of IL-5 and IL-13 were more pro-
nounced in vitamin D-deficient OVA-sensitized and

challenged mice. Vitamin D-supplemented OVA-sensi-
tized and challenged mice had substantially reduced
levels of these cytokines compared to vitamin D-suffi-
cient OVA-sensitized and challenged mice (Fig. 3).
There was no significant effect of vitamin D supple-
mentation on the level of BALF IL-4 among the OVA-
sensitized groups. However, there was a significant
reduction in the BALF levels of IL-10 in vitamin D-defi-
cient OVA-sensitized and challenged mice and vitamin
D-sufficient OVA-sensitized and challenged mice with
no significant change in PBS control groups (Fig. 3c).
The vitamin D-supplemented OVA-sensitized and chal-
lenged mice had significantly higher BALF levels of
IL-10 compared to vitamin D-deficient OVA-sensitized
and challenged mice and vitamin D-sufficient OVA-
sensitized and challenged mice (Fig. 3a—d).
OVA-sensitization and  challenge  significantly
increased the BALF levels of TNF-o (Fig. 3e), IL-6
(Fig. 3f) and IL-17 (Fig. 3g) compared to PBS control

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 672-683
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Fig. 3. The levels of cytokines and chemokines in the BALF of PBS and OVA-sensitized and challenged mice. After the mice were killed, BALF
was immediately collected and centrifuged. The supernatant was collected and frozen. The levels of cytokines and chemokines in the BALF of
OVA-sensitized and challenged mice compared to PBS control mice with different vitamin D groups. (a) IL-4; (b) IL-5; (c) IL-10 and (d) IL-13,
TNF-a,(e), IL-6 (f), and IL-17(g), RANTES(h) and IP-10 (i) in BALF of OVA-sensitized and challenged mice compared to PBS control mice in all
vitamin D groups. Data are shown as means (+ SEM) for six animals in each experimental group. *P < 0.05, **P < 0.01, ***P < 0.001.

mice. The levels of these cytokines were higher in
vitamin D-deficient OVA-sensitized and challenged
mice compared to vitamin D-sufficient OVA-sensitized
and challenged mice. In contrast, vitamin D-supple-
mented OVA-sensitized and challenged mice had signif-
icantly decreased BALF levels of TNF-o, IL-6 and IL-17,
but, significantly higher than the levels in PBS controls
(Fig. 3e—g).

The BALF levels of chemokines, RANTES and IP-10,
were higher in all OVA-sensitization and challenged
mice than PBS control mice (Fig. 3h—i). However, there
was no significant difference in the levels of these cyto-
kines among the OVA-sensitized and challenged mice
in any of the vitamin D groups. (Fig. 3h-i).

Effect of vitamin D on CD4*CD25" T cells in the blood

We evaluated the percentage of CD4"CD25" T cells in
the mouse peripheral blood and compared between dif-
ferent groups of vitamin D- PBS and OVA-sensitized
and challenged groups. The percentage of Tregs in mice
blood is shown in the upper right-hand Quadrant 2
(Fig. 4). A substantial decrease in the percentage of
CD47CD25" T cells was observed in vitamin D-deficient

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 672-683

and vitamin D-sufficient OVA sensitized and challenged
mice compared to PBS control mice. Interestingly, vita-
min D supplemented group of mice had significantly
higher percentage of CD4"CD25" T cells indicating a
positive correlation between serum 25(0H)D levels and
Tregs.

