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Summary

Park, and 'School of Pharmacy, University of East Vitamin D is now known to be of physiological importance outside of bone

Anglia, Norwich, UK health and calcium homeostasis, and there is mounting evidence that it plays

a beneficial role in the prevention and/or treatment of a wide range of
diseases. In this brief review the known effects of vitamin D on immune
function are described in relation to respiratory health. Vitamin D appears
capable of inhibiting pulmonary inflammatory responses while enhancing
innate defence mechanisms against respiratory pathogens. Population-based
studies showing an association between circulating vitamin D levels and lung
function provide strong justification for randomized controlled clinical trials
of vitamin D supplementation in patients with respiratory diseases to assess
both efficacy and optimal dosage.
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Introduction

1,25-dihydroxyvitamin D; [1,25(OH),Ds] is the biologically
active form of vitamin D, which is produced predominantly
from precursors within the skin through the action of ultra-
violet B (UVB) radiation on 7-dehydrocholesterol [1], hence
its nickname ‘the sunshine vitamin. To a lesser extent,
vitamin D can be sourced in the diet from foods such as
fortified dairy products and cereals, oily fish and fish liver
oils [1]. Synthesized or dietary vitamin D, from the skin and
the gut, respectively, are hydroxylated in the liver to form
25-hydroxyvitamin D [25(OH)D] through the action of
cytochrome P450 enzymes, as shown in Fig. 1 [2]. 25(OH)D
is the major circulating form of vitamin D and serum levels
are measured as being indicative of an individual’s ‘vitamin
D status. Serum 25(OH)D concentrations of 10 ng/ml
(25 nmol/l) have long been considered the cut-off for defin-
ing the lower limit of adequacy (in terms of preventing
rickets), but there is a growing consensus that a serum con-
centration of > 30 ng/l (> 75 nmol/l) is more appropriate to
define physiologically optimal concentrations, associated
with many other health benefits [3,4]. In the absence of
adequate sun exposure, at least 800-1000 IU (20-25 ug)
vitamin D per day may be needed to achieve this [5].

In northern latitudes, between November and March,
there are insufficient UVB photons reaching the earth’s
surface to enable vitamin D synthesis and there is a notice-
able decrease in individuals’ vitamin D status in these
regions during winter. In a study of middle-aged adults in
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the United Kingdom, 40% had serum 25(OH)D concentra-
tions above 30 ng/l in the summer months but this fell to less
than 13% in the winter, while 15% had insufficient levels
(<10 ng/l) during this season [6]. Many other factors can
influence the amount of vitamin D that can be synthesized
cutaneously from sunlight: darker skin pigmentation, the
use of sunscreen, wearing of clothing that completely covers
the skin or spending the majority of time indoors all
limit the amount of UV light that penetrates the skin.
Ageing is associated with decreased concentrations of
7-dehydrocholesterol in the skin, thereby reducing the
capacity to synthesize vitamin D, and the use of glucocorti-
coids are another common cause of vitamin D deficiency [5].

Vitamin D regulates more than 200 genes including genes
for cellular proliferation differentiation and apoptosis [7].
Study of the physiological importance of vitamin D is a field
which is expanding rapidly, with deficiencies of vitamin D
giving an insight into many new roles. In particular, vitamin
D deficiency is now associated with an increased risk of
certain cancers and a number of autoimmune and infectious
diseases [5]. In addition, a recent meta-analysis of random-
ized controlled trials concluded that use of vitamin D
supplements is associated with a decrease in total mortality
rates [8]. Specifically in respiratory health, vitamin D defi-
ciency has been shown to increase the risk of upper respira-
tory tract infections and tuberculosis and to decrease the
forced expiratory volume in 1 s (FEV)) in asthma and wheez-
ing diseases [5]. Interest in this area has grown further fol-
lowing the results of a large population survey in the United
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Fig. 1. Simplified version of vitamin D metabolism. Vitamin D, produced mainly from ultraviolet B (UVB) action on the skin, but also available
from the diet, binds vitamin D binding protein (DBP) and is transported to the liver where different mitochondrial cytochrome P450 enzymes
(CYP) hydroxylate it to form 25(OH)D. This is transported by DBP predominantly to the kidneys, where CYP enzymes hydroxylate it to the active
form, 1,25(OH),Ds. However, immune cells also have the CYP enzymes required to activate 1,25(OH),Ds. Being lipophilic, 1,25(OH),Ds is able to
traverse the cell membrane and act within the cell by binding to vitamin D receptors (VDR) in the nucleus. VDR are ligand-activated transcription
factors that interact with vitamin D response elements (VDRE) on vitamin D-regulated genes either as homodimers or heterodimers with the
retinoid X receptors (RXR). Vitamin D is also regulated by CYP enzymes which inactivate calcitriol into water-soluble derivatives. Vitamin D
binding to the VDR enhances CYP24A1 and down-regulates CYP27B1, which is an important negative feedback mechanism regulating vitamin D

