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Abstract
An immunomodulatory role for vitamin D was first proposed more than 25 years ago, based on two
salient observations. Firstly it was shown that monocytes/macrophages from patients with the
granulomatous disease sarcoidosis constitutively synthesize the active form of vitamin D, 1,25-
dihydroxyvitamin D (1,25(OH)2D) from precursor 25-hydroxyvitamin D (25OHD). Secondly, the
receptor for 1,25(OH)2D (vitamin D receptor, VDR) is detectable in activated, proliferating
lymphocytes. These observations suggested a mechanism whereby 1,25(OH)2D produced by
monocytes could act upon adjacent T-cells or B-cells, but the impact of such a system on normal
immune regulation was uncertain. Indeed, it is only in recent years that a much clearer picture of the
role of vitamin D as a determinant of immune responsiveness has emerged. Two new concepts have
prompted this change. Firstly studies of innate immunity have shown that intracrine induction of
antimicrobial activity by vitamin D is a pivotal component of monocye/macrophage response to
infection. Secondly, it is now clear that sub-optimal vitamin D status is a common feature of many
populations throughout the world, with the potential to compromise monocyte/macrophage
metabolism of 25OHD and subsequent actions of 1,25(OH)2D. The current review details these new
developments with specific reference to the metabolic and signaling mechanisms associated with
innate immune regulation by vitamin D and implications for human disease.
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1. Introduction
Over the last five years, our perception of what constitutes normal vitamin D status has changed
dramatically. Prior to this, vitamin D-deficiency was defined by serum concentrations of the
major circulating form of vitamin D (25-hydroxyvitamin D, 25OHD) associated with the bone
disease rickets or its adult form, osteomalacia [1]. In the absence of rickets/osteomalacia,
vitamin D status was considered to be normal. However, recent studies have defined a new
category for impaired vitamin D status – vitamin D ‘insufficiency’ – referring to individuals
who are not necessarily vitamin D-deficient but who nevertheless present with sub-optimal
serum levels of 25OHD. There is still considerable debate concerning the absolute
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concentrations of serum 25OHD that define vitamin D-deficiency and –insufficiency. In a
recent review of this subject Holick indicated that vitamin D-insufficiency could be
characterized by circulating levels of 25OHD that were greater than vitamin D-deficiency (50
nM or 20 ng/ml) but less than 75 nM (30 ng/ml) [2].

These revised parameters for vitamin D status arose from studies showing continued
suppression of serum parathyroid hormone (PTH) with circulating levels of 25OHD as high
as 80 nM (32 ng/ml) [3]. However, similar observations have also been made for other vitamin
D responses such as intestinal calcium uptake, and there is now general agreement with the
new definitions for adequate and inadequate serum vitamin D [1,2]. At a clinical level, much
of the response to this has centered on defining the best strategy for restoring and maintaining
optimal vitamin D status. However, at a functional level, other key questions have arisen from
this new perspective on vitamin D adequacy. Firstly, what, if any, are the physiological
consequences of vitamin D (25OHD) insufficiency? Secondly, does 25OHD status influence
physiology independent of the circulating levels of active 1,25-dihydroxyvitamin D (1,25
(OH)2D)? Finally, if the ‘inactive’ form of vitamin D (25OHD) is able to direct physiological
responses to vitamin D, what are the mechanisms that facilitate this and how do they differ
from classical vitamin D endocrinology?

Some answers to these questions have been gleaned from new perspectives on conventional
vitamin D physiology. For example, classical endocrinology defines the kidney as the major
site for synthesis of systemic 1,25(OH)2D from 25OHD, with PTH stimulating the enzyme
that catalyzes this conversion, 25-hydroxyvitamin D-1α-hydroxylase (1α-hydroxylase) under
conditions of low extracellular calcium (see Figure 1). The 1,25(OH)2D produced by renal
1α-hydroxylase activity then enters the circulation and acts as classical steroid hormone,
enhancing calcium and phosphate uptake by the gastrointestinal tract and promoting skeletal
homeostasis through effects on cells such as bone-forming osteoblasts. Once calcium
homeostasis has been reestablished, 1,25(OH)2D is then able to complete feedback regulation
of this system by suppressing transcription of PTH in parathyroid cells. The efficacy of this
system is dependent firstly on the expression of receptors for 1,25(OH)2D (vitamin D receptors,
VDR) in target intestinal, bone and parathyroid cells. This, in turn, requires sufficient 1,25
(OH)2D to promote VDR signaling. Within such an endocrine system, serum levels of 1,25
(OH)2D are not proportional to the availability of 25OHD, the substrate for 1α-hydroxylase.
Instead the key determinant of renal 1,25(OH)2D production is PTH, the pivotal activator of
1α-hydroxylase expression and activity in proximal tubule cells [4]. However, recent studies
have shown that the actions of vitamin D on skeletal function and parathyroid homeostasis
may not be exclusively due to the endocrine actions of 1,25(OH)2D synthesized by the kidney.
As well as expressing abundant VDR, cells from the parathyroid glands [5] and bone-forming
osteoblasts [6] demonstrate significant levels of 1α-hydroxylase activity. As a result, it has
been proposed that some of the calciotropic actions of vitamin D are due to localized conversion
of 25OHD to 1,25(OH)2D and thus intracrine, rather than endocrine, signaling by the VDR
(Figure 1). In the case of the parathyroid glands, it has also been hypothesized that 25OHD
exerts direct effects on the VDR, possibly utilizing the alternative binding pocket model
proposed by Mizwicki et al [7]. Irrespective of the final mechanism of action, the key distinction
between the endocrine and intracrine models is that the latter is not subject to regulation by
PTH but is instead influenced by factors that are central to the function of the tissue in question.
For example, interleukin-1 (IL-1) is a key enhancer of 1,25(OH)2D production in osteoblastic
cells from bone [6] (see Figure 1). Under these conditions, extra-renal activity of 1α-
hydroxylase appears to be more dependent on the level of 25OHD, in other words vitamin D
status, than its renal counterpart.

Although localized responses to vitamin D have been described for cells involved in calcium
homeostasis and bone metabolism, the vast majority of literature concerning vitamin D
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intracrinology has centered on so-called ‘non-classical’ systems. Prominent amongst these has
been the interaction between vitamin D and the immune system, with effects extending from
promotion of innate immune response to infection, and the modulation of subsequent adaptive
lymphocyte activity [8]. Epidemiological studies have reported links between vitamin D-
insufficiency and autoimmune diseases such as multiple sclerosis [9], type 1 diabetes [10] and
Crohn's disease [11,12]. Likewise, analysis of animal models indicate that ablation of the gene
for the vitamin D receptor (VDR) or the vitamin D-activating enzyme 1α-hydroxylase
(CYP27B1) in mice increases their susceptibility to experimental forms of type 1 diabetes
[13] and Crohn's disease [14,15]. As a consequence of these observations, much attention has
focused on a possible role for the VDR as a target for autoimmune disease therapy [10]. Initial
studies in this area were aimed at regulating the proliferation of T-cells and B-cells which
express VDR when activated [16]. More recent studies have confirmed that T-cells are direct
targets for 1,25(OH)2D, which potently modulates T-cell phenotype, promoting the
development of suppressor regulatory T-cells (Tregs) [17]. In addition to this, 1,25(OH)2D is
known to influence cell translocation by stimulating T-cell expression of chemokine receptor
10 (CCR10) which recognizes the chemokine CCL27 secreted by epidermal keratinocytes
[18]. In this way, 1,25(OH)2D can act to promote the translocation and/or retention of T-cells
cells within the skin, although studies using the VDR knockout mouse suggest that vitamin D
is also involved in T-cell homing within the gastrointestinal tract [19].

Although both T-cells [18] and B-cells [20] express mRNA for 1α-hydroxylase, it is unclear
whether intracrine metabolism of 25OHD has any impact on the function of these cells. In view
of the central role of antigen-presenting cells (APCs) such as macrophages or dendritic cells
(DCs) in directing the T- and B-cell responses that make up the adaptive immune system, a
likely scenario is that the APCs themselves will act as the main site for intracrine vitamin D
activity. The importance of a link between vitamin D and innate immunity has been further
underlined by studies showing that monocyte/macrophage responses to bacterial infection are
potently stimulated by 25OHD following localized induction of both the VDR and 1α-
hydroxylase. With this in mind, the aim of the current manuscript is to review the key
mechanisms by which vitamin D interacts with the innate immune system.

2. Vitamin D metabolism and monocyte/macrophage function
One of the earliest pieces of evidence describing an immunoregulatory role for vitamin D
stemmed from the ability of 1,25(OH)2D to stimulate the differentiation of monocytic
precursors into more mature, macrophage-like cells [21]. This highlighted the expression of
VDR by monocytes/macrophages [22], and also implicated 1,25(OH)2D in the process of
hematopoiesis and, in particular, myelopoiesis [23]. The latter was subsequently discounted
by Koeffler and colleagues who were unable to demonstrate any myelopoietic abnormalities
in the VDR knockout mouse [24]. Nevertheless, the expression of VDR by monocytes/
macrophages and equivalent leukemic cells lines suggested a potential use for 1,25(OH)2D in
the provision of differentiation therapy [23]. Because of the potent calcemic properties of the
naturally-occurring active form of vitamin D, a wide variety of analogs of 1,25(OH)2D have
been developed in an attempt to circumvent unwanted side-effects [25]. However, whilst these
synthetic forms of vitamin D have demonstrated potent activity in vitro, their efficacy in vivo
has been less impressive, with the exception of treatment for secondary hyperparathyroidism
[26] and psoriasis [27].

Shortly after the initial report of monocyte/macrophage sensitivity to 1,25(OH)2D, a series of
studies of patients with the granulomatous disease sarcoidosis provided another link between
vitamin D and monocyte/macrophage function. Adams and colleagues demonstrated that
macrophages isolated from sarcoid granuloma or from lung lavage fluid were capable of
synthesizing 1,25(OH)2D from precursor 25OHD [28,29]. The presence in sarcoid

Hewison Page 3

Mol Cell Endocrinol. Author manuscript; available in PMC 2011 June 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



macrophages of vitamin D-1α-hydroxylase activity provided an explanation for the elevated
circulating levels of 1,25(OH)2D frequently found in patients with this disease [30]. Indeed,
macrophage synthesis of 1,25(OH)2D appears to be common to granulomatous diseases in
general, as well as several types of tumor involving significant macrophage infiltration [31].
However, macrophage 1α-hydroxylase activity has also been demonstrated in non-pathological
settings. Monocytes isolated from normal human peripheral blood mononuclear cells are
readily able to synthesize 1,25(OH)2D when treated with cytokines such as interferon-gamma
(IFNγ) [32], or bacterial antigens such as lipopolysaccharide (LPS) [33]. Indeed, simple in
vitro differentiation of immature human monocytes from peripheral blood mononuclear cells
into mature macrophages is associated with enhanced synthesis of 1,25(OH)2D [34]. The
precise benefit of elevated 1α-hydroxylase activity in macrophages versus monocytes remains
unclear as, paradoxically, the latter show higher levels of VDR relative to macrophages [34].
One possibility is that abundant expression of VDR by monocytes sensitizes these cells to the
differentiating effects of 1,25(OH)2D, providing a ‘fast-forward’ autocrine mechanism for
subsequent maturation of cells into macrophages. If so, this would be a similar mechanism to
that described for the glucocorticoid-activating enzyme 11β-hydroxysteroid dehydrogenase
type 1 (11β-HSD1) during the differentiation of adipose stromal cells to adipocytes [35].

One of the most significant developments concerning the role of vitamin D and monocyte
function arose from studies to identify mechanisms associated with innate immune responses
to infection with Mycobacterium tuberculosis (M. tb). Modlin and colleagues used a toll-like
receptor (TLR) 2 ligand to mimic M. tb interaction with the TLR2/1 complex expressed on
monocytes [36]. Using DNA array analyses, they showed increased expression of the genes
for VDR and CYP27B1 in monocytes following TLR2/1 activation, suggesting a potential
intracrine response [36]. This was confirmed by the addition of 25OHD to TLR2/1-activated
monocytes which potently upregulated expression of the antimicrobial protein cathelicidin
(hCAP), a known target for transcriptional regulation by liganded VDR [37,38]. The induction
of monocyte hCAP by 25OHD was inhibited by a VDR agonist and a non-specific inhibitor
of 1α-hydroxylase activity, confirming the intracrine nature of this mechanism [36].
Significantly, the magnitude of TLR 2/1-mediated induction of hCAP was directly proportional
to the 25OHD status of donor serum used to supplement monocyte cultures. More recent studies
have expanded this observation to show that TLR-induced hCAP expression is also enhanced
in patients receiving in vivo supplementation with vitamin D [39].