Effect of vitamin D on the expression of importin-o.3 in
the lung of OVA— sensitized and challenged mice

A moderate expression of importin-a3 was observed in
the lung tissue of PBS control mice in all vitamin D
groups. The lungs of OVA-sensitized and challenged
mice exhibited a significantly increased expression of
importin o3 in all vitamin D groups (Fig. 5a,b). How-
ever, the expression of importin-o3 in the lung was
higher in vitamin D-deficient OVA-sensitized and chal-
lenged mice compared to vitamin D-sufficient OVA-
sensitized and challenged mice and vitamin D-supple-
mented OVA-sensitized and challenged mice. In addi-
tion, vitamin D-supplemented OVA-sensitized and
challenged mice demonstrated a lower expression than
vitamin D-sufficient OVA-sensitized and challenged
mice, but higher than control PBS mice (Fig. 5a,b).
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Fig. 4. Flow cytometry data showing percentage of CD4"CD25" lymphocytes in mice peripheral blood. Quadrant 2 shows CD4"CD25"cells (regula-
tory T cell markers). FITC-conjugated monoclonal anti-mouse CD4 and PE-labelled anti-mouse CD25 was used. Flow cytometric analysis was per-
formed using FACS Aria Flow Cytometry System. FITC, PE-labelled IgG served as the isotype control. Data are shown as mean + SEM for seven

animals in each group. *P < 0.05, **P < 0.01, ***P < 0.001.

Effect of vitamin D on the expression of RelA in the
lungs of OVA-sensitized and challenged mice

A mild expression of RelA was observed in the lung tis-
sue of PBS control mice in all vitamin D groups. OVA-
sensitized and challenged mice exhibited a significantly
increased expression of RelA in all vitamin D groups
(Fig. 6a,b). However, the expression of RelA was higher
in vitamin D-deficient OVA-sensitized and challenged
mice compared to vitamin D-sufficient OVA-sensitized
and challenged mice and vitamin D-supplemented
OVA-sensitized and challenged mice. In addition, the
lungs of vitamin D-supplemented OVA-sensitized and
challenged mice demonstrated a lower expression than
vitamin D-sufficient OVA-sensitized and challenged
mice, but higher than control PBS mice (Fig. 6a,b).
These results confirm our earlier studies in Human
Bronchial Smooth Muscle Cells (HBSMCs) that in an
inflammatory environment vitamin D decreases the
expression of importin-o3 and RelA leading to decrease
in the release of cytokines regulated by NF-«B [26].

Discussion

Immunomodulatory potential of vitamin D has been
implicated in various inflammatory diseases [27].

Calcitriol, the biologically active form of vitamin D,
exerts its effects through VDR [28]. Vitamin D defi-
ciency predisposes to many chronic diseases, including
type 1 diabetes, rheumatoid arthritis, Crohn’s disease,
infectious diseases and cancers [29]. Vitamin D affects
the inflammatory pathways and cells involved in the
development and course of allergic asthma [30].

We report findings in OVA-sensitized and challenged
mice that vitamin D deficiency is associated with higher
AHR to methacholine, which is decreased upon vitamin
D supplementation. The histological changes in the
lungs and level of airway inflammation were compara-
ble to the changes in the AHR to methacholine. Vitamin
D status had no effect on AHR or histological changes
in PBS control mice. In OVA-sensitized and challenged
mice, vitamin D deficiency was associated with exag-
gerated response to OVA-antigen and exhibited marked
signs of airway remodelling than vitamin D sufficient
mice. Although, high serum vitamin D levels were asso-
ciated with low airway inflammation and reduced hall-
marks of asthma, it was not associated with complete
reversal of asthma.

Our results are in agreement with the findings of
Sutherland and colleagues [31] that reduced levels of
vitamin D are associated with impaired lung function
and increased AHR. In addition, vitamin D deficiency

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 672-683
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Fig. 5. Protein expression of importin o3 (arrowhead) in the lung tissue: Immunofluorescence showing protein expression of importin o3 in lung
of PBS control vitamin D deficient, vitamin D sufficient and vitamin D supplemental mice compared to OVA-sensitized and challenged vitamin D
deficient, vitamin D sufficient and vitamin D supplemental mice at 600x magnification (a). Sections were stained using goat anti- importin o3
antibody and Donkey anti-goat as secondary antibody. DAPI was used to stain the nuclei. The lungs of seven mice were analysed per group. (b)
Mean fluorescent intensity (MFI) of importin o3 immunostaining in lung tissue measured in arbitrary units (AU) (using NIH Image J software,
http://rsb.info.nih.gov/ij/). Data are shown as mean + SEM from ten measurements per mouse *P < 0.05, **P < 0.01, ***P < 0.001.

was associated with high BALF eosinophilia and the
density of eosinophils in the BALF was significantly
reduced in the vitamin D-supplemented group. This
could be supported by the findings of Brehm and col-
leagues [32] in children where vitamin D levels were
significantly and inversely associated with peripheral
blood eosinophil count.

