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Abstract Epidemiologic studies highlight the increasing
prevalence of vitamin D deficiency and insufficiency and
its association with an increased risk of autoimmune
diseases and poor respiratory function, including asthma.
These and additional studies have raised interest in the
immunomodulatory properties of vitamin D beyond its well-
established role in calcium homeostasis and bone health.
Vitamin D has been shown to influence the function of cells
intrinsic to innate and adaptive immunity. This review
discusses recent evidence that vitamin D promotes—both
directly and indirectly—regulatory or suppressor T-cell
populations with the capacity to inhibit inappropriate immune
responses that cause disease, suggesting that this propertymay
in part underpin the epidemiologic findings.
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Introduction

Vitamin D

The active form of vitamin D, 1α,25-dihydroxyvitamin D3
(1,25-[OH]2D3), is a secosteroid hormone that is mainly
generated by a sunlight-catalyzed biosynthesis pathway that
begins in the skin. UVB radiation (wavelengths, 270–

300 nm) is absorbed by the epidermal and dermal cells and
splits the B ring of 7-dehydrocholesterol, leading to the
production of pre–vitamin D3. Pre–vitamin D3 is then
rapidly converted to vitamin D3, which leaves the skin and
enters the liver. In the liver, it is converted to 25-
hydroxyvitamin D by cytochrome P450 enzymes (25-
hydroxylases). 25-Hydroxyvitamin D is a circulating metabo-
lite that is converted to the active form, 1,25-(OH)2D3, using
the mitochondrial enzyme 25-hydroxyvitamin D-1
α-hydroxylase [1]. The conversion of 25-hydroxyvitamin D
to 1,25-(OH)2D3 was originally thought to occur mainly in
kidney cells, but there is increasing evidence of extrarenal
sources of 1,25-(OH)2D3 facilitated by cells including
macrophages, epithelial cells, and dendritic cells (DCs),
which may represent an important source of vitamin D for
immunomodulatory actions in tissues [1, 2, 3•].

1,25-(OH)2D3 binds to the vitamin D receptor (VDR), a
member of the superfamily of nuclear hormone receptors;
this leads to a conformational change in the VDR that
results in binding to the retinoic X receptor (RXR) and
formation of a heterodimer. This heterodimer translocates to
the nucleus, where it can bind to a vitamin D response
element and promotes transcription of vitamin D–respon-
sive genes. The VDR–RXR heterodimer can also bind to a
“negative” vitamin D response element and prevent gene
transcription, or it can bind to transcription factors present
in the nucleus and prevent binding to a target gene
promoter [1]. VDR is expressed by many cells of the
immune system, including activated B and T cells, mono-
cytes, and DCs. This, together with epidemiologic evidence
discussed subsequently, has aroused considerable interest in
the immunomodulatory properties of vitamin D, including
its capacity to promote regulatory T-cell (Treg) populations.

Vitamin D status is commonly measured by assessing
the serum concentration of 25-hydroxyvitamin D. Although
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outside the scope of this review, there is ongoing discussion
on which levels define deficiency, insufficiency, and
sufficiency. However, vitamin D deficiency (<50 nmol/L)
has been historically linked to bone conditions such as
rickets and osteomalacia and is also important in osteopo-
rosis and fracture risk [4]. More recently, widespread
reports have identified that vitamin D insufficiency (between
50 and 75 nmol/L) is at levels thought likely to impact on
immune function and is on the increase within the developed
world due to changes in lifestyle during the past few decades.
For example, a recent study demonstrated that during the
winter and spring months, 87% of the United Kingdom
population is vitamin D insufficient [2, 5]. However, vitamin
D insufficiency is relatively common, even in equatorial
regions in which lower levels of vitamin D in children were
associated with increased markers of asthma severity [6].
Several studies have reported associations of low vitamin D
status with poor pulmonary function and an increased
incidence of respiratory infections, asthma, and chronic
obstructive pulmonary disease [6–8].

