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 Vitamin D and immune function: Autocrine, paracrine 
or endocrine?      

    MARTIN     HEWISON    

 UCLA and Orthopaedic Hospital Department of Orthopaedic Surgery and the Orthopaedic Hospital Research Center, 
David Geffen School of Medicine at UCLA, 615 Charles E. Young Drive South, Los Angeles, CA 90095, USA                             

 Abstract 
 Prominent amongst the non-classical effects of vitamin D is its interaction with the immune system. Although this has 
been recognized for many years, it is only through recent studies that we have been able to fully understand the impact of 
vitamin D on normal innate and adaptive immune function. In particular these studies have illustrated how impaired 
vitamin D status has important ramifi cations for dysregulated immune responses to infection and aberrant infl ammatory 
responses associated with autoimmune disease. Indeed it seems likely that the effects of vitamin D will extend beyond these 
established immune diseases to include additional novel effects, such as interaction with the enteric gut microbiota. Cen-
tral to this new perspective on vitamin D and immunity has been the elucidation of pivotal mechanisms that underpin the 
interface between vitamin D and target immune cells. In particular, it is now clear that effects of vitamin D on monocytes, 
macrophages, dendritic cells, and lymphocytes are not constrained by the metabolic pathways associated with classical 
endocrine actions of vitamin D. Instead, it is now important to also consider intracrine and paracrine pathways that are 
subject to a distinct set of modulatory signals, and which may also be infl uenced by disease-specifi c dysregulation. The 
current review will discuss this by comparing the intracrine, paracrine and endocrine metabolic systems that infl uence the 
interaction between vitamin D and the immune system.  
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  Introduction 

 In the last fi ve years there has been a renaissance in 
vitamin D research, fuelled in large part by a new 
perspective on vitamin D physiology that has 
extended our understanding of vitamin D far beyond 
its established effects on mineral homeostasis and 
bone metabolism. Prominent amongst these newly 
proposed functions is the interaction between vita-
min D and the immune system, including activities 
on both innate and adaptive immune responses to 
infection. Although this is commonly considered to 
be a new facet of vitamin D physiology, the link 
between vitamin D and immune function actually 
stretches back over more than a century to studies 
that explored the health benefi ts of light irradiation. 
In 1903 Niels Finsen received the Nobel Prize for 
Medicine after demonstrating that exposure to light 
from an electric arc light could cure Lupus Vulgaris 
(the epidermal form of tuberculosis,TB) (reviewed 

in [1]). Cod liver oil, a rich source of dietary vitamin 
D has also been used as a treatment for TB [2], and 
one of the earliest recorded non-skeletal applications 
for vitamin D itself was in the treatment of another 
disease involving mycobacterial infection, Leprosy 
[3]. More recent studies have highlighted a link 
between vitamin D-insuffi ciency (serum concentra-
tions of 25-hydroxyvitamin D (25(OH)D  –  the sum 
of 25(OH)D2 and 25(OH)D3)  �    75 nmol/L) and 
TB risk [4–7]. Several clinical trials of vitamin sup-
plementation have also been reported with varying 
success [7 –   9]. The most recent supplementation 
study was successful in raising serum concentrations 
of 25(OH)D in TB patients, but showed no overall 
difference in disease phenotype between treatment 
and placebo groups [10]. However, the authors did 
show a signifi cant improvement in a specifi c subset 
of TB patients with a  Taq1  single nucleotide poly-
morphism (SNP) within the gene for the receptor for 
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active vitamin D (1,25-dihydroxyvitamin D3 
(1,25(OH) 2 D3  –  the sum of 1,25(OH) 2 D2 and 
1,25(OH) 2 D3)), the vitamin D receptor (VDR) [10]. 
Thus inherited factors may infl uence responses to 
vitamin D supplementation and this facet of vitamin 
D physiology. 