The effect of vitamin D on allergic asthma is still
under debate. A previous study by Gorman and col-
leagues [33] reported no change in the inflammatory
cells and cytokines in the lungs and OVA-specific IgE
levels in serum of vitamin D3-replete and vitamin D3-
deficient BALB/c mice. However, this study did report
that the vitamin D deficiency significantly enhanced
the ability of airways-draining lymph node cells to pro-
liferate and secrete cytokines in response to OVA ex
vivo, suggesting that the ability of lymphocytes to
responds to allergens is modulated by vitamin D defi-
ciency [33]. However, the timing and doses of experi-
mental protocols for OVA sensitization to induce
allergic airways inflammatory response were different

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 672-683

in the experimental design of the reports by Gorman
et al. [33] and our study. In another study, Wittke et al.
[34] reported that lung inflammation was not modified
by oral supplementation of 1, 25(0H)2D3 in vitamin
D3-deficient mice. However, the experimental protocol
of the study by Wittke and colleagues [34] had major
differences including the strain of mice (C57Bl/6 vs.
BALB/c), type of vitamin D used for the supplementa-
tion (1, 25(0H)2D3 vs. vitamin D3 and the treatment
plan for vitamin D diets. Such differences in the experi-
mental protocols could explain the discrepant results.
The pro-inflammatory cytokines, TNF-o and IL-6, are
released from activated macrophages [35, 36]. Macro-
phages rather than Th17 cells are the primary producer
of IL-17 in allergic inflammation [37]. The active form
of vitamin D, 1o¢,25-dihydroxyvitamin D3, is a potent
suppressor of interferon-y-mediated macrophage activa-
tion [38]. We did not observe any difference in the
macrophage number in the BALF in any of the groups.
However, there was a significant decrease in the levels
of pro-inflammatory cytokines, TNF-o, IL-6 and IL-17,
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Fig. 6. Protein expression of RelA (arrowhead) in lung tissue: Immunofluorescence showing protein expression of RelA in lung of PBS control
vitamin D deficient, vitamin D sufficient and vitamin D supplemental mice compared to OVA-sensitized and challenged vitamin D deficient, vita-
min D sufficient and vitamin D supplemental mice at 600x magnification (a). Sections were stained using rabbit anti- NF-xB p65 antibody and
goat anti-rabbit as secondary antibody. DAPI was used to stain the nuclei. Seven mice were analysed per group. (b) Mean fluorescent intensity
(MFI) of RelA immunostaining in lung tissue measured in arbitrary units (AU) (using NIH Image J software). Data are shown as mean + SEM from

ten measurements per mouse *P < 0.05, **P < 0.01, ***P < 0.001.

released from activated macrophages in the OVA-sensi-
tized vitamin D supplemented group. Our data support
the findings of a recent study that vitamin D treatment
inhibits IL-17 production [39, 40]. In another study in a
mouse model, decreased levels of vitamin D were asso-
ciated with elevated levels of IL-17 in the distal and
proximal colon [41]. Vitamin D inhibits the synthesis
and release of IL-23 and IL-6 that are the cytokines
important for the development of Th17 cells [39]. These
results suggest that vitamin D might be inhibiting mac-
rophage activation leading to the inhibition of cyto-
kines release. Vitamin D diminishes the production of
pro-inflammatory cytokines (IL-1 and TNF-a) by modu-
lating T cell/DC interaction leading to decreased pro-
duction of IL-2 and IFN-y and increased production of
IL-10 and TGE-P [42, 43].