Vitamin D sufficiency is associated with a reduced risk
of colorectal and other cancers, while insufficiency has
been associated with a range of autoimmune disorders,
including multiple sclerosis, type 1 diabetes mellitus,
inflammatory bowel disease, and rheumatoid arthritis [8].
These epidemiologic data highlighting the link between
vitamin D insufficiency and a range of immune-mediated
disorders have emerged in parallel with experimental
studies on the immunomodulatory properties of vitamin
D, in particular its capacity to inhibit effector T-cell
responses and to promote Tregs, which may, at least in
part, begin to explain some of these associations. Figure 1
is a schematic of mechanisms by which vitamin D
promotes peripheral tolerance while maintaining innate
immune mechanisms that are important for the defense
against infection.

Regulatory T Cells

Several different Treg populations have been described with
the capacity to inhibit a diverse array of immune responses
and maintain immunologic tolerance in the periphery. The
general belief is that Tregs exist in balance with effector
T cells [9]. While effector T cells are essential for the
elimination of many pathogens, they may also cause
immune pathology through overexuberant or uncontrolled
responses to pathogens, or inappropriate responses to self-
antigens, commensal bacteria, and harmless environmental
antigens such as allergens.

Although many cell types have the capacity to inhibit
immune responses, most commonly via the production of
immunosuppressive or anti-inflammatory mediators, con-

siderable focus has been placed on T cells, particularly the
CD4+ T-cell subset, in part due to their capacity for antigen
specificity. Natural Tregs that are selected in the thymus are
thought to play an important role in maintaining peripheral
tolerance and inhibiting immune responses to self-antigens.
Additional mechanisms for the peripheral induction of
Tregs are likely to be important to maintain the Treg
population as the thymus involutes with age, and to
generate Tregs with a wider array of antigen specificities.

The concept that T cells can suppress as well as enhance
immune responses has been recognized for a considerable
time. However, the “modern era” of Tregs emerged from
studies by Sakaguchi and others in the mid-1990s [9, 10],
as they described “natural” Tregs produced in the thymus.
These cells were characterized by the constitutively high
expression of the CD25 antigen, the α-chain of the
interleukin (IL)-2 growth factor receptor. CD25 is normally
only transiently expressed at moderate levels on effector
T cells upon activation. Further work identified—first in
mice and subsequently confirmed in humans—that the
lineage-specific transcription factor for these cells was
forkhead box P3 (FoxP3) [11]. Nevertheless, identification
of cell surface antigens that uniquely distinguish Tregs from
T effector cells or differentiate between different Treg
populations has proven elusive. “Naturally” occurring
FoxP3+ Tregs are vitally important for self-tolerance and
immune homeostasis, as best highlighted by cases of
immune dysregulation polyendocrinopathy, enteropathy
X-linked syndrome (IPEX), in which patients lack Tregs
due to mutations in the gene FOXP3. IPEX is a fatal
condition due to widespread autoimmune, allergic, and
inflammatory disease from a very early age unless it is
treated aggressively by bone marrow transplantation or
profound immune suppression. A similar condition, scurfy,
has been described in mice [11].

Adaptive Tregs are generated in the periphery via several
different experimental protocols often associated with
suboptimal activation of immune responses, such as via
immature or alternatively activated antigen-presenting cell
(APC) populations [12]. The capacity of effector T cells to
deviate toward a Treg phenotype is also increasingly being
described [13]. Adaptive or induced Tregs comprise both
FoxP3+ and FoxP3- populations and synthesize anti-
inflammatory mediators such as IL-10, transforming growth
factor (TGF)-β, IL-35, and adenosine. The various Treg
populations may additionally control immune responses
through mechanisms including inhibitory cell surface ligands
such as cytotoxic T-lymphocyte antigen (CTLA)-4 and
programmed cell death 1 ligand 1 (PD-L1), cytotoxic
mediators such as granzyme A and B, competition for growth
factors, or via metabolic disruption involving CD39 and
CD73 [14]. The range of inhibitory mechanisms used by
Tregs has been the subject of recent excellent reviews [14].
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Effects of Vitamin D on Effector T-cell Responses
and Antigen-Presenting Cell Function

The magnitude and nature of the T-cell response is
dependent on the context in which antigen is presented to
T cells by dedicated APCs. DCs in particular play a central
role in this process and are viewed as a pivotal link between
innate and adaptive immunity. Innate pattern-recognition
receptors expressed by DCs trigger their activation and are
central for skewing the adaptive immune responses that are
subsequently induced. Additional local environmental signals,
such as inflammatory cytokines and in all likelihood 1,25-
(OH)2D3, influence DC phenotype and activation and thus

the nature of the T-cell response (eg, T-helper type 1 [Th1],
Th2, Th17, Treg). Conversely, immature DCs with poor
stimulatory function for the induction of effector T-cell
responses often drive Treg responses.