Thus, for the first time since the original sarcoidosis studies it is possible to propose a
mechanism detailing the benefits of intracrine metabolism of 25OHD with respect to innate
immune response to infection by monocytes/macrophages (Figure 2). In the face of an immune
challenge such as infection with M. tb, pathogen-sensing receptors such as TLRs trigger
enhanced expression of 1α-hydroxylase and VDR. Provided there is sufficient 25OHD
available, this will then elevate local levels of 1,25(OH)2D, stimulating transcription of the
hCAP gene, with the resulting antimicrobial protein being incorporated into lysosomes to
promote bacterial killing. Initially hCAP was thought to act primarily by disrupting bacterial
cell membranes [40]. However, recent studies indicate that 1,25(OH)2D-induced hCAP also
plays a pivotal role in macrophage autophagy [41], a key mechanism in the degradation of
cytsolic components that has also been implicated in host response to infection by bacteria and
viruses [42]. Thus, as depicted in Figure 2, the induction of hCAP following localized synthesis
of 1,25(OH)2D has the dual benefit of promoting the generation of autophagosomes whilst
enhancing bacterial killing following fusion with lysosomes to form autolysosomes. It is also
important to recognize that there may be other intracrine targets for vitamin D associated with
antibacterial activity. Like hCAP, the gene promoter for β-defensin 4 (DEFB4), another key
antimicrobial protein, is known to contain a functional vitamin D response element (VDRE)
[37,38]. However, unlike hCAP, induction of DEFB4 expression by 1,25(OH)2D requires
simultaneous activation of two nuclear factor-κB (NF-κB) sites adjacent to its VDRE via a
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mechanism involving interleukin-1 (IL-1), signaling via its cognate membrane receptor [43].
Collectively, these observations suggest that effective regulation of innate immune responses
by physiological levels of 25OHD are probably not restricted to simple induction of hCAP but
instead may involve several different mechanisms targeted at optimizing bacterial killing.

3. Immune regulation of intracrine metabolism of vitamin D
Why is an intracrine vitamin D mechanism so central to monocyte/macrophage antimicrobial
function? With respect to human monocytes, stimulation of hCAP and DEFB4 by VDR/NF-
κB pathways appears to be crucial to host responses to mycobacteria such as M. tb [43].
However, the same cannot be said of mice where bacterial killing is more dependent on the
localized generation of nitric oxide [44]. In the context of vitamin D activity, this appears to
be due to lack of an appropriate vitamin D response element (VDRE) in the proximal promoters
of hCAP-related genes for non-primate mammals [38]. The VDRE associated with vitamin D-
induced hCAP expression in humans and apes, as well as New World and Old World primates,
arose through incorporation of an Alu short interspersed element (SINE) which placed this
gene under the control of the VDR [45]. Over the ensuing 50-60 million years this genetic
modification has presumably provided an advantage as far as primate innate immunity is
concerned. One explanation for this is that primates and early Homo sapiens would have existed
in a state of vitamin D abundance due to relatively high levels of exposure to ultra violet light,
which stimulates the production of vitamin D from 7-dehydrocholesterol in the skin. Under
these conditions, vitamin D-induction of an antimicrobial protein may have conferred
significant advantages in combating infectious disease. By contrast, other mammals, such as
mice, with less UV-centric habitats would have experienced limited benefit from SINE
incorporation of a VDRE into genes encoding antimicrobial proteins.

Another possibility is that incorporation of VDRE into the hCAP gene promoter may have
helped primates to respond to specific immune challenges associated with certain pathogens.
In studies comparing innate immune responses in mouse and human monocytic cell lines, we
showed that in both types of cell, stimulation with a TLR2 or TLR4 ligand actively induced
expression of inflammatory cytokines such as IL-1. In mouse monocytes, the TLR ligands also
induced expression of cathelicidin-related antimicrobial protein (CRAMP), the murine
equivalent of hCAP. This contrasted with human monocytes where the TLR ligands actually
suppressed hCAP expression [39]. Co-treatment with 25OHD had no effect on TLR-induced
CRAMP in mouse monocytes, but in human monocytes the presence of 25OHD ‘rescued’
TLR-mediated suppression of hCAP. Based on these observations, we have hypothesized that
the presence of a VDRE in the hCAP may have provided a biological advantage in primates
by counteracting TLR-driven subversion of normal antibacterial immune surveillance by
pathogens such as M. tb. Corruption of innate immune responses is a well-recognized feature
of many infectious organisms, and includes the suppression of antimicrobial proteins by
pathogens including M. tb [46-48]. Thus, for primates living in an environment conducive to
high serum levels of vitamin D, the acquisition of vitamin D responsiveness by genes such as
hCAP is likely to have provided a biologically advantageous counterpoint to detrimental
pathogenic effects.

Another key benefit of incorporating vitamin D into innate immune pathways, is its ability to
facilitate feedback regulation. In concert with the induction of hCAP, locally synthesized 1,25
(OH)2D also potently stimulates monocyte/macrophage expression of the catabolic enzyme
vitamin D-24-hydroxylase (24-hydroxylase) [36] (Figure 3). Conventional endocrinology
indicates that this enhances 24-hydroxylation of 1,25(OH)2D to less active 1,24,25-
trihydroxyvitamin D, thereby limiting the exposure of target cells to potentially detrimental
calcemic effects of the active hormone [49]. However, monocytes/macrophages also express
a truncated form of the 24-hydroxylase protein in which the N-terminal mitochondrial targeting
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sequence is spliced out [50]. Despite being metabolically inactive, the 24-hydroxylase splice
variant retains its steroid binding pocket and is therefore still able to bind substrates such as
1,25(OH)2D or 25OHD. Furthermore, molecular modeling suggests that truncation of the 24-
hydroxylase protein switches substrate preference from 1,25(OH)2D to 25OHD [51]. In this
way the splice variant form of 24-hydroxylase may act primarily as a decoy to limit the
availability of 25OHD to other enzymes, notably the 1α-hydroxylase. Such a mechanism would
be rare in steroidogenesis but has the advantage of being metabolically economical, particularly
in cells such as monoctes/macrophages where intracrine conversion of 25OHD to 1,25
(OH)2D is the pivotal mechanism for vitamin D action. For more established endocrine
responses involving renal synthesis of 1,25(OH)2D which then acts on peripheral tissues, it is
likely that conventional 24-hydroxylase catabolism will be the preferred mode of feedback
control.

For almost every cell type throughout the body, including monocytes/macrophages, expression
of the gene for 24-hydroxylase (CYP24A1) is regulated primarily by its main substrate, 1,25
(OH)2D. Relatively little is known concerning other factors that influence the expression of
this catabolic enzyme, although clearly this may be central to the efficacy of intracrine
activation of vitamin D. By contrast, it is evident that the vitamin D-activating enzyme 1α-
hydroxylase is profoundly influenced by a variety of factors associated with immune function.
As outlined in Figure 2, expression of the CYP27B1 gene is upregulated by ligands for the
TLR2/1 complex on monocytes, including the 19 kDa lipoprotein of M. tb [36]. Monocyte/
macrophage expression of CYP27B1 is also induced by the TLR4 ligand lipopolysaccharide
(LPS) [39], indicating that both Gram positive (TLR4) and Gram negative (TLR2) bacteria are
able to promote local synthesis of 1,25(OH)2D. The precise mechanism by which this occurs
has yet to be fully defined. Studies using monocytic cell lines have highlighted involvement
of the JAK-STAT, p38 MAP kinase, and NF-κB pathways in the induction of CYP27B1
expression by combinations of the TLR4 ligand LPS, and interferon γ [52]. The pathways
associated with CYP27B1 induction by TLR ligands alone remain unclear, although recent
studies using monocytes treated with the TLR2 ligand 19 kDa lipoprotein have implicated the
cytokine interleukin-15 (IL-15) as an intermediary in localized synthesis of 1,25(OH)2D [53].
This is an interesting observation given that elevated expression of IL-15 is frequently
associated with inflammatory diseases, notably the granulomatous disease sarcoidosis [54].
Thus, it is possible that IL-15-mediated induction of 1α-hydroxylase activity provides a link
between our current view of vitamin D as a regulator of normal innate immune responses, and
the original observation of dysregulated 1,25(OH)2D production associated with
granulomatous disease.

4. Vitamin D, dendritic cells and antigen presentation
Although much recent attention has focused on the role of vitamin D as an activator of
antimicrobial activity, it is important to recognize that innate immunity incorporates other
responses to pathogens. Prominent amongst these is antigen presentation which forms a link
between the innate and adaptive arms of the immune system. Initially, this was a somewhat
neglected facet of the interface between vitamin D and the immune system, due, in part, to the
extensive literature concerning direct effects of 1,25(OH)2D on T-cells and B-cells. As such,
early studies of the impact of vitamin D on antigen presentation were focused on the role of
vitamin D and vitamin D binding protein (DBP) as potential adjuvants for immunization,
particularly as DBP can be post-transcriptionally modified to form a macrophage-activating
factor [55-57]. However, the advent of more recent reports documenting vitamin D metabolism
and signaling in antigen-presenting cells has provided a new perspective on the role of vitamin
D as a modulator of antigen presentation.
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Several cells are known to mediate antigen presentation, but the most well recognized group
of professional APCs are dendritic cells (DCs). Populations of purified DCs have been shown
to express VDR [58], and respond to 1,25(OH)2D by attenuating antigen presentation [59].
However, it was not until the advent of monocyte-derived DC cultures that the effects of
vitamin D metabolites on antigen presentation were fully defined. Experiments using 1,25
(OH)2D [60] or synthetic analogs of 1,25(OH)2D [61] demonstrated inhibition DC maturation,
thereby suppressing the capacity of these cells to present antigen to T-cells. Thus it was
proposed that vitamin D acts to promote tolerogenic adaptive immunity via modulation of APC
function. In support of this, studies of pancreatic islet transplantation in mice showed lower
graft rejection rates in animals treated with 1,25(OH)2D [62]. Importantly, this response was
associated with decreased DC maturation and increased numbers of Tregs [62], a key feature
of the interaction between vitamin D and adaptive immunity [63].

Regulation of DC maturation is a key therapeutic target for 1,25(OH)2D and its synthetic
analogs as potential treatment for autoimmune disease and host-graft rejection. However,
another facet of the interaction between vitamin D and antigen presentation was provided by
the observation that DCs express 1α-hydroxylase in a similar fashion to macrophages [64,
65]. As with macrophages, monocyte-derived DCs show increased expression and activity of
1α-hydroxylase as they differentiate towards a more mature phenotype [64]. Thus, in a similar
fashion to the effects of 1,25(OH)2D outlined above, treatment with 25OHD suppresses DC
maturation and inhibits T-cell proliferation, utilizing a similar intracrine pathway to that
described for macrophages [64] (Figure 4A). In common with macrophages, mature DCs
showed lower levels of VDR than immature DCs or monocytes [64]. This reciprocal
organization of 1α-hydroxylase and VDR expression has the potential benefit of ensuring that
mature antigen-presenting DCs are relatively insensitive to 1,25(OH)2D, thereby enabling an
initial T-cell response and normal adaptive immunity. Instead, the 1,25(OH)2D generated by
these cells will be able to act on VDR-expressing immature DCs, thus limiting further DC
maturation [66] (Figure 4B). In this paracrine fashion locally synthesized 1,25(OH)2D can
occur in the face of antigen-presentation and adaptive immunity whilst preventing persistence
of DC maturation and over-stimulation of T-cells. Such a model is supported by studies of
VDR and CYP27B1 knockout mice which exhibit lymphatic abnormalities consistent with
increased numbers of mature DCs [67,68] and dysregulated DC trafficking [69].

In common with many other cells from the immune system DCs are heterogeneous with respect
to tissue location, and cellular phenotype/function. However, broadly speaking they can be
divided into two groups, myeloid (mDCs) and plasmacytoid (pDCs), which are characterized
by different cytokine and chemokine profiles. mDCs and pDCs also appear to exert
complementary effects on T-cells, with mDCs being efficient APCs [70] whilst pDCs are more
closely associated with immune tolerance [71]. With this in mind, it is interesting to note that
1,25(OH)2D preferentially regulates mDCs, indicating that the key effect in this instance is to
suppress activation of naïve T-cells. The lack of a similar response shown by pDCs does not
preclude a role for vitamin D in the regulation of tolerogenic responses. One possibility is that
local production of 1,25(OH)2D, rather than exogenous addition, will be more effective in
achieving a pDC response. Alternatively, 1α-hydroxylase expression by pDCs may facilitate
tolerance through paracrine effects of 1,25(OH)2D on VDR-expressing T-cells (Figure 4C).
This, mechanism is similar to that originally proposed following the initial characterization of
macrophage 1α-hydroxylase activity. At that time, 1,25(OH)2D synthesized by macrophages
was thought to act in a paracrine fashion by suppressing T-cell proliferation [72]. However,
more recent studies have shown that direct effects of 1,25(OH)2D on T-cells primarily involve
changes in T-cell phenotype, notably the induction of tolerogenic Tregs [17].
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5. Vitamin D, innate immunity and human disease
Consistent with the original studies describing a role for TLR-induced intracrine synthesis of
1,25(OH)2D following M tb. challenge of monocytes [36], clinical applications for vitamin D-
regulated innate immunity have focused primarily on its effects in combating infection, in
particular the disease tuberculosis (TB) [73,74]. However, serum 25OHD concentrations and
circulating levels of hCAP have also been assessed in patients with sepsis, with low
concentrations of the antimicrobial protein (and low serum 25OHD) being associated with
increased risk of critical illness [75]. In a similar fashion, low 25OHD status has also been
linked to infection and mortality in patients with end-stage kidney disease [76], and upper
respiratory tract infection [77]. With respect to the latter, protective effects of vitamin D
supplementation have been described for colds and influenza [78]: the ability of hCAP to
exhibit antiviral as well as antibacterial properties [79] suggests that the beneficial effects of
vitamin D supplementation may extend beyond bacterial infection.

Induction of hCAP by 1,25(OH)2D is not universal [80], but has nevertheless been reported
for many cell types including keratinocytes [81], bronchial epithelial cells [82], myeloid cell
lines [38], as well as decidual [83], and trophoblastic cells of the placenta [84]. In each case
the mechanism by which 25OHD is able to regulate hCAP expression appears to be quite
distinct. In the skin, normal human keratinocytes express relatively low levels of TLR2 and
are therefore less sensitive to immune stimuli than macrophages. However, under conditions
of epidermal wounding, transforming growth factor-beta is released and this potently
stimulates 1α-hydroxylase expression and activity in keratinocytes [81]. The resulting
localized accumulation of 1,25(OH)2D acts to enhance TLR expression, which in turn promotes
pathogen recognition and production of antimicrobial hCAP [81]. The stimulatory effect of
1,25(OH)2D on TLR expression in keratinocytes is in direct contrast with its suppression of
TLRs in monocytes [85]. The underlying mechanism(s) for these opposing actions remains to
be determined, but may reflect the need for tighter feedback control of monocyte responses to
prevent over-elaboration of immune activity and possible inflammatory damage.

In contrast with keratinocytes, trophoblastic cells from the placenta exhibit high levels of 1α-
hydroxylase expression, facilitating constitutive production of hCAP in the presence of
sufficient 25OHD [84]. This mechanism is not further enhanced by either TLR ligands or
growth factors, suggesting that initial induction of the CYP27B1 gene during early gestation
is alone sufficient to promote vitamin D-induced antimicrobial activity by the placenta. In the
skin and placenta as well as other ‘barrier sites’ such as the lungs and gastrointestinal tract, the
precise immune benefits of vitamin D-induced hCAP expression have yet to be fully defined
but may include effects on respiratory infection [77] and transmission of infection during
pregnancy [86].

Although autoimmune diseases are characterized by an underlying inherited predisposition,
there is much current interest in environmental factors such as vitamin D that may contribute
to the manifestation of these disorders [10]. Lower circulating levels of 25OHD have been
linked to risk of type 1 diabetes [87], and vitamin D supplementation has been reported to
protect against the disease [88]. In addition, genetic analyses have shown that gene
polymorphisms for VDR [89], and CYP27b1 [90], affect susceptibility to type 1 diabetes. Other
autoimmune diseases that appear to be influenced by vitamin D include Crohn's disease [91],
systemic lupus erythematosus [92], and rheumatoid arthritis [10]. There is also growing
evidence of a link between vitamin D and multiple sclerosis (MS) [9,93], supported by both
epidemiology [94,95] and animal models [96,97]. Interestingly, studies using the experimental
autoimmune encephalomyelitis model suggest that protective effects of vitamin D with respect
to this murine form of MS are more effective in females [98], and involve estrogen-mediated
induction of VDR and CYP27B1 [99]. In this way, future studies of vitamin D and autoimmune
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disease may help to identify novel mechanisms involved in mediating the actions of vitamin
D at the boundary between innate and adaptive immunity.

6. Conclusions
Our new perspective on the interaction between vitamin D and human immunity has shed light
on the intracrine mechanisms that are central to its immunomodulatory activity. Crucially it is
now clear that these mechanisms are also common to cells from a variety of tissues outside the
classical immune system, notably ‘barrier’ sites such as the skin, lungs, intestine and placenta.
Irrespective of the cell type involved in mediating intracrine responses to vitamin D, these
studies have underlined the potential problems that may stem from inadequate vitamin D status.
The latter appears to be a prevalent condition in communities throughout the world, further
emphasizing the need for new clinical studies aimed at assessing the physiological and disease
consequences of vitamin D insufficiency.
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Figure 1. Endocrine and intracrine mechanisms for vitamin D action
In vitamin D endocrinology 25-hydroxyvitamin D (25OHD) generated from parental vitamin
D can be activated to 1,25-dihydroxyvitamin D (1,25(OH)2D) in the kidneys catalyzed by the
enzyme 1α-hydroxylase (CYP27B1). Expression of CYP27B1 is enhanced by parathyroid
hormone (PTH) synthesized by the parathyroid glands under conditions of low extracellular
calcium. Synthesis of 1,25(OH)2D under these conditions promotes intestinal uptake of
calcium and phosphate and feedback-regulates PTH secretion in cells expressing the vitamin
D receptor (VDR). Non-endocrine actions of vitamin D in tissues such as bone also involve
the generation of 25OHD from parental vitamin D. However, in this case, the actions of kidney-
derived 1,25(OH)2D are complemented by intracrine synthesis of this metabolite via localized
expression of CYP27B1 and the VDR. Exogenous and/or endogenous 1,25(OH)2D act to
promote the function of cells such as bone-forming osteoblasts (increased alkaline phosphatase
(ALP) and osteocalcin (OC)). In contrast to the endocrine synthesis of 1,25(OH)2D in the
kidneys, extra-renal expression of CYP27B1 is not regulated by PTH but is instead influenced
by tissue-specific factors such as the cytokine interleukin-1 (IL-1).

Hewison Page 15

Mol Cell Endocrinol. Author manuscript; available in PMC 2011 June 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Monocyte/macrophage pathogen-sensing stimulates interaction between vitamin D and
the innate immune system
Pathogens such as Mycobaterium tuberculosis (M. tb) are phagocytosed by monocytes/
macrophages but also trigger pathogen-sensing via toll-like receptors (TLR) (in the case of M.
tb, the TLR2/1 complex). Activation of monocyte/macrophage TLR2/1 stimulates expression
of the vitamin D receptor (VDR) and 1α-hydroxylase (1α). In this way, 25-hydroxyvitamin D
(25OHD) in circulation bound to vitamin D-binding protein (DBP) is released to the monocyte/
macrophage and converted to 1,25-dihydroxyvitamin D (1,25(OH)2D) in the mitochondria.
The 1,25(OH)2D is then able to bind to the VDR and transcriptionally induce target genes such
as antimicrobial protein cathelicidin (hCAP) via a vitamin D response element (VDRE) in the
hCAP gene promoter. The antimicrobial protein β-defensin 4 (DEFB4) also exhibits a gene
promoter VDRE but requires co-stimulation by activators of nuclear factor-κB (NF-κB), such
as interleukin-1 (IL-1) signaling via the IL-1 receptor (IL-1R), to promote transcriptional
upregulation of DEFB4. Induction of hCAP facilitates autophagosome generation and hCAP
and DEFB promote bacterial killing in the resulting autolysosome.
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Figure 3. Vitamin D and the feedback regulation of monocyte/macrophage production of hCAP
Intracrine induction of monocyte/macrophage hCAP production by vitamin D is promoted
following TLR2/1 pathogen-sensing. This mechanism involves TLR2/1 induction of
interleukin-15 (IL-15), a potent stimulator of 1α-hydroxylase (1α) expression and activity. As
a counterpoint, intracrine generated 1,25(OH)2D acts to suppress TLR2 expression thereby
desensitizing monocytes/macrophages to further TLR2/1 activation. Locally generated 1,25
(OH)2D also stimulates expression of the enzyme 24-hydroxylase (24) which catalyzes the
conversion of 25OHD and/or 1,25(OH)2D to less active metabolites such as 1,24,25-
trihydroxyvitamin D (1,24,25(OH)3D). Monocytes/macrophages also express a truncated
splice variant (SV) form of the 24-hydroxylase protein which lacks the required mitochondrial-
targeting sequence and is therefore functionally inactive and located in the cytosol. Despite
this the SV protein retains its steroid-binding pocket and can thus act as a decoy for 25OHD
or 1,25(OH)2D.
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Figure 4. Intracrine and paracrine mechanisms involved in mediating the effects of vitamin D on
antigen presentation by dendritic cells
Differentiation of monocytes to immature (iDCs) and mature dendritic cells (mDCs) is
associated with the induction of 1α-hydroxylase (CYP27B1) and suppression of vitamin D
receptor (VDR) expression. In this way, local conversion of 25-hydroxyvitamin D (25OHD)
to 1,25-dihydroxyvitamin D (1,25(OH)2D) can impact on DC function in several ways. A.
synthesis of 1,25(OH)2D by mDCs activates VDR signaling in an intracrine fashion despite
low numbers of VDR, suppressing DC function and antigen presentation to adjacent niave T-
cells (Th0). B. synthesis of 1,25(OH)2D by mDCs activates VDR signaling in an paracrine
fashion, suppressing the maturation of adjacent iDCs and thereby promoting tolerogenic T-
cell responses. C. synthesis of 1,25(OH)2D by mDCs acts in a paracrine fashion on VDR-
expressing T-cells, promoting the generation of immunosuppressive regulatory T-cells (Treg)
from Th0 cells.

Hewison Page 18

Mol Cell Endocrinol. Author manuscript; available in PMC 2011 June 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