The reduction in the levels of Th2 cytokines (IL-4, IL-
5 and IL-13) has been shown to be a potential thera-
peutic approach to suppress airway inflammation and
AHR [44]. In this study, sensitization with OVA antigen

in vitamin D-deficient mice caused a substantial
increase in cytokines, including IL-5 and IL-13, in the
BALF. Conversely, vitamin D supplementation decreased
the BALF levels of these cytokines in OVA-sensitized
and challenged mice but not to the levels in the control
PBS mice. However, vitamin D status was independent
of the BALF levels of IL-4, RANTES and IP-10.
Calcitriol decreases the proliferation of Th1 cells and
also inhibits the production of IL-2, [FN-y and TNF-o
from Th1 cells [45]. Despite many reports on the role of
vitamin D in inhibiting Th1 immune response, the effect
of vitamin D on Th2 response is controversial [23].
Most reports simply state that vitamin D induces a shift
in the balance between Th1l- and Th2-type cytokines
towards Th2 dominance or vitamin D promotes Th2
responses [46, 47]. However, a closer evaluation of the
findings in the literature reveals both the inhibition and
enhancement of Th2 responses [48]. In addition, the
effect of vitamin D on the release and activity of IL-4 is
under debate. Some studies show an increase in the

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 672-683
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levels of IL-4 with vitamin D treatment [49, 50]. On the
contrary, in human cord blood T cells, vitamin D not
only decreased Th1 cytokine production but also sup-
pressed IL-4 content and IL-4-induced expression of IL-
13 [51]. In a murine model of asthma, the administra-
tion of 1,25-dihydroxyvitamin D was found to inhibit
airway inflammation with decreased levels of IL-4 in
BALF and decreased T cell migration, and the inhibition
of the inflammatory response [45]. We observed no
change in the levels of BALF IL-4 of mice supplemented
with vitamin D. The reasons for the underlying discrep-
ancy between our results and others are unclear, but
could be related to the time and dose of vitamin D sup-
plementation. Nevertheless, additional studies are war-
ranted to further clarify this issue.

Vitamin D promotes the stimulation of CD4"CD25"*
Tregs by dendritic cells [52]. Calcitriol increases the
expression of Foxp3 and IL-10, two crucial factors for
Treg induction [39]. Our results show that OVA-sensiti-
zation and challenge is associated with reduction in the
levels of IL-10 and the number of Tregs, and this was
more pronounced in vitamin D-deficient mice. Con-
versely, vitamin D supplementation resulted in signifi-
cant increase in IL-10 levels and the density of
circulating Tregs.

In the presence of vitamin D, Tregs develop and
function normally, by suppressing inappropriate Thl
and Th2 responses thereby, leading to a more balanced
immune response [23]. Low levels of vitamin D affects
normal development and function of Tregs, and under
inappropriate environmental conditions, Th1 or Th2
responses are allowed to proceed unabated, leading to
disease [23]. We find that a decrease in Tregs is associ-
ated with increase in pro-inflammatory cytokines and
decrease in IL-10, supporting published studies. Vitamin
D deficiency resulted in marked decrease in Tregs and
further increase in pro-inflammatory cytokines and
decrease in IL-10.

NF-kB induces expression of many pro-inflamma-
tory cytokines, including IL-12 [53] and IFN-y [54]
released from Th1 cells, IL-4 [55], IL-5 [55], IL-8 [53]
and IL-13 [55, 56] released from Th2 cells, TNF-o
and IL-6 [57] released from macrophages [57], and IL-
17 released from macrophages as well as Th17 cells
[37]. Thus, NF-kB can induce the release of Th1, Th2
and Th17 cytokines. Therefore, NF-kB signalling has
been a focus of extensive research for the treatment of
chronic inflammatory diseases such as asthma, invent-
ing molecules that can decrease the activation or
nuclear translocation of NF-xB [58]. On stimulation,
the nuclear translocation of NF-xB p50-RelA subunits
is mediated by importin-o3 and importin-o4 [15-17].
We recently reported that calcitriol decreases expres-
sion of importin-a3 leading to a decreases in NF-«B
p65 (RelA) expression [26], suggesting that vitamin D

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 43 : 672-683

might decrease the cytokines released from Thi1, Th2
and Th17 cells by decreasing NF-xB translocation
through importin-a3. We have also reported decreased
VDR and increased TNF-a expression under inflamma-
tory conditions in the lungs of OVA sensitized mice
[21]. Reduced serum level of vitamin D was associated
with further decrease in VDR and increase TNF-o [21].
Dysfunction of VDR and vitamin D3 deficiency can
cause poor bone development and health, as well as
increase the risk of many chronic inflammatory dis-
eases and cancers [21].

Vitamin D has an inhibitory action on NF-xB acti-
vation [26]. We recently reported decreased expression
of importin-a3 in calcitriol-treated HBSMCs, leading
to decreased nuclear expression of NF-«B and thus
resulting in decreased secretion of pro-inflammatory
cytokines [26]. On the basis of our previous in vitro
studies, we analysed the expression of importin-o3
and NF-xB in the lungs of OVA-sensitized and chal-
lenged mice. An increased expression of importin-o3
was observed in colonic mucosal biopsies of moder-
ately-to-severely inflamed Crohn’s disease patients
[16], suggesting that inflammation is associated with
increase in importin-o3 expression. Our results dem-
onstrating increased expression of importin-o3 and
NF-xB in the lung of OVA-sensitized and challenged
mice support the findings in inflamed Crohn’s disease.
In addition, our in vivo findings are consistent with
our previous in vitro studies in HBSMCs that treat-
ment with TNF-a increased the expression of impor-
tin-o3 and NF-xB, confirming that inflammation
results in increased expression of importin-a3 [26].
Vitamin D deficiency was also associated with higher
expression of importin-a3 and NF-xB, and vitamin D
supplemental group had a significantly reduced lung
expression of these two genes, suggesting that vita-
min D deficiency is associated with marked inflam-
matory changes. As per the Institute of Medicine
guidelines, vitamin D deficiency is defined as serum
25(0H) D levels < 20 ng/dL. The findings in our study
suggest that the allergic airway inflammation and
asthma symptoms were less severe in vitamin D-sup-
plemented group compared to vitamin D-deficient and
vitamin D-sufficient groups. Although the level of
vitamin D is influenced by many factors including
the melanin content of the skin, age, factors affecting
sun exposure (latitude, season, time outdoors and
clothing), body fat and sunscreen use [48], earlier
studies have shown that in general each additional
100 IU of vitamin D per day raises serum 25(0OH)D
concentration by approximately 1 ng/mL [59]. There-
fore, it is possible that the use of vitamin D supple-
mentation as add-on treatment might help reducing
the symptoms in vitamin D-deficient asthmatic
patients.
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Conclusion

In summary, in allergic inflammatory environment in
the lungs there is increase in the expression of NF-xB
and importin-o3. Vitamin D deficiency causes further
increase in NF-kB and importin-o3 that might be
responsible for increased inflammation and higher AHR.
Supplementation with vitamin D reduces the expression
and activity of NF-«B and importin-a3. In addition,
higher serum levels of vitamin D is associated with
increased number of circulating Tregs which might be
stimulating the secretion of anti-inflammatory cytokine,
IL-10, resulting in a significant reduction in the levels
of many pro-inflammatory cytokines involved in the
pathogenesis of asthma. However, the precise underlying
mechanism(s) for these effects of vitamin D need to be
elucidated. The alleviation but not the complete reversal

of allergic airway inflammation and AHR by vitamin D
supplementation suggests the potential role of vitamin D
as an adjunct in the treatment of asthma.
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