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SUMMARY
Knowledge about the ability of vitamin D to function outside its established role in skeletal
homeostasis is not a new phenomenon. Nonclassical immunomodulatory and antiproliferative
responses triggered by active 1,25-dihydroxyvitamin D were first reported more than a quarter of a
century ago. It is only in recent years, however, that there has been a significant improvement in our
understanding of how these nonclassical effects of vitamin D can influence the pathophysiology and
possible prevention of human disease. Three particular strands of evidence have been prominent:
firstly, population studies have revised our interpretation of normal vitamin D status in humans,
suggesting, in turn, that vitamin D insufficiency is a clinical problem of global proportions; secondly,
epidemiology has linked vitamin D status with disease susceptibility and/or mortality; and, thirdly,
expression of the machinery required to synthesize 1,25-dihydroxyvitamin D in normal human tissue
seems to be much more widespread than originally thought. Collectively, these observations suggest
that nonclassical metabolism and response to vitamin D might have a significant role in human
physiology beyond skeletal and calcium homeostasis. Specific examples of this will be detailed in
the current Review, with particular emphasis on the immunomodulatory properties of vitamin D.
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INTRODUCTION
Despite its long-standing association with rickets and osteoporosis, vitamin D has become
increasing ly recognized as a pluripotent regulator of biological functions above and beyond
its classical effects on bone and calcium homeostasis. Initial evidence for this arose from studies
in the early 1980s demonstrating nonclassical effects of the active form of vitamin D—1,25
(OH)2D (1,25-dihydroxyvitamin D). The active form is synthesized from the major circulating
form of vitamin D—25OHD (25-hydroxyvitamin D). In 1981, it was shown that the elevated
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serum levels of 1,25(OH)2D that are frequently observed in patients with granuloma-forming
diseases such as sarcoidosis were due to extrarenal expression of the enzyme that activates
vitamin D—CP27B (25OHD-1α hydroxylase).1 In this case, synthesis of 1,25(OH)2D from
25OHD was due to expression of CP27B by disease-associated macrophages rather than the
classical location of the hydroxylase in proximal tubule cells within the kidney.2 Consequently,
subsequent studies have explored the potential immunomodulatory properties of 1,25(OH)2D.
3

Since the 1980s, other groups have reported expression of the intracellular receptor for 1,25
(OH)2D—the vitamin D receptor (VDR)—in a variety of cell types not directly involved in
classical vitamin D endocrinology, leading in turn to the pivotal observation that 1,25(OH)2D
was able to inhibit the proliferation of cells expressing the VDR (reviewed by Eelen et al.4
and Bouillon et al.5).

The antiproliferative properties of 1,25(OH)2D have been explored in considerable detail with
respect to its potential use as therapy for various common cancers.6 The major limitation with
this strategy stems from the potent hyper calcemic properties of 1,25(OH)2D in its classical
endocrine setting. As a result, significant efforts have been made to generate synthetic analogs
of 1,25(OH)2D that retain the parent compound's antiproliferative activity whilst minimizing
calciotropic responses.4,5 Similar strategies have also predominated in the further exploration
of immunomodulatory applications for vitamin D.7 Until recently, the non classical actions of
vitamin D have, therefore, been character ized by two central concepts. The first concerns the
pathophysiological impact of abnormal extrarenal synthesis of 1,25(OH)2D in diseases such
as sarcoidosis. The second relates to the putative therapeutic application of 1,25(OH)2D
analogs as anticancer agents or immunomodulatory agents.

In the last 2 years, this perception of non classical functions of vitamin D has changed signifi
cantly, with emerging data demonstrating functional responses to the ‘inactive’ form of vitamin
D—25OHD—that more closely reflect classical vitamin D physiology. This finding, coupled
with increasing awareness of the global variability of vitamin D (i.e. 25OHD) status, has further
emphasized the importance of vitamin D sufficiency as a key target in human health. The health
implications for these new facets of vitamin D activity are diverse, and include a potential role
in protection against common cancers and cardiovascular disease.8 In view of the extensive
existing literature documenting nonclassical effects of vitamin D, the aim of this current
Review will be to focus on recent studies that have described a previously unanticipated role
for the localized metabolism of precursor 25OHD to active 1,25(OH)2D as a mechanism for
potent coordination of innate and adaptive immune responses in humans.