 The link between vitamin D and infection is 
unlikely to be restricted to mycobaterial diseases 
such as TB and Leprosy. Serum concentrations of 
25(OH)D have been shown to correlate with circu-
lating levels of antibacterial proteins and increased 
risk of critical illness in patients with sepsis [11]. In 
a similar fashion, low vitamin D status has been 
linked to risk of infection and mortality in chronic 
kidney disease [12], and seasonal variations of infec-
tions such as infl uenza, the latter highlighting a 
potential role for vitamin D in counteracting infec-
tion in the upper respiratory tract [13]. Increasing 
numbers of studies have linked vitamin D insuffi -
ciency to aberrant adaptive immune function and 
increased risk or severity of autoimmune disease 
[14,15]. Low vitamin D status has been linked type 
1 diabetes [16,17], and supplementation with vita-
min D has been reported to protect against this dis-
ease [18]. At a genetic level, specifi c VDR gene 
haplotypes appear to protect against diabetes [19], 
and polymorphisms in the CYP27B1 gene have also 
been shown to affect diabetes susceptibility [20]. 
Other autoimmune diseases linked to vitamin D 
insuffi ciency include Multiple Sclerosis (MS) 
(reviewed in [21]), and Crohn ’ s disease, a form of 
infl ammatory bowel disease (IBD) [22–24]. Crohn ’ s 
disease is considered to be an autoimmune disease 
due to aberrant colonic immune responses to enteric 
bacteria. Intriguingly, current studies have implicated 
aberrant innate immune handling of enteric micro-
biota as an initiator of the adaptive immune damage 
associated with Crohn ’ s disease [25]. Consequently, 
it is possible that the effects of vitamin D on IBD 
may involve both the activation of innate immunity, 
together with the suppression of adaptive immunity 
and associated infl ammation. 

 Epidemiological reports have highlighted asso-
ciation between vitamin D status and immune 
abnormalities. However, the link between vitamin 
D and normal human immunity is perhaps best 
illustrated by the functional analyses that have 
defi ned the mechanisms by which cells from the 
immune system handle and utilize vitamin D. These 
studies have revealed pathways for vitamin D 
metabolism and signal transduction that are both 
similar to, but distinct from, the vitamin D endo-
crine system associated with classical calciotropic 
and skeletal actions of vitamin D. The aim of the 
following review will be to summarize our current 
knowledge of the intracrine, paracrine, and endo-
crine systems that mediate immune responses to 
vitamin D. In doing so, the review will also describe 
the potential for dysregulation of these vitamin D 

pathways, and associated effects on immune 
diseases.   

 Intracrine vitamin D  –  a mechanism for 
innate antibacterial activity 

 One of the earliest studies to describe a potential 
mechanism for the benefi cial effects of vitamin D on 
TB, showed that the active form of vitamin D, 
1,25(OH) 2 D, potently suppressed proliferation of 
the infectious pathogen associated with TB,  Myco-
bacterium tuberculosis  ( M. tb ), in human monocytes 
[26]. Based on these data, it was assumed that ther-
apeutic administration of 1,25(OH) 2 D or synthetic 
non-calcemic analogs of 1,25(OH) 2 D would provide 
the most effective strategy for translational use of 
vitamin D in patients with TB. This was somewhat 
surprising as it had been recognized for some time 
prior to the  M. tb  study that macrophages were a 
potential extra-renal source of 1,25(OH) 2 D. 
For example, extra-renal activity of the enzyme 
25-hydroxyvitamin D-1 α -hydroxylase (1 α -hydroxylase) 
was detectable in macrophages associated with the 
granulomatous disease sarcoidosis [27]. In this 
instance the localized production of 1,25(OH) 2 D by 
1 α -hydroxylase in macrophages was suffi cient to 
spill-over into the general circulation and, in some 
instances, cause dysregulation of calcium homeosta-
sis [28]. Subsequent studies showed that macrophage 
1 α -hydroxylase activity is common to granulomatous 
diseases in general, as well as several types of tumor 
involving signifi cant macrophage infi ltration [29]. 
Other studies went on to show that synthesis of 
1,25(OH) 2 D was also detectable in normal, non-
disease macrophages following activation with 
infl ammatory cytokines such as interferon  γ  (IFN γ ) 
[30], or an immunogen such as lipopolysaccharide 
(LPS) [31]. Indeed, it was subsequently shown that 
expression of 1 α -hydroxylase was common to many 
tissues [32], and involved the same gene (CYP27B1) 
associated with 1 α -hydroxylase expression in the kid-
ney [33]. However, despite these early observations, 
it was only much later that the signifi cance of mac-
rophage 1,25(OH) 2 D production on normal human 
immune function was clarifi ed. 