Most of the direct immunomodulatory properties of
1,25-(OH)2D3 on DCs are proposed to occur in myeloid
(mDCs) and not plasmacytoid DCs (pDCs). A study by
Penna et al. [15] suggests that although both primary
human blood–derived mDCs and pDCs express comparable
levels of VDR and upregulate the primary response gene
CYP24 upon culture with 1,25-(OH)2D3, only the tolero-
genic properties of mDCs are modulated upon culture with
1,25-(OH)2D3. A recent study of gene profiling of vitamin

Fig. 1 Effects of vitamin D on cells of the innate and adaptive
immune response likely to promote peripheral tolerance while
maintaining innate immune mechanisms important for the defense
against infection. Vitamin D promotes an antimicrobial environment
via induction of antimicrobial peptides such as cathelicidin and β2-
defensin. In conjunction with this, vitamin D renders dendritic cells
(DCs) more immature via downregulation of costimulatory molecules
HLA-DR, CD86, CD80, and the maturation marker CD83, and
inhibition of the T-helper type 1 (Th1)-skewing cytokine interleukin
(IL)-12. It also induces expression of inhibitory ligands such as
immunoglobulin-like transcript 3 (ILT3) and programmed cell death 1
ligand 1 (PD-L1), and the anti-inflammatory cytokine IL-10. DCs are
rendered tolerogenic and promote FoxP3+ and IL-10+ regulatory T

cells (Tregs). Vitamin D also acts directly on T cells to promote
FoxP3+ and IL-10+ Tregs, secretion of the immunomodulatory
cytokines IL-10 and transforming growth factor (TGF)-β, and
upregulation of the inhibitory molecule cytotoxic T-lymphocyte
antigen (CTLA)-4. These Tregs subsequently inhibit innate and
adaptive immune responses by downregulating proinflammatory
cytokines, upregulating IL-10 and TGF-β, and via effects on a range
of cell types, including antigen-presenting cells and T cells. aThere is a
lack of consensus on the effects of vitamin D on Th2 and IgE allergic-
type responses, but recent data may provide an explanation demon-
strating significant but nonlinear effects of vitamin D on these
parameters. IFN—interferon; TLR—Toll-like receptor
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D–treated DCs suggests that 1,25-(OH)2D3 upregulates
several target genes that render the DCs more immature.
These data identify complex patterns of gene expression via
microarray analysis. Importantly, these data have been
validated in part on primary human peripheral blood mDCs
[16].

In functional studies, 1,25-(OH)2D3 treatment of human
DCs in vitro results in reduced expression of the costimu-
latory molecules CD80 and CD86 and decreased expression
of HLA-DR and the maturation marker CD83, all associ-
ated with an immature DC phenotype. 1,25(OH)2D3 also
affects DC maturation from monocytes through inhibition
of the production of IL-12 p70 and enhanced IL-10 secretion
upon activation by CD40 ligation [17, 18]. 1,25-(OH)2D3
induces expression of immunoglobulin-like transcript 3
(ILT3) in vitro, an inhibitory receptor containing three
cytoplasmic immunoreceptor tyrosine-based inhibitory
receptor motifs, which when activated by the ligand result
in an intracellular inhibitory signaling cascade [19]. The
relevance of this in vitro observation is highlighted by
studies in patients with psoriasis, in whom topical treatment
of their lesions with 1,25-(OH)2D3 resulted in increased
expression of ILT3 on DCs in conjunction with a reduction
in the histology score of the lesions [19]. In vitro, 1,25-(OH)
2D3-induced ILT3 appears to play a role in inhibiting T-cell
responsiveness, as blockade of ILT3 on 1,25-(OH)2D3-
treated DCs resulted in increased production of interferon
(IFN)-γ [19]. In addition, upon activation, monocyte-derived
DCs treated with 1,25-(OH)2D3 express enhanced levels of
PD-L1, blockade of which significantly increased IFN-γ
secretion in T-cell co-cultures [20].

Vitamin D inhibits effector T-cell responses via modulation
of APC function and via direct inhibition of T-cell responses.
The active form of vitamin D (1,25-[OH]2D3) decreases the
production of the autocrine T-cell growth factor IL-2 via
inhibition of the transcription factor known as nuclear factor
of activated T cells, and this leads to a marked reduction in
CD4+ T-cell proliferation [21]. 1,25-(OH)2D3 inhibits Th1
cytokine release with a large reduction in the production of
IFN-γ from human peripheral blood CD3+CD4+ T cells [22].
1,25-(OH)2D3 also hinders cytokine production by Th17
cells in murine autoimmune disease models, as well as in
human CD4+ T cells in vitro [23, 24].

The effects of vitamin D on Th2 responses are less clear,
with reports of both inhibition and enhancement. Early
murine model data, including the use of a VDR knockout
mouse, suggested that 1,25-(OH)2D3 enhanced the devel-
opment of Th2 cells [25, 26]. A study using human
peripheral blood mononuclear cells demonstrated that
active vitamin D at a single very high dose enhanced Th2
cytokine production [27]. However, other studies in naive
murine and human T cells reported that 1,25-(OH)2D3
inhibited the expression of IL-4 and other Th2 cytokines in

vitro [28, 29]. It is notable that in animal models in which
an increased Th2 response was observed [23, 25], this was
accompanied by an increase in IL-10, symptomatic of a
regulatory rather than an inflammatory Th2 phenotype [30].
Results of two recent human studies, one assessing serum
and vitamin D status IgE [31•] and a second looking at a
broad dose response of active vitamin D on human CD4+ T
cells in culture [32], suggest a nonlinear effect of vitamin D
on Th2 responses. These reports may help explain the
earlier divergent data, suggesting overall that only abnormally
low or high levels of vitamin D will adversely influence Th2
responses. Of additional interest here, Kreindler et al. [33]
recently reported that in patients with allergic bronchopul-
monary aspergillosis, heightened Th2 reactivity, assessed as
serum IL-5 levels, correlated with low vitamin D status [33].
Similarly, ingestion of calcitriol (the active form of vitamin
D, 1,25-[OH]2D3) by steroid-refractory asthma patients
failed to increase Th2 cytokine gene expression in
CD3+CD4+ T cells analyzed directly ex vivo but did increase
IL-10 gene expression [32]. These data suggest, together
with other studies discussed subsequently, that concomitant
with the inhibition of an effector response is the induction of
tolerance and Treg populations.

Vitamin D and Regulatory T Cells

A range of experimental approaches have been used to
highlight the capacity of vitamin D to modulate FoxP3+ and
IL-10+ Treg numbers and/or function. These range from in
vitro and in vivo murine models, to patient-based studies
demonstrating associations between vitamin D status and
Treg numbers and/or function, and studies assessing Treg
status before and after delivery of vitamin D to patients
through supplementation with the parent compound or
pharmacologic delivery of the active moiety. Together,
these data have generated considerable interest in the
therapeutic application of vitamin D to enhance Treg
function from early life through to adulthood in a wide
range of immune-mediated disorders.

Human In Vitro Studies

Inhibition of effector or inflammatory responses is frequently
paralleled by the induction of a tolerogenic response and of
Tregs. In this context, several studies have shown that
pretreatment of human blood–derived mDCs, both
monocyte-derived and primary mDCs, with 1,25-(OH)2D3
and then co-cultured with T cells not only inhibited T-effector
cytokine production but also induced CD4+FoxP3+ cells with
suppressive activity [19, 34•]. However, ILT3 expression
induced by 1,25-(OH)2D3 on DCs in culture appeared to be
dispensable for the capacity of 1,25-(OH)2D3-treated DCs to
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induce CD4+FoxP3+ Tregs, which is in contrast to its proposed
role in modulation of the Th1 cytokine response [19].

1,25-(OH)2D3 may additionally act directly on T cells to
promote a Treg phenotype. In bulk cultures of human
CD4+CD25- T cells and putative naïve T cells, 1,25-(OH)
2D3 was reported to increase the frequency of activation-
induced FoxP3+ T cells, and this was dependent on the
presence of IL-2 in culture. These FoxP3+ Tregs expressed
high levels of CTLA-4, an inhibitory receptor. A significant
reduction in the proinflammatory cytokines IFN-γ and
IL-17 was also observed [35]. However, a comparable study
using naïve murine T cells suggests that 1,25-(OH)2D3
inhibits both IL-17 and Treg differentiation in vitro [36].

A significant body of literature describes the capacity of
retinoic acid to induce FoxP3+ Tregs, originally stemming
from studies in murine gut [37]. Retinoic acid and vitamin D
are members of the same nuclear hormone family and share
a common signaling receptor, RXR [1]. It is presently
unclear whether retinoic acid and vitamin D play comple-
mentary or redundant roles in Treg induction, or whether
they play a comparable role in mice and humans. Further-
more, an emerging concept is the plasticity within the T-cell
lineage and the capacity of previously activated effector T
cells and differentiated T-cell lineages to convert to a
regulatory phenotype [13]. Thus, it also will be of interest
to determine, for example, whether vitamin D and retinoic
acid target the same T-cell population (eg, naive vs
previously activated T cells). Finally, differential effects of
these two mediators on T-cell homing, referenced below, may
indicate different roles in distinct mucosal compartments.

Vitamin D positively influences the IL-10–secreting Treg
populations. Unger et al. [20] demonstrated that pretreatment
with 1,25-(OH)2D3 upregulates expression of PD-L1, an
inhibitory receptor, on monocyte-derived DCs and that these
modified DCs were able, upon co-culture, to convert CD4+

T cells into IL-10–secreting Tregs capable of suppressing the
proliferation of responder T cells [20]. In our own studies,
activation of human and murine CD3+CD4+ T cells in vitro
in the presence of a combination of the glucocorticosteroid
dexamethasone (Dex) and 1,25-(OH)2D3 induced a sizeable
population of IL-10–secreting Tregs. The regulatory capacity
of these IL-10–secreting Tregs generated in vitro was
assessed in vivo in a murine model of multiple sclerosis,
experimental autoimmune encephalomyelitis (EAE). Trans-
fer of the IL-10+ Tregs resulted in prevention of EAE in this
model. The cells equally inhibited human Th1 and Th2
responses in vitro, and this was reversible through inhibition
of IL-10 signaling in culture [38].

Subsequent studies demonstrated that human peripheral
blood CD4+ T cells polyclonally activated in the presence
of 1,25-(OH)2D3 alone also promoted IL-10–secreting
Tregs. The microbial pattern-recognition receptor known
as Toll-like receptor (TLR)9 was described as a biomarker

of vitamin D–induced IL-10+ Tregs, and ligation of TLR9
with its agonist CpG oligonucleotide turned off IL-10
production, suggesting a control mechanism whereby Treg
function may be abrogated [32]. This may be of relevance,
for example, during infection, in which the capacity to
transiently block inhibitory function would facilitate a more
effective immune response for clearance of the pathogen.
Elimination of the pathogen would lead to diminished TLR
ligation, allowing restoration of the Treg response and
thereby minimizing tissue damage [39]. Expression of
microbial pattern-recognition receptors is more commonly
associated with cells of the innate immune response.
Schauber et al. [40] found that 1,25-(OH)2D3 acted upon
keratinocytes to increase expression of the microbial
pattern-recognition receptors TLR2 and CD14 and upregulate
cathelicidin. The authors proposed that vitamin D acts in
innate immunity also, enabling keratinocytes to recognize and
respond to microbes and to protect wounds against infection.
Thus, vitamin D deficiency may be important in the
predisposition of skin from patients with atopic dermatitis to
superinfection by Staphylococcus aureus [40].

The capacity of 1,25-(OH)2D3 to induce IL-10 and
TLR9 on human CD4+ T cells was also demonstrated
directly in patients. CD3+CD4+ T cells were analyzed
directly ex vivo from steroid-refractory asthma patients
before and after calcitriol treatment at standard formulary
doses. Increased IL-10 and TLR9 gene expression was
observed following calcitriol ingestion [32]. Earlier work
on human cord blood determined that samples obtained
during the summer months (hence higher levels of serum
25-hydroxyvitamin D) had a significantly higher level of
IL-10 compared with samples obtained during winter
months with lower serum vitamin D [41], further support-
ing the observation that vitamin D increases IL-10 in vivo.

These studies were shown to have clear application to
human disease, specifically asthma. Earlier observations
demonstrated that steroids induce IL-10 synthesis via
human CD4+ T cells from healthy donors and steroid-
sensitive asthma patients, but not in asthma patients who
failed to give a good clinical response to steroids for
improvement of their lung function—termed steroid insen-
sitive or refractory—suggesting that the induction of IL-10
might contribute to the clinical efficacy of steroids in
asthma [42]. The culture of peripheral blood T cells from
steroid-refractory asthma patients with both Dex and active
vitamin D completely restored the defective steroid-induced
IL-10 response to levels observed in cultures of cells from
steroid-sensitive asthmatics that were cultured with Dex
alone. More strikingly, ingestion of oral 1,25-(OH)2D3
(calcitriol) by steroid-refractory asthmatics restored the
capacity of the T cells to produce IL-10 in vitro in response
to Dex. Mechanistic studies suggested that 1,25-(OH)2D3
influenced downregulation of the glucocorticoid receptor
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by its ligand [43]. These studies suggest that vitamin D may
have therapeutic potential in severe asthma patients as a
steroid-enhancing agent and are complemented by emerging
studies showing an association between low vitamin D status
and poor clinical responsiveness to glucocorticoids in asthma
patients [6, 44]. If a steroid-enhancing role for vitamin D is
proven, this is likely to be applicable to other chronic illness
in which steroids represent a primary treatment, as also
suggested by animal model data [23].

In conjunction with 1,25-(OH)2D3 effects on T cells, a
recent article showed that 1,25-(OH)2D3 treatment of
human B cells enhanced production of the immunomodu-
latory cytokine IL-10 [45]. 1,25-(OH)2D3 may therefore
have an additional regulatory effect on B cells, potentially
converting B cells into cells with a more regulatory role,
although these concepts are still preliminary.

Animal Model Studies

Animal models have provided a wealth of data, largely in
agreement with human laboratory studies, on the capacity
of vitamin D to promote Tregs. Although subtle differences
exist in the data from the varying models, in general, these
demonstrate that irrespective of the route of administration,
vitamin D mediates the expansion of Tregs and amelioration
of immune-mediated diseases in vivo. In vitro and in vivo data
provide evidence for promotion of tolerogenic DCs and
enhanced IL-10, TGF-β, FoxP3, and CTLA-4 expression.

Earlymurine studies demonstrated that 1,25-(OH)2D3 alone
or in combination with immunosuppressive drugs enhanced
CD25+FoxP3+ Tregs in vivo. In a transplant model, a
combination of oral mycophenolate mofetil (selective T- and
B-cell inhibitor) and 1,25-(OH)2D3 prior to and during
transplantation resulted in acceptance of and tolerance to a
fully mismatched mouse islet allograft [46]. This tolerance
was associated with decreased DC expression of CD40,
CD80, CD86 and IL-12; reduced Th1 cytokine production;
and an increased frequency of CD25+CD4+CD152+ Tregs,
which could transfer transplant tolerance to a recipient mouse.

Vitamin D has beneficial effects in many animal models
of autoimmune disease, including antiretinal autoimmunity
[24], acute colitis [23], diabetes [47], arthritis [48], and
EAE [34•, 36]. In a study of the progression of diabetes in
nonobese diabetic mice, 1,25-(OH)2D3 alone inhibited Th1
infiltration and the progression of diabetes associated with
an increased frequency of CD4+CD25+ Tregs in pancreatic
lymph nodes [47]. In an EAE model, oral administration of
active vitamin D prevented disease onset and CD4+ T cells
in the central nervous system and decreased IL-17+ cells in
the spleen and central nervous system, albeit with no
change in IL-10 or IFN-γ and a slight decrease in FoxP3+

T cells in the spleen. In vitro, the authors described
increased IL-10 production but inhibition of FoxP3 by

vitamin D due to the inhibition of IL-2 required for FoxP3-

Treg induction [36]. In an acute colitis model, intraperitoneal
administration of calcitriol alone, or more effectively with
Dex, reduced the severity of disease and local Th1 parameters.
Locally increased IL-10, TGF-β, FoxP3, and CTLA-4 were
all reported. The authors concluded that their data support a
steroid-sparing clinical application for calcitriol derivatives in
inflammatory bowel disease [23].

Two independent groups suggest that topical administration
of 1,25-(OH)2D3 to the skin of mice resulted in the in vivo
expansion of antigen-specific CD25+CD4+FoxP3+ Tregs in
the skin-draining lymph node [49, 50]. These Tregs demon-
strated an enhanced capacity to suppress immune responses
in vitro and in vivo, and these data are clearly relevant to the
topical use of active vitamin D in psoriasis [19].

In contrast, some early studies suggested that vitamin D
has deleterious effects in allergic airway disease. VDR-
deficient mice failed to develop experimental allergic
asthma, leading the authors to suggest a role for vitamin
D in driving Th2 inflammation in the airways [26].
Nevertheless, considerable interest remains in the therapeutic
application in asthma, and examples of beneficial effects exist
[51]. In a murine model of allergic airway disease, 1,25-
(OH)2D3 potentiated the effects of a suboptimal allergen
(ovalbumin) immunotherapy regimen to ameliorate airway
hyperresponsiveness and to reduce eosinophilia, Th2
responses, and IgE (in serum) via induction of the regulatory
cytokines IL-10 and TGF-β [52]. When human CD4+ T cells
obtained from allergic bronchopulmonary aspergillosis (Th2-
mediated disease) patients were cultured with the addition of
1,25-(OH)2D3, reduced DC expression of OX40L and
increased TGF-β expression by DCs and Tregs were
reported, together with inhibition of Th2 responses [33].

1,25-(OH)2D3 not only influences the generation of
tolerogenic immune responses but also expression of chemo-
kines and their receptors that are likely to determine T-cell
homing. For example, 1,25-(OH)2D3 signaled T cells to
express CC chemokine receptor (CCR)10, which enabled them
to migrate to the skin-specific chemokine CCL27 secreted by
keratinocytes of the epidermis but suppressed the gut-homing
receptors α4β7 and CCR9, a property more commonly
associated with retinoic acid [53]. 1,25-(OH)2D3 inhibits the
expression of CCL17 and CCL20 but induces expression of
CCL22 in mDCs that are suggested to play a key role in the
recruitment of Tregs [15]. Clearly defining the effects of
vitamin D on T-cell homing is an important component in our
understanding of its importance in the regulation of immunity.

Therapeutic Application of Vitamin D in Humans:
Evidence for Immunomodulatory Actions

Epidemiologic studies highlighting associations with vitamin
D status and various immune disorders have heightened
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interest in addressing further correlations with immunoregu-
latory cytokines and Treg activity in patients. For example,
recent evidence shows that in multiple sclerosis patients, low
serum 25-hydroxyvitamin D status (but not serum 1,25-
dihydroxyvitamin D3) was associated with reduced suppres-
sive capacity of CD25+CD4+CD127lo Tregs [54]. Similar
associations have been shown for IL-10 [41]. In humans,
vitamin D supplementation and pharmacologic treatment
with active vitamin D have been shown to increase serum- or
T-cell–associated TGF-β and IL-10, respectively [32, 55].

Conclusions

The active form of vitamin D (1,25-[OH]2D3) influences
innate and adaptive immunity. It acts on APCs and T
cells to promote peripheral tolerance via inhibition of
inflammatory responses and induction of Tregs. Growing
interest exists in the physiologic role of vitamin D as an
essential mediator in maintaining a healthy and function-
al immune system. However, many questions remain
regarding its role compared with other related com-
pounds such as retinoic acid. Therapeutic evaluation of
vitamin D supplementation and active vitamin D,
including analogues with reduced calcemic effects, is
ongoing. Studies of this nature will be crucial to
furthering our understanding of both the physiologic role of
vitamin D in the maintenance of health and its therapeutic
evaluation, including steroid-enhancing activity, for a range of
immune and inflammatory disorders.
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