levels. For more detail refer to [7].

States, which observed a dose—response relationship between
vitamin D status and FEV, [9].

Vitamin D as an immunomodulator

Conventionally, vitamin D is known for its actions in bone
mineralization and calcium homeostasis. However, there is
now extensive evidence supporting its actions in immunity
and inflammation. The discovery of the expression of
nuclear vitamin D receptors (VDR) and hydroxylase
enzymes by immune cells has led to a surge of research into
the potential role of vitamin D in maintaining immune
homeostasis and preventing the development of autoim-
mune processes.

Antigen-presenting cells, essential for the initiation and
maintenance of cell-mediated immune responses, can be
inhibited directly by vitamin D. The expression of
major histocompatibility complex (MHC) class II and
co-stimulatory receptors is inhibited, as is the differentia-
tion of monocytes to dendritic cells [10]. Inflammatory
cytokine expression [e.g. interleukin (IL)-1a,, IL-1f,
tumour necrosis factor (TNF)-o] is also inhibited and the
vitamin D-induced inhibition of IL-12 release by dendritic
cells has a profound effect on T lymphocyte differentiation
[11]. IL-12 stimulates the development of T helper type 1

(Thl) lymphocytes and inhibits the development of
Th2 lymphocytes. Vitamin D is associated with a dose-
dependent reduction in transcription of Thl cytokines
such as IL-2, granulocyte—-macrophage colony-stimulating
factor (GM-CSF) and interferon (IFN)-y, and increased
expression of the Th2 cytokines IL-4, -5 and -10 [1]. Con-
versely, vitamin D insufficiency deregulates the balance
between types 1 and 2 responses, leading to overexpression
of Thl cytokines. Vitamin D also has potent anti-
proliferative effects on T cells, principally T helper cells,
and suppresses B cell antibody production both directly
and indirectly in vitro [12,13].

Inhibition of IL-12 expression by 1,25(OH),D; has been
shown to be achieved by interfering with the nuclear factor
kappa B (NF-kB) pathway, a key transcription factor for
the induction of inflammatory cytokines. Activation and
binding of NF-kB to the NF-kB binding site within the pro-
moter of the p40 subunit of IL-12 are down-regulated by
1,25(0OH),D; [11]. Paradoxically, however, 1,25(OH),Ds can
also activate NF-xB by stimulating inhibitor kappa B (IkB)
phosphorylation/degradation [14]. A possible explanation
for these contradictory findings is the recent observation
that 1,25(OH),D; can exert a biphasic regulation of NF-kB,
combining an early suppressive effect followed by a pro-
longed reactivation of NF-xB [15].
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Perhaps one of the most important modulatory actions of
1,25(OH),D; is its effect on regulatory T cells (T.,) which
prevent the activation of peripheral autoreactive T cells. In
the absence of 1,25(OH),D; the numbers and functions of
T, are reduced, potentially contributing to the develop-
ment of autoimmune diseases, such as multiple sclerosis and
type 1 diabetes, where low vitamin D status is associated with
an increased risk of developing these disorders [16,17]. The
role of vitamin D in autoimmune diseases has been reviewed
recently [18].

In addition to immune cells, respiratory epithelial
cells can also constitutively convert inactive 25(OH)D
to 1,25(OH),Ds, enabling high local concentrations of
active vitamin D to increase the expression of vitamin
D-regulated genes with important innate immune
functions [19].

Vitamin D and respiratory infections

Tuberculosis

Exposure to sunlight has been known for more than 100
years to help with the treatment of tuberculosis [5], although
the first indicator of vitamin D having anti-microbial activ-
ity against Mycobacterium tuberculosis was from studies
in the 1980s, where adding vitamin D to monocytes and
macrophages infected with M. tuberculosis showed that the
bacterial load was reduced [20].