 In a series of seminal experiments Liu et   al. showed 
for the fi rst time that monocyte synthesis of 
1,25(OH) 2 D was an integral part of innate immune 
responses to the pathogen  M. tb [34].  In this study, 
gene array analyses revealed that monocyte expression 
of CYP27B1 and the nuclear receptor for 1,25(OH) 2 D, 
VDR, was induced following activation of toll-like 
receptor 2/1 (TLR2/1), a pathogen recognition recep-
tor for gram-positive bacteria and  M. tb  [34]. As a 
consequence, TLR2/1-activated cells treated with 
25(OH)D showed increased local synthesis of 
1,25(OH) 2 D, which could then bind to and signal via 
the VDR. This represented a potential vitamin D 
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intracrine system for localized, VDR mediated regula-
tion of gene expression. Amongst the potential targets 
for VDR in this setting is the gene for cathelicidin 
(LL37), which encodes a protein known to be involved 
in promoting intracellular killing of bacteria [35,36]. 
Prior studies had shown that transcription of LL37 is 
stimulated in a direct fashion by the 1,25(OH) 2 D-
VDR complex [37] acting via specifi c vitamin D 
response elements (VDRE) within the LL37 gene 
promoter [38]. This VDRE appears to be specifi c for 
primates, as the VDRE is not observed in the LL37 
gene promoter of lower mammals, and cells from ani-
mals such as mice show no induction of LL37 when 
treated with 1,25(OH) 2 D [38,39]. 

 The TLR2/1-CYP27B1-VDR-mediated induc-
tion of monocyte LL37 was the fi rst example of an 
intracrine system in which enhanced killing of a 
pathogen such as  M. tb  could be achieved simply by 
increasing localized synthesis of 1,25(OH) 2 D. As this 
mechanism was exquisitely sensitive to the availabil-
ity of substrate 25(OH)D, it was proposed that sim-
ple variations in vitamin D status could enhance or 
impair this intracrine response to infection. Indeed 
monocytes cultured in medium supplemented with 
serum from vitamin D-insuffi cient donors showed 
lower concentrations of LL37 expression following 
TLR2/1 activation when compared to cells cultured 
in serum from vitamin D-suffi cient donors [34]. 
Conversely TLR2/1-induced monocyte expression 
of LL37 was increased in serum from vitamin 
D-insuffi cient subjects after a program of in vivo 
supplementation with vitamin D [40]. The over-
arching conclusion from these reports was that intra-
crine metabolism of 25(OH)D is a pivotal component 
of antibacterial activity in monocytes that is indepen-
dent of the classical endocrine systems for 25(OH)
D metabolism. In the basic model shown in Figure 
1, synthesis of 1,25(OH) 2 D is more likely to be com-
promised by decreased availability of its precursor 
25(OH)D, indicating that vitamin D-insuffi ciency 
may lead to impaired innate immune response to 
infection. Nevertheless, it is now clear that other fac-
tors can also infl uence the effi cacy of intracrine vita-
min D metabolism and associated immune activity, 
and these will be discussed in the remainder of the 
review. 

 The precise mechanism by which pathogens such 
as  M. tb  enhance transcription of VDR and CYP27B1 
via TLR2/1 has yet to be clarifi ed. Monocytes stimu-
lated with the TLR4 ligand LPS in combination with 
IFN γ  have shown that the JAK-STAT, p38 MAP 
kinase, and NF- κ B pathways are involved in stimu-
lating CYP27B1 expression [41]. However, other 
studies suggest that induction of CYP27B1 via TLR2 
involves a cytokine intermediary in the form of 
interleukin-15 (IL-15) [42] (see Figure 1). In this 
setting IL-15 appears to act in an autocrine rather 
than intracrine fashion in that the cytokine is secreted 
by the TLR-activated monocyte to then act on the 