VITAMIN D AND INNATE IMMUNITY
In 1986 Rook and colleagues described studies using cultured human macrophages in which
they showed that 1,25(OH)2D inhibits the growth of Mycobacterium tuberculosis.9 Although
this seminal report was widely cited, it is only in the last 2 years that more-comprehensive
appraisals of the antimicrobial effects of vitamin D have been published. In the first of these
recent studies, in silico screening of the human genome to identify potential 1,25(OH)2D target
genes revealed the presence of a vitamin D response element in the promoter of the gene for
cathelicidin, one of a class of antimicrobial peptides called defensins.10 Subsequent
investigations confirmed the ability of 1,25(OH)2D to induce expression of cathelicidin in
myeloid cell lines,11 bronchial epithelial cells12 and keratinocytes.13

Significantly, the report by Weber et al.13 also indicated that cathelicidin could be induced by
25OHD, highlighting the potential for autocrine induction of antimicrobial responses in cells
that express the vitamin-D-activating enzyme, CP27B. Although detectable in many cell types,
functionally significant expression and activity of CP27B seems to be dependent on cell-

Adams and Hewison Page 2

Nat Clin Pract Endocrinol Metab. Author manuscript; available in PMC 2009 May 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



specific stimulation. This effect is perhaps best illustrated by studies that have characterized
enhanced vitamin D metabolism, and enhanced sensitivity to 1,25(OH)2D, in cells exposed to
pathogenic stimuli. Recognition of, and response to, pathogen-associated molecular patterns
(PAMPs), which are structures on the pathogen that can trigger innate immune responses, are
mediated via a broad spectrum of immune surveillance proteins such as the Toll-like receptors
(TLRs)—an extended family of host noncatalytic transmembrane pathogen-recognition
receptors (PRRs) that interact with specific PAMPs.14

To clarify innate immune responses to M. tuberculosis, Liu and colleagues used DNA array
assays that characterized changes in gene expression following activation of macrophage TLR2
by one of the putative PRRs for M. tuberculosis.15 Human macrophages treated with
mycobacterial 19 kDa lipoprotein, a TLR2-interacting PAMP, showed increased expression
of both CP27B and VDR, and demonstrated autocrine induction of cathelicidin and bacterial
killing in response to 25OHD.15

The importance of such a mechanism as part of the innate immune response to infection has
been confirmed in experiments demonstrating 1,25(OH)2D-mediated modulation of
cathelicidin expression in monocytes exposed to M. tuberculosis.16 Although this particular
study showed that 1,25(OH)2D is also able to induce other factors associated with bacterial
killing such as nitric oxide synthase, the authors concluded that activation of cathelicidin is the
most likely pathway by which vitamin D interacts with the innate immune system. Further
studies using short, interfering RNA to block 1,25(OH)2D-induced gene expression have
endorsed this proposal, at least with respect to infection by M. tuberculosis.17

Despite a significant increase in our understanding of how vitamin D interacts with innate
immunity in recent years, several key questions remain to be answered. The molecular
mechanism that underpins TLR2-mediated induction of CP27B expression has yet to be fully
elucidated. Similar induction of 1,25(OH)2D synthesis has been reported in macrophages
treated with alternative PAMPs such as the TLR4 ligand, lipopolysaccharide,18 but the broader
applicability of this pathway with respect to other TLR members is unclear.

Perhaps the most pertinent question to arise from these studies of innate immunity concerns
the biological advantage of using a vitamin-D-mediated pathway to promote bacterial killing.
One possible explanation is that 1,25(OH)2D synthesized locally by cells such as macrophages
supports host immunity by enhancing expression of defensins such as cathelicidin that are
routinely suppressed by specific pathogens. For example, Shigella infection of macrophages
and epithelial cells inhibits expression of cathelicidin and human β-defensin 1 as part of an
apparent mechanism for evading antibacterial innate immunity.19 Under these circumstances,
enhanced localized synthesis of 1,25(OH)2D might act to ‘rescue’ cathelicidin expression and
thereby maintain antibacterial surveillance.

Vitamin-D-mediated immunity also has the benefit of providing potential feedback control
pathways that might act to limit antibacterial activity, thereby preventing potential
inflammatory damage that arises from an over elaboration of immune responses. Recent studies
have shown that 1,25(OH)2D can induce hypo responsiveness to PAMPs by downregulating
expression of TLR2 and TLR4 on monocytes.20 In parallel with the induction of antimicrobial
agents such as cathelicidin, the suppression of TLR expression in this fashion might act to limit
inflamma tory T lymphocyte responses that would otherwise promote autoimmunity mediated
by T-helper 1 (TH1) lymphocytes (see below).

The vitamin D pathway itself is also subject to feedback regulation as a consequence of 1,25
(OH)2D-induced expression of the enzyme 1,25(OH)2D 24-hydroxylase (CP24A), which
catalyzes synthesis of less active vitamin D metabolites.21
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It is interesting to note, however, that CP24A activity is virtually undetectable in macrophages
even after treatment with 1,25(OH)2D—the enzyme's principal stimulator. Instead, data from
our group have shown that whilst 1,25(OH)2D readily stimulates expression of CP24A in
macrophages, there is no concomitant increase in the activity of this enzyme. This seems to be
due to the induction by 1,25(OH)2D of a splice variant form (CP24A-SV) that has a truncated
amino-terminal protein sequence in which the mitochondrial targeting sequence is missing.
22 Although CP24A-SV is readily able to bind 25OHD and/or 1,25(OH)2D, it is also confined
to the cytoplasm in a meta bolically inactive state and would therefore seem to limit excessive
vitamin D metabolism by functioning as a cytosolic ‘buffer’ for metabolites that would
otherwise act as substrates for CP27B or CP24A.

On the basis of the observations outlined above, it is possible to integrate metabolism of 25OHD
with PRR responses to PAMPs to provide an autocrine mechanism for enhanced phagosomal
bacterial killing by the host cell (Figure 1). Such a mechanism seems to be central to
macrophage-mediated immune responses but is unlikely to be exclusive to these cells. Studies
using keratinocytes have also demonstrated induction of cathelicidin in response to autocrine
synthesis of 1,25(OH)2D.23

As with macrophages, expression of CP27B by keratinocytes can be stimulated via TLR2-
mediated recognition of PAMPs, although this mechanism requires initial induction of TLR2
expression (unlike keratinocytes, macrophages express TLR2 constitutively).23 Interestingly,
it seems that 1,25(OH)2D itself can fulfill this function, in stark contrast to its suppression of
TLR2 expression in macrophages.20 This finding then raises the question of how CP27B
expression in keratinocytes is initiated in the absence of constitutive TLR2 signaling. The
answer, it seems, is that production of 1,25(OH)2D by keratinocytes is also stimulated by
transforming growth factor β1. Induction of CP27B via this alternative pathway appears to
provide sufficient 1,25(OH)2D to upregulate expression of TLR2 by keratinocytes and this, in
turn, amplifies cathelicidin production in a similar fashion to that described for macrophages.
23

In human skin, expression of transforming growth factor β1 is closely associated with wound
repair, and thus its interaction with vitamin-D-mediated cathelicidin production is postulated
to be part of a mechanism linking wound repair with enhanced innate immune surveillance.
23 The broader applicability of this mechanism for injury-induced enhancement of 1,25
(OH)2D production with respect to barrier sites other than the skin remains unclear, and it is
interesting to note that cells from the colon do not seem to induce cathelicidin in response to
1,25(OH)2D.24 The basis for regulation of vitamin-D-induced innate immunity in
keratinocytes also requires clarification, particularly in view of the ‘feed-forward’ induction
of TLR expression by 1,25(OH)2D. One possible explanation for this regulation in
keratinocytes is that (unlike macrophages), they show suppression of CP27B activity and
induction of CP24A activity in response to 1,25(OH)2D, and are thus capable of more-sensitive
regulation of autocrine vitamin D responses.25

VITAMIN D, ANTIGEN PRESENTATION AND ADAPTIVE IMMUNITY
The presence of VDR in human lymphocytes was one of the first observations implicating
vitamin D in noncalciotropic responses.26 The fact that expression of these receptors occurs
in activated, but not resting, T lymphocytes27 and B lymphocytes28 provided evidence of a
functional role for vitamin D as a modulator of the acquired (adaptive) arm of the immune
system.

With respect to B lymphocytes, the ability of 1,25(OH)2D to suppress proliferation and
immunoglobulin production was initially considered to be an indirect effect mediated via TH
lymphocytes.29 A more recent report has, however, demonstrated that 1,25(OH)2D does
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indeed exert direct effects on B lymphocyte homeostasis.30 In addition to confirming direct
VDR-mediated effects on B lymphocyte prolifera tion and immunoglobulin production, this
study also highlighted the ability of 1,25(OH)2D to inhibit the differentiation of B lymphocytes
to plasma cells and class-switched memory B cells (see Figure 2), suggesting a potential role
for vitamin D in B-lymphocyte-related disorders such as systemic lupus erythematosus (SLE).
Indeed the authors of this study showed that patients with SLE had significantly lower serum
levels than controls of both 25OHD and 1,25(OH)2D.