More than 60 years ago clinical studies were carried out
administering oral vitamin D as a treatment for mycobacte-
rial infections with high success rates [13]. However, follow-
ing the dawn of antibiotic therapy this seems to have been
largely overlooked, but it is very likely that improving the
vitamin D status of these patients would be beneficial. A
recent meta-analysis found that low serum 25(OH)D levels
are associated with higher risk of active tuberculosis [21],
and several studies have associated low serum 25(OH)D
levels with increased susceptibility to tuberculosis and
disease progression [20]. In addition, a recent study of young
Finnish men serving on a military base observed an associa-
tion between low vitamin D status and days of absence from
duty due to physician-diagnosed acute respiratory tract
infections [3].

Tuberculosis patients administered vitamin D or placebo
following the sixth week of standard tuberculosis treatment
had higher sputum conversion and radiological improve-
ment (100%) compared to a placebo group (76-7%) in the
same study [22]. Addition of 1,25(OH),D; to primary
human macrophages infected with virulent M. tuberculosis
reduced the number of viable bacilli [23]. Adding a single
oral dose (2-5 mg) of vitamin D to the treatment regimen of
patients with tuberculosis enhanced significantly the ability
of the participants’ whole blood to restrict growth of myco-
bacteria in vitro without affecting antigen-stimulated IFN-y
responses [24].

The immune system is able to detect invading pathogens
such as M. tuberculosis via pathogen-associated molecular
patterns (PAMPs); structural proteins expressed by the
pathogen which are detected by Toll-like receptors (TLRs) in
the host. PAMPs shed from M. tuberculosis interact with
the TLR2/1 dimer on macrophages, resulting in the
up-regulation of both CYP27b1 and VDR [7,25]. It has been
shown recently that IL-15 is responsible for the induction
of CYP27bl, leading to bioconversion of 25(OH)D to
1,25(0OH),D;, VDR activation and induction of cathelicidin
[26]. The cathelicidin gene encodes an anti-microbial
peptide, LL-37, and this gene, in humans (but not in mice),
contains a vitamin D response element. Therefore binding of
vitamin D leads to LL-37-mediated killing of M. tuberculosis
[13]. The cathelicidin gene has been found to be expressed in
respiratory epithelial cells [19] and vitamin D induction of
cathelicidin has been shown in a number of cell lines includ-
ing bronchial epithelial cells [12].

Influenza and the ‘common cold’

Influenza A virus causes severe epidemics of respiratory
illness in humans and is transmitted through airborne drop-
lets and by direct contact. It is characterized by acute neutro-
phil infiltration and narrowing of the bronchioles [27].
Controversy remains concerning whether there is a direct link
between the seasonality of influenza and vitamin D defi-
ciency, which is also observed more commonly in winter [28].

Influenza infection involves both innate and adaptive
arms of the immune system. Although vitamin D can inhibit
proinflammatory cytokine release by macrophages, its ability
to up-regulate the expression of anti-microbial peptides is
relevant, as these peptides can also exhibit anti-viral activity.
In addition, viral infection increases activation of vitamin D
and increases cathelicidin production further [19]. Not
only do immune cells secrete these anti-microbial peptides,
but epithelial cells present in the upper and lower airways
can also secrete them as a host defence mechanism against
infection [28].

Upper respiratory tract infections (URTI), or ‘common
colds, are the most widespread of infectious diseases,
with more than 200 viruses contributing to the clinical
symptoms. Early epidemiological studies found a strong
association between rickets and RTT [29], and a recent large
cross-sectional study of the US population reported that
vitamin D status is associated inversely with recent URTI and
that the association may be stronger in those with respira-
tory diseases, such as asthma [30]. Randomized controlled
trials are needed to examine the direct effect of vitamin D
supplementation and to establish the optimal serum levels of
25(OH)D to aid prevention of RTI.

Cystic fibrosis

Cystic fibrosis is a hereditary disease which not only causes
mucus hypersecretion within the lungs and resulting airway
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obstruction and inflammation, but also affects other systems
including pancreatic secretions. Due to the increase in
mucus, patients are prone to frequent infections and reduced
pancreatic secretions result in patients having problems with
malabsorption of fat-soluble vitamins such as vitamin D.