  Figure 1.     Intracrine metabolism of vitamin D and monocyte 
antibacterial immunity. Bacterial pathogens are phagocytosed by 
cells such as monocytes but are the able to undergo intracellular 
replication that may threaten the host cell. Pattern recognition 
receptors such as the toll-like receptor (TLR) family can also act 
as monocyte sensors of pathogens, with concomitant effects on 
expression of genes such as CYP27B1 and VDR. Induction of 
these components of the vitamin D system provides an mechanism 
for conversion of 25(OH)D (25D) to 1,25(OH)2D (1,25D) and 
subsequent intracrine nuclear signaling via the VDR. Amongst the 
genes induced by the intracrine system is cathelicidin (LL37) 
which acts as an antibacterial protein when incorporated into the 
phagosome. Other antibacterial factors such as  β -defensin 2 
(DEFB4) are also induced by intracrine 1,25D, but require 
additional stimulation by nuclear factor-kappa B (NF- κ B), 
stimulated by factors such as interleukin-1 (IL-1) or NOD2 and 
its ligand muramyl dipeptide (MDP). Intracrine metabolism of 
vitamin D also promotes bacterial killing via enhanced autophagy 
which promotes formation of an autophagosome. Induction of an 
intracrine vitamin D system in monocytes via TLR activation 
appears to require interleukin-15 (IL-15) as an intermediary and 
can also be stimulated by interferon  γ  (IFN γ ), with enhanced 
antibacterial activity. Conversely, interleukin-4 (IL-4) suppresses 
intracrine antibacterial activity of vitamin D by enhancing the 
vitamin D catabolic enzyme 24-hydroxylase (CYP24A1).  

same cell. However, to date, the precise mechanism 
by which this occurs has yet to be defi ned. 

 Since the original study by Lui  et   al . [34], the 
intracrine model for vitamin D-mediated antibacterial 
function in monocytes has been greatly expanded to 
include other mechanisms that facilitate the metabo-
lism of 25(OH)D and enhance innate immune 
responses to 1,25(OH) 2 D (see Figure 1). For exam-
ple, 1,25(OH) 2 D has been shown to induce expres-
sion of other antibacterial proteins such as  β -defensin 
2. Like LL37, the  β -defensin 2 gene (DEFB4) pro-
moter contains a VDRE [37], but this did not appear 
to be stimulated by 1,25(OH) 2 D alone [34]. Instead 
induction of DEFB4 by 1,25(OH) 2 D-VDR appears 
to involve cooperation with another transcription fac-
tor, nuclear factor kappa N (NF- κ B). This can be 
achieved by treatment of monocytes with cytokines 
such as interleukin-1 β  (IL-1 β ) [43], or as a conse-
quence of signaling via the intracellular pathogen rec-
ognition receptor NOD2 [44], which is potently 
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induced by 1,25(OH) 2 D in a variety of cell types, and 
enhances sensitivity to the NOD2 ligand muramyl 
dipeptide (MDP), a product of Gram-positive and 
Gram-negative bacteria. Both IL-1 and liganded 
NOD2 can therefore act as co-stimuli to promote 
1,25(OH) 2 D-VDR-mediated induction of DEFB4. In 
this way, the intracrine function of vitamin D in mono-
cytes or macrophages may not simply be dependent 
on vitamin D status and the availability of substrate 
25(OH)D for conversion to 1,25(OH) 2 D. Rather, it 
seems more likely that effective handling of vitamin D 
will require additional intracrine or paracrine stimuli 
as part of the broader response immune response to 
a particular pathogen. 

 The intracrine activity of vitamin D in monocytes 
is not restricted to induction of antibacterial proteins 
such as LL37 and DEFB4. Recent studies suggest 
that vitamin D can also act to enhance the environ-
ment in which monocytes carry out bacterial killing. 
In particular, studies have focused on autophagy, an 
intracellular mechanism known to be essential for the 
general cytoplasmic homeostasis in eukaryotes [45], 
but which is also important as a mechanism for intra-
cellular isolation and eradication of pathogens [46]. 
The induction of autophagy in monocytes following 
treatment with 1,25(OH) 2 D is associated with 
enhanced intracellular killing of  M. tb  [47], and 
TLR2/1-mediated induction of autophagy appears to 
involve intracrine 25(OH)D metabolism via 
CYP27B1 [48]. Intriguingly, it also appears that acti-
vation of autophagy in monocytes by 1,25(OH) 2 D is 
dependent on expression of LL37 [47]. To date no 
direct autophagy effects have been described for 
monocytes treated with 1,25(OH) 2 D, but it is inter-
esting to note recent studies showing that 1,25(OH) 2 D 
induces expression of the mTOR inhibitor DDIT4 
[49]. Conventional inhibition of mTOR with the 
chemical agent rapamycin is known to promote 
autophagy [50]. Thus, it is tempting to speculate that 
similar inhibition of mTOR via 1,25(OH) 2 
D-mediated induction of DDIT4 will also promote 
direct effects in suppressing mTOR and enhancing 
autophagy [51].   