The most well-established function of vitamin D within the adaptive immune system concerns
the ability of 1,25(OH)2D to modulate T lymphocyte proliferation and function. Following the
detection of VDR in activated, proliferating T lymphocytes,27 several groups went on to
demonstrate potent antiproliferative responses to 1,25(OH)2D in these cells.31 Amongst the
various subgroups of T lymphocytes, the principal target for 1,25(OH)2D seems to be TH
lymphocytes.

Initial studies showed that 1,25(OH)2D not only acts to suppress TH lymphocyte proliferation
but also modulates their production of cytokines such as interleukin 2 (IL-2).32 Antigen-
mediated activation of naive TH lymphocytes results in the generation of pluripotent TH0
lymphocytes that synthesize a broad spectrum of cytokines including IL-2, IL-4, IL-10 and
interferon γ (IFN-γ).33 Proliferating TH0 lymphocytes are then able to differentiate into TH
subgroups that exhibit a more distinct cytokine profile—TH1 (IL-2, IFN-γ, tumor necrosis
factor) and TH2 (IL-3, IL-4, IL-5, IL-10), which respectively support cell-mediated and
humoral immunity.33,34 A key immuno modulatory property of 1,25(OH)2D is its ability to
inhibit expression of TH1 cytokines,35 whilst augmenting TH2 cytokines,36 with 1,25
(OH)2D acting either directly via effects on T lymphocytes36 or indirectly via effects on
antigen-presenting cells (APCs).37

The potent effects of 1,25(OH)2D in preferentially promoting cell-mediated TH1 immunity
rather than antibody-mediated TH2 immunity have been proposed as one of the key
mechanisms by which vitamin D can exert beneficial effects on autoimmune disease.38 Recent
studies have, however, shown that the effects of 1,25(OH)2D on T lymphocytes are more
complex and include the generation of IL-10-producing CD4+CD25+ T-regulatory
lymphocytes (TREG). Previously known as suppressor T cells, TREG promote tolerance to self-
antigens and are therefore a key consideration in combating autoimmune disease and host–
graft rejection in transplantation.39 In addition to providing another avenue for vitamin D in
the protection against autoimmune disease, the induction of TREG is therefore likely to be a
key benefit of the proposed use of 1,25(OH)2D or its synthetic analogs to promote immune
tolerance following organ transplantation.40

Although the ability of 1,25(OH)2D to support differentiation of TREG might involve direct
effects on T lymphocytes, current data suggest that the most likely immune targets for adaptive
immune responses to 1,25(OH)2D are dendritic cells (DCs). By suppressing maturation of DCs
and enhancing their expression of specific cytokines such as IL-10, 1,25(OH)2D can enhance
tolerogenesis through the suppression of TH1 lymphocyte development and the induction of
TREG (see Figure 2).41 Similar DC responses might also be mediated through effects of 1,25
(OH)2D on chemoattractant factors such as CC-chemokine ligand (CCL) 22, which is secreted
by DCs and, like IL-10, supports the generation of TREG.42

Interestingly, these tolerogenic effects of 1,25(OH)2D on antigen presentation seem to be
restricted to a specific class of DCs known as myeloid DCs.42 This class of DCs exhibits a
repertoire of PRRs and cytokines that is distinct from the other class of DCs, known as
plasmacytoid DCs, and the latter showed no apparent tolerogenic responses to 1,25(OH)2D.
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In myeloid DCs, but not plasmacytoid DCs, 1,25(OH)2D inhibited intracellular signaling of
nuclear factor κB, suggesting that this pathway is crucial to vitamin D function in DCs.42

The role of vitamin D as a coordinator of other T lymphocyte phenotypes such as IL-17-
secreting T lymphocytes (TH17 lymphocytes) has yet to been fully elucidated, but it is
interesting to note that when nonobese diabetic (NOD) mice (a strain susceptible to auto
immune disease) were treated with an analog of 1,25(OH)2D, they showed decreased
expression of IL-17.43 In addition to proliferation and differentiation, a key component of T
lymphocyte adaptive immunity is the manner in which lymphocytes ‘home’ to particular tissues
and are retained or removed from these sites. Recent data have shown that 1,25(OH)2D can
contribute to this process by stimulating T lymphocyte expression of CC-chemokine receptor
(CCR) 10, which recognizes the chemokine CCL27 that is secreted by keratinocytes.44 In this
way, 1,25(OH)2D might help to support translocation of T lymphocytes to the skin and/or the
retention of these cells at this site.

IMMUNE RESPONSES INVOLVE LOCAL METABOLISM OF VITAMIN D
Although most of the data implicating vitamin D with innate and adaptive immunity have
stemmed from studies in vitro using active 1,25(OH)2D, it is now apparent that in vivo the
immune activity of vitamin D is unlikely to involve circulating levels of the active metabolite,
in part because most immune responses to 1,25(OH)2D in vitro require concentrations of 1
−100 nmol/l, despite circulating levels of the hormone being approximately 0.1 nmol/l. In
addition, the ability of immune cells such as macrophages to synthesize 1,25(OH)2D from
25OHD was one of the first observations linking vitamin D with the immune system.2

With these two key factors in mind, the most probable mechanism by which vitamin D interacts
with the immune system is via localized expression of CP27B, to support intracrine, autocrine
or paracrine synthesis of 1,25(OH)2D. As has already been described, intracrine metabolism
seems to be the prevalent mechanism by which 25OHD can influence innate immunity15 (see
Figure 1). Similar activity might also, however, be important to adaptive immunity. Although
macrophages can act as APCs, the process of T cell activation is primarily determined by
‘professional’ APCs such as DCs. It is therefore interesting to note that both macrophages and
DCs show similar patterns of expression for CP27B and VDR as they differentiate.45,46

In the case of DCs, increased synthesis of 1,25(OH)2D and decreased expression of VDR in
mature versus immature cells is consistent with a mechanism by which local metabolism of
25OHD can inhibit DC maturation.46 This process, in turn, will provide conditions that are
conducive to the generation of TREG whilst suppressing possible TH1 activity. Analysis of the
effects of vitamin D on T-cell homing via CCL27–CCR10 interaction has, moreover, shown
that this activity also involves localized synthesis of 1,25(OH)2D.44 Intriguingly, although the
authors of this study confirmed DCs as a source of CP27B activity, they showed that T cells
can also express the enzyme. Similar observations have been reported for B cells,30 suggesting
that at least some lymphocyte responses to vitamin D are mediated via autocrine or intracrine
metabolism rather than paracrine metabolism of vitamin D (see Figure 2).

NONCLASSICAL VITAMIN D AND HUMAN DISEASE
The detection of VDR in tissues not immediately associated with calcium homeostasis and
bone metabolism paved the way for the first re-evaluations of the physiological actions of 1,25
(OH)2D.47,48 Here, investigations of the unexpected effects of vitamin D on human disease
were very much focused on the potential clinical use of VDR agonists as therapy for common
cancers, autoimmune disease or host–graft rejection. More recently, perception of the
nonclassical effects of vitamin D has undergone a complete revision. In this case, recognition
of the unexpected effects of vitamin D has stemmed from detection of the vitamin-D-activating
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enzyme CP27B in a much wider range of tissues than originally thought (reviewed by
Townsend et al.49).

As a result, the new era of knowledge about nonclassical vitamin D function has had less to
do with development of synthetic analogs of 1,25(OH)2D and more to do with revision of the
parameters that define normal circulating levels of vitamin D, the potential clinical
consequences of vitamin D insufficiency and the supplementation strategies that can be used
to correct vitamin D status.8

Several recent studies have underlined this new approach to nonclassical vitamin D physiology.
For example, CP27B expression and activity has been reported in normal breast,50 colon,51
pancreas52 and prostate53 tissue, as well as their respective tumors,50,51,54,55 providing a
potential mechanism to underpin the higher mortality levels associated with these cancers in
patients with low circulating levels of 25OHD.56-59 These observations are also consistent
with data showing geographical variations in mortality from common cancers, which show a
greater risk of death at higher latitudes where levels of sunlight-derived vitamin D in the body
are diminished.60

Localized actions of nonclassical CP27B activity do not seem to be restricted to cancer
prevention. Expression of CP27B and VDR has been reported in the human brain,61 and low
maternal vitamin D status has been shown to affect neurogenesis in animals.62 The conclusion
from these observations is that vitamin D exerts autocrine and paracrine effects on the brain
that might possibly underpin the link between 25OHD status and psychological disorders such
as schizophrenia and depression.63,64 Several other clinical conditions including hyper
tension and cardiovascular disease have also been linked to low vitamin D status65,66
although, as yet, it is unclear whether these effects are due to autocrine rather than endocrine
metabolism of 25OHD. Instead, the most powerful evidence that effects of altered vitamin D
status are mediated via localized metabolism of 25OHD has arisen from studies of infection
and autoimmune disease, and these are documented in greater detail in the following two
sections.

VITAMIN D AND INFECTION
It is now clear that induction of extrarenal vitamin D metabolism is an integral component of
normal human TLR-mediated immunity, and not simply a pathological phenomenon associated
with inflammatory or granulomatous disease. The potent induction of antimicrobial
cathelicidin and associated bacterial killing in response to 25OHD as well as 1,25(OH)2D is,
furthermore, consistent with a cell-specific localized response that is distinct from the classical
endocrine functions of vitamin D. The efficiency of this autocrine mechanism as a modulator
of innate immunity will therefore be dependent on several factors, including the magnitude of
gene induction in response to PAMP–PRR signaling. Regulation of both CP27B and VDR in
response to a specific infection will, in turn, be influenced by inherited variations in either or
both of these genes, and this is discussed in greater detail in a later section of this article.

Another significant variable within any intracrine, autocrine or indeed endocrine system is the
availability of substrate for enzymic conversion to active product. In the case of vitamin D,
25OHD is not only the substrate for CP27B but is also the major circulating form of vitamin
D. Serum levels of 25OHD are a direct reflection of the vitamin D status of any given individual
and are an amalgam of the related metabolites 25OHD3 (the most abundant circulating form
of vitamin D, derived predominantly from the action of sunlight on skin) and 25OHD2 (a form
of vitamin D found in food).

With this is mind, perhaps the most striking of all the recent information linking vitamin D
with innate immunity is the profound variation in cathelicidin expression observed when
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macrophages are cultured in serum from human populations with varying vitamin D status.
15 In these studies, circulating levels of 25OHD in a white American population were shown
to be three-times greater than levels of 25OHD in a group of African Americans. Significantly,
macrophages cultured in sera from these two different populations showed TLR2-mediated
induction of cathelicidin that was proportional to 25OHD levels, with white individuals
exhibiting a threefold higher level of cathelicidin expression compared with their African
American counterparts despite being subject to the same innate immune challenge. The
singular importance of 25OHD as a determinant of this racial difference in antimicrobial
responsiveness was underlined by ‘rescue’ experiments in which the addition in vitro of
supplementary 25OHD to African American serum restored TLR-induced cathelicidin
expression to levels similar to those observed with serum from white Americans.

As well as confirming the functional importance of localized 25OHD metabolism as a
determinant of normal immunity, the studies of cathelicidin induction also provided the first
clear example of how variations in vitamin D status have the potential to influence
physiological responses. Unlike serum concentrations of 1,25(OH)2D, which are primarily
defined by the endocrine regulators of renal CP27B activity, circulating levels of 25OHD are
a direct reflection of vitamin D status, which for any given individual will depend on nutritional
access to vitamin D either through exposure to sunlight or through dietary intake. The net effect
of this differential access is that vitamin D status can vary significantly in populations as a
consequence of geographical, social or economic factors. Until recently, vitamin-D-deficient
rickets was considered to be the only significant clinical consequence of this variation.

Although absolute ranges have still yet to be agreed, there has been a broad acceptance that
vitamin D deficiency can be defined by serum concentrations of 25OHD that are less than 50
nmol/l, with rachitic patients showing much lower levels than this.67 An entirely new
perspective on what constitutes vitamin D deficiency has, however, arisen from the seminal
observation that serum 25OHD levels correlate inversely with serum parathyroid hormone
levels, but only below a threshold 25OHD concentration of approximately 80 nmol/l.68 This
observation has led to a complete re-evaluation of the optimal circulating level of 25OHD
required for normal bone homeostasis, so that serum concentrations of 25OHD up to 75 nmol/
l are now considered to be inadequate and are more commonly referred to as vitamin D
‘insufficiency’ as opposed to ‘deficiency’.67 As a consequence, a recent consensus statement
from the 13th Workshop on Vitamin D concluded that vitamin D insufficiency was a global
epidemic.69

The potential implications of insufficiency for vitamin D physiology per se include proposed
effects on skeletal homeostasis, muscle strength, cancer risk, autoimmune disease,
cardiovascular disease and pregnancy outcome. Although these aspects are comprehensively
detailed elsewhere,8 it is worth highlighting several specific recent studies that serve to
illustrate best the developing clinical relevance of the immunomodulatory mechanisms
outlined earlier in this article.

With respect to innate antibacterial effects of vitamin D, attention has focused primarily on
potential protection against prevalent infectious diseases such as tuberculosis. Comprehensive
clinical trials to assess the impact of 25OHD status and/or vitamin D therapy on tuberculosis
have yet to be carried out. Initial studies to assess the effects of 25OHD status on macrophage
function in healthy adults have, however, shown that supplementation with a single oral dose
of 2.5 mg vitamin D, taken before macrophages are removed for testing, enhances the ability
of the macrophages to combat infection with BCG (bacillus Calmette–Guérin) in vitro.70 The
potential benefits of vitamin D supplementation as treatment for tuberculosis have been further
endorsed by a study which showed that 100% of patients receiving supplementation with 0.25
mg vitamin D per day exhibited sputum conversion from acid-fast bacteria (AFB) positive to
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AFB-negative status, compared with a conversion rate of only 77% in non-supplemented
patients.71

In other studies, a role for 25OHD in counteracting infection in the upper respiratory tract has
been proposed.72,73 These observations were based in part on epidemiological data linking
seasonal variations in vitamin D status with the seasonality of infections such as influenza,
72 as well as randomized clinical studies demonstrating protective effects of vitamin D
supplementation against colds and influenza.73 Unlike the model described for tuberculosis,
a mechanism by which vitamin D can combat respiratory infection due to colds or influenza
has yet to be proposed; however, in view of the fact that cathelicidin has been shown to exhibit
antiviral properties,74 it is exciting to speculate that vitamin D therapy may provide a novel
strategy for preventing these prevalent clinical problems.

VITAMIN D AND AUTOIMMUNE DISEASE
The proposed role of vitamin D as a regulator of adaptive immunity has been most closely
studied in relation to autoimmune diseases. As with the common cancers, diseases such as
multiple sclerosis, Crohn's disease and type 1 diabetes are all more prevalent at higher latitudes.
75,76 Likewise, vitamin D supplementation has been shown to reduce the risk of multiple
sclerosis,77 rheumatoid arthritis78 and type 1 diabetes.79,80 Protection against type 1 diabetes
seems to be mediated via the potent effects of vitamin D on innate and adaptive immunity
outlined earlier in this article. For example, chronic administration of a 1,25(OH)2D analog
has been shown to inhibit the development of type 1 diabetes in NOD mice, and this seems to
be associated, at least in part, with restoration of TREG function.81

In other studies using NOD mice, vitamin D deficiency and decreased serum levels of 25OHD
during pregnancy and early neonatal life were shown to increase the incidence of diabetes,
suggesting an additional role for vitamin D in utero.82 Effects of vitamin D on diabetes might
not only be mediated via cells from the immune system. Both CP27B52 and VDR83 have been
detected in pancreatic islets, providing a potential autocrine or paracrine system for vitamin D
in this organ. The role of this system in protection against type 1 diabetes is unclear. Given the
reported link between serum 25OHD status and glucose homeostasis,84 however, it is tempting
to speculate that localized metabolism of vitamin D might also be involved in the progression
of type 2 diabetes.

Another strand of evidence linking vitamin D with type 1 diabetes stems from the extensive
genetic analyses that have explored the physiological impact of inherited variations in the genes
for various components of the vitamin D metabolic and signaling system. Previous studies
have indicated that some VDR gene haplotypes confer protection against diabetes85 and, more
recently, evidence has been found that genetic variants of the CP27B gene also affect
susceptibility to type 1 diabetes.86

Collectively these observations suggest that the impact of vitamin D on nonclassical aspects
of human health is subject to the same genetic influences observed for classical vitamin D
functions such as skeletal homeostasis. What is not clear is how variations in vitamin D status
in the form of serum 25OHD concentrations will impact on classical versus nonclassical
responses to vitamin D. Whilst the parameters for sufficiency or in sufficiency in vitamin D
endocrinology have been partially addressed through studies of the impact of 25OHD status
on parathyroid hormone and calcium homeostasis,8,67,68 the relevance of vitamin D
insufficiency to nonclassical vitamin D function remains unclear. The elucidation of this
relationship is unquestionably one of the key objectives for vitamin D research in coming years,
and in addressing this issue it is possible that still further unexpected roles for vitamin D will
be defined.
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CONCLUSIONS
There is now growing acceptance that the so-called nonclassical effects of vitamin D are in
fact a key component of its role in human physiology. In particular, studies over the last 2 years
have provided compelling evidence that tissue-specific synthesis of active 1,25(OH)2D from
precursor 25OHD is important to both the innate and adaptive immune systems. This evidence
—coupled with population data documenting the prevalence of vitamin D insufficiency, and
epidemiology detailing the associated immune-related diseases—has underlined the clinical
significance of these previously unanticipated actions of vitamin D.

In a meta-analysis published in 2007, data were presented that showed that vitamin D
supplementation was associated with decreased risk of mortality from any cause.87 The
challenge now faced by vitamin D researchers and clinicians is to provide more-comprehensive
mechanisms that will more clearly explain the underlying basis for these beneficial effects of
vitamin D, and which will also better define the parameters for management of vitamin D
status. The recent dissection of vitamin D effects on innate and adaptive immunity presented
here represents the first major step in this direction.

KEY POINTS

■ Nonclassical effects of vitamin D have been recognized for many years, but it is only
recently that these have been accepted as a potentially significant component of vitamin
D physiology

■ Immune cells such as macrophages contain all of the machinery required to
synthesize and respond to active vitamin D, 1,25-dihydroxyvitamin D, and these
functions are enhanced by challenge to the immune system

■ 1,25-Dihydroxyvitamin D stimulates innate (macrophage) immunity by enhancing
bacterial killing but it also modulates adaptive (lymphocyte) immunity to minimize
inflammation and autoimmune disease

■ Vitamin D insufficiency is now a global health issue—even in developed countries

■ Vitamin D insufficiency is associated with compromised immunity, leading to
increased infectious diseases such as tuberculosis, and increased susceptibility to
autoimmune diseases such as type 1 diabetes
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Figure 1.
Vitamin D and innate immunity. Activation of macrophage TLR (e.g. TLR2) signaling by
pathogens such as as Mycobacterium tuberculosis results in the transcriptional induction of
VDR and CP27B expression (blue arrows). Circulating 25OHD (red circles) bound to plasma
DBP enters macrophages (red arrows) and is converted to 1,25(OH)2D (blue circles) by
mitochondrial CP27B, and can bind to the VDR in the cell. Once bound to VDR, 1,25
(OH)2D is able to act as a transcriptional factor leading to the induction of cathelicidin
expression (solid purple arrow). Incorporation into phagosomes containing internalized
pathogen enables cathelicidin to function as an antibacterial agent. As well as upregulating
cathelicidin expression, macrophage synthesis of 1,25(OH)2D can also facilitate negative
autoregulation (dashed purple arrows), firstly via increased expression of the feedback enzyme
CP24A and its decoy CP24A-SV, and secondly via downregulation of TLR expression. In
parallel with autocrine effects on innate antibacterial function, macrophage CP27B might also
induce paracrine responses in monocytes, and T or B lymphocytes as a consequence of 1,25
(OH)2D secretion. Abbreviations: 1,25(OH)2D, 1,25-dihydroxyvitamin D; 25OHD, 25-
hydroxyvitamin D; CP24A, 1,25(OH)2D 24-hydroxylase; CP24A-SV, 1,25(OH)2D 24-
hydroxylase splice variant; CP27B, 25OHD-1α hydroxylase; DBP, vitamin-D-binding protein;
TLR, Toll-like receptor 2; VDR, vitamin D receptor.
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Figure 2.
Vitamin D, antigen presentation and adaptive immunity. Macrophages and mature DCs can
induce both adaptive T-lymphocyte-mediated and B-lymphocyte-mediated immunity by
internalizing and processing pathogens. Presentation of the resulting antigens to resting B
lymphocytes or resting T lymphocytes leads to the activation of these cells and concomitant
adaptive immune response (blue arrows). Macrophages and mature DCs also express the
vitamin-D-activating enzyme CP27B and are thus able to synthesize 1,25(OH)2D from
precursor 25OHD (red arrows). The 1,25(OH)2D synthesized in this way can act in a paracrine
fashion on activated B lymphocytes and activated T lymphocytes, which express abundant
VDR; local effects of 1,25(OH)2D are designated by purple arrows. The effects on B and T
lymphocyte function are listed. Additional paracrine responses to 1,25(OH)2D also seem to be
manifested via precursor monocytes and immature DCs, which express higher levels of VDR
than their mature counterparts. In the case of monocytes, 1,25(OH)2D seems to stimulate
further differentiation of macrophages (purple arrow at the upper left), possibly as an adjunct
to the effects of vitamin D on innate immunity (see Figure 1). By contrast, 1,25(OH)2D
suppresses DC maturation (blocked purple arrow at the upper right), providing a mechanism
for attenuation of adaptive T lymphocyte responses coupled with enhancement of
immunosuppression mediated by TREG. Abbreviations: 1,25(OH)2D, 1,25-dihydroxyvitamin
D; 25OHD, 25-hydroxyvitamin D; CCL22, CC-chemokine ligand 22; CCR10, CC-chemokine
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receptor 10; CP27B, 25OHD-1α hydroxylase; DC, dendritic cell; Ig, immunoglobulin; TH1,
type 1 T-helper lymphocyte; TH2, type 2 T-helper lymphocyte; TREG, T-regulatory
lymphocyte; VDR, vitamin D receptor.

Adams and Hewison Page 17

Nat Clin Pract Endocrinol Metab. Author manuscript; available in PMC 2009 May 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