Several studies have shown that patients with cystic fibro-
sis have reduced circulating levels of 25(OH)D despite
supplementation [31], suggesting that either higher than
normal levels of supplementation are needed to increase
serum concentrations or that there is insufficient conversion
of the dietary vitamin D to 25(OH)D. It has been reported
recently that portable tanning devices can improve the
vitamin D status of patients with cystic fibrosis (CF) during
the winter months [32] but, of course, caution is required to
avoid overexposure to UVB radiation.

Vitamin D binding protein (DBP), also known as group-
specific component (Gc), is an o-macroglobulin belonging
to the serum albumin superfamily. This is a multi-functional
protein involved in bone resorption but it can also activate
macrophages. A healthy range of DBP in the circulation is
defined as 300-600 mg/l, and low concentrations have been
reported in acute respiratory distress syndrome and in the
sera of patients with CF [33,34]. There is also a higher pro-
portion of low bone density and osteoporosis within this
population group.

In the previously mentioned study showing that catheli-
cidin can be induced by vitamin D in primary bronchial
epithelial cells, cells from patients with CF also showed
increased cathelicidin expression [35], suggesting that
vitamin D can augment anti-bacterial activity in airway epi-
thelia in cystic fibrosis. This may provide a novel therapy for
prevention and treatment of airways infections in this
disorder.

Vitamin D and respiratory inflammation

Chronic obstructive pulmonary disease (COPD)

COPD is characterized by narrowing of the airways. It is an
umbrella term for two main chronic inflammatory patholo-
gies; chronic bronchitis, where the bronchioles narrow due
to excess mucus production, and emphysema in the alveoli
caused by tissue destruction. COPD is characterized by a
neutrophil and macrophage-induced inflammation develop-
ing over many years, is predicted to be the third leading cause
of death worldwide by 2020, and more than 90% of all cases
are associated with smoking [36].

We have observed recently that the mean vitamin D status
of patients with COPD in Norfolk, UK, is lower than that of
the general population in winter and only one of 24 patients
had plasma levels of 25(OH)D above 20 ng/l (unpublished).
We are currently exploring the potentially beneficial effects
of 1,25(0OH),Ds on the function of airway epithelial cells.
There is an imbalance in matrix metalloproteinase (MMP)
activity in sputum cells from COPD patients, including an
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increase in MMP-9 levels at times of acute exacerbations of
COPD (acute deterioration in lung function) [37]. TNF-a
increases MMP-9 [38] from alveolar macrophages from
patients with COPD, while IL-10 reduces the ratio of MMP-9
to the MMP inhibitor, tissue inhibitor of metalloproteinase
(TIMP)-1 [39]. Airway remodelling in COPD has been
linked to the equilibrium of MMP-9 and TIMP-1 and
because vitamin D can inhibit TNF-o and enhance IL-10 in
immune cells from healthy individuals, we are exploring
whether vitamin D acts in the same manner in cells from
patients with COPD, and whether it exerts similar effects in
airway epithelial cells.

As acute exacerbations in COPD are often triggered by
viral or bacterial infections, the ability of vitamin D to
enhance cathelicidin expression, as detailed above, might
reduce pathogen load and the frequency of these
exacerbations. Of note, exacerbations of COPD peak in
winter, when serum 25(OH)D levels are at their lowest.

An important systemic consequence of COPD is muscle
weakness, and this is associated with an increased risk of
mortality. Vitamin D plays a role in influencing skeletal
muscle function, with deficiency resulting in muscle weak-
ness, and VDRs are present in this tissue [40]. It has been
reported recently that polymorphisms in the VDR can influ-
ence muscle weakness in both healthy individuals and
patients with COPD [41], suggesting that the VDR has a
significant influence on one of the important complications
of this disease. There is therefore broader potential for
vitamin D to improve the quality of life of patients with this
disease.

Asthma

Asthma and atopic diseases are characterized by inflamma-
tory responses initiated and sustained by inappropriate Th
lymphocyte responses of the Th2 phenotype. Direct evi-
dence for a role of vitamin D in asthma comes from studies
showing that VDR variants are a risk factor for asthma [42].
As stated above, a large cross-sectional study has shown that
vitamin D intakes and serum levels are associated with lung
function in adults [9] and similar findings have been
reported in adolescents [43]. An inverse association between
maternal intakes of vitamin D during pregnancy and early
childhood wheezing has been reported in studies from the
United States [44] and the United Kingdom [45]. In the latter
study the association was independent of maternal smoking
status, maternal intakes of vitamin E, zinc, calcium and
vitamin D intake by the children. These studies raised the
possibility that vitamin D may have alternate modulatory
influences on immune function relevant to asthma depend-
ing on the time of exposure to it. As stated above, vitamin D
is associated with skewing the immune response to a Th2
phenotype, with an increase in IL-4 expression. In contrast,
others have observed that in human cord blood T cells
vitamin D inhibits both IL-12-generated IFN-y and IL-4
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secretion by Th2 cells [46]. Therefore, the response to
vitamin D exposure of naive T cells in the fetus or neonate
may be quite different to that of mature T cells.

However, the possibility remains that excessive vitamin D
intake (i.e. at levels higher than just to correct a deficiency)
may potentiate Th2 responses in adult asthmatic patients
and clinical trials are required to address this concern. On
the other hand, the potential for vitamin D to increase pul-
monary defence against respiratory infections may, in the
same way as in COPD, reduce the triggering of asthma exac-
erbations caused by RTI [47]. This is supported by the pre-
viously mentioned particularly strong negative association
between vitamin D status and URTI in individuals with
asthma in the Third National Health and Nutrition Exami-
nation Survey (NHANES III) study [30].

Glucocorticoids are the most effective anti-inflammatory
treatments available for many immune diseases, including
asthma. However, glucocorticoid resistance or insensitivity
in some patients with asthma represents an important
barrier to effective treatment and accounts for significant
health-care costs [48]. Recently, some evidence has emerged
that administration of vitamin D to glucocorticoid-resistant
asthmatic patients can enhance subsequent responsiveness
to dexamethasone by restoring the defective IL-10 response
to glucocorticoids by CD4" T cells in these individuals [49].
This finding provides encouragement to undertake trials of
vitamin D in overcoming glucocorticoid resistance in both
asthma and a number of other inflammatory diseases [48].

In addition, in asthma there is a degree of airway remod-
elling with an increase in smooth muscle cell numbers.
MMP-9 is the most relevant enzyme in airway remodelling
and is expressed highly in patients with severe irreversible
narrowing of the airways. In addition ‘a disintegrin and
metalloproteinase-33’ (ADAM33) has been identified as a
novel asthma susceptibility gene by genome-wide screening,
and is now known to play an important role in airway
remodelling. Its level of expression is associated with asthma
development and severity and it declines with therapeutic
interventions [42]. In vitro studies have shown that
1,25(0OH),D; has a direct anti-proliferative effect on human
airway smooth muscle cells and can inhibit the expression of
both MMP-9 and ADAM33 [42], suggesting a further ben-
eficial role for vitamin D in the prevention and treatment of
asthma.

Future directions

A recent meta-analysis found that vitamin D supplementa-
tion reduces total mortality [8]. Global levels of vitamin D
deficiency have been underestimated widely and there is a
growing consensus that serum levels of vitamin D should be
maintained above 30 ng/l (75 nmol/l). With low vitamin D
status being associated with so many diseases it would seem
that dietary supplementation would be a cost-effective
measure to improve the general health of the population,

particularly in the elderly, and in individuals who receive
insufficient exposure to direct sunlight.

The future may also involve more personalized therapy;,
with individuals’ vitamin D status measured and then supple-
mented accordingly, to avoid toxic hypercalcaemic effects of
high-dose ‘blind” supplementation. To allow higher doses to
be given safely there has also been a great deal of pharmaco-
logical research into developing analogues of vitamin D
which retain the therapeutically important properties of
1,25(OH),D; but with lower calcaemic activity. Additionally,
ways may be found to activate CYP enzymes in specific
tissues, to enhance local production of 1,25(0OH),D;, thereby
inducing beneficial effects locally at the required sites.

Finally, the population-based studies showing associations
between vitamin D status and lung function provide strong
justification for randomized controlled clinical trials of
vitamin D supplementation in patients with respiratory dis-
eases to assess both efficacy and optimal dosage.
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