 Paracrine factors that modulate intracrine 
vitamin D metabolism 

 In considering the regulation of antibacterial 
responses via an intracrine vitamin D pathway, it is 
important to recognize that successful immune 
response to pathogens such as  M. tb  cannot be 
achieved by the innate immune system alone. Instead, 
T cells from the adaptive immune system also play 
a pivotal role in directing the eradication of patho-
gens. This is illustrated by recent studies showing 
that T cell cytokines such as IFN γ  further enhance 
TLR2/1-induced CYP27B1 and associated antibac-
terial activity [52]. Indeed more recent studies have 

shown that IFN γ -mediated antibacterial responses in 
macrophages are dependent on vitamin D [53], 
underlining the link between IFN γ  and intracrine 
metabolism of vitamin D. IFN γ  is a marker of the T 
helper (Th)1 subset of T cell immune responses, 
whilst Th2 T-cells are characterized by cytokines 
such as IL-4. It is therefore interesting to note stud-
ies showing that IL-4 and IFN γ  exert opposing effects 
on monocyte vitamin D metabolism, with IL-4 
targeting an alternative intracrine pathway for vita-
min D metabolism involving the catabolic enzyme 
24-hydroxylase (CYP24A1), which generates less 
active 24-hydroxylated metabolites from 25(OH)D 
or 1,25(OH) 2 D [54]. Expression of CYP24A1 is 
induced by its primary substrate, 1,25(OH) 2 D, and 
in monocytes expression of CYP24A1 parallels 
antibacterial LL37 [34]. Similar to 1,25(OH) 2 D, 
treatment of monocytes with IL-4 stimulated 24-
hydroxylase activity in monocytes, but in this case 
the effect was associated with attenuated TLR2/1-
mediated intracrine induction of LL37 [52]. This 
effect was dependent on the CYP24A1 enzyme but 
treatment with the IL-4 did not increase monocyte 
expression of mRNA for CYP24A1. Instead the 
cytokine suppressed expression of CYP24A1 and 
several other cytokines with putative capacity for 
24-hydroxylation [52]. Thus, it is possible that IL-4 
enhanced 24-hydroxylase activity in monocytes is 
due to indirect suppression of a competitor enzyme 
to CYP24A1. The data suggest that the Th1 and Th2 
adaptive immune responses have opposing effects on 
vitamin D metabolism [52]. By utilizing these 
cytokine-specifi c mechanisms for regulation of its 
intracrine metabolism vitamin D may therefore act 
as a coordinator of the interface between the innate 
and adaptive immune function. 

 The induction of LL37 by 1,25(OH) 2 D has been 
reported for a variety of cell types including bronchial 
epithelial cells [55], myeloid cell lines [38], and decid-
ual [56], and trophoblastic cells of the placenta [57], 
but this response is not universal [58]. Moreover, in 
some cells that show induction of LL37 following 
treatment with 1,25(OH) 2 D, it is unclear whether 
these cells are also able to exhibit intracrine synthesis 
of 1,25(OH) 2 D capable of supporting induction of 
antibacterial activity. Human keratinocytes have rela-
tively low expression of TLR2 and are therefore less 
able to induce CYP27B1 in response to a pathogenic 
challenge [59]. In this setting other tissue-specifi c fac-
tors such as transforming growth factor-beta (TGF β ) 
can act as co-stimulatory factors to enhance keratino-
cyte CYP27B1. The resulting increased production of 
1,25(OH) 2 D acts to stimulate keratinocyte TLR 
expression, thereby enhancing sensitivity to TLR2 
ligands. This, in turn, leads to further stimulation of 
epidermal CYP27B1, and intracrine 1,25(OH) 2
 D-mediated production of antimicrobial LL37 [59]. 
Because TGF β  is released in the skin following epi-
dermal wounding, it has been suggested that vitamin 
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D-induced LL37 may provide a mechanism for the 
prevention of infection following wounding. 

 Studies in vitro suggest that paracrine factors play 
an important role in determining the effi cacy of intra-
crine antibacterial responses to vitamin D [52,53]. 
However, similar paracrine factors may also promote 
dysregulation of vitamin D function under disease 
conditions. Recent analysis of tissue from different 
forms of the mycobacterial disease Leprosy has shown 
that different forms of the disease have completely 
different patterns of CYP27B1 and VDR expression 
[60]. DNA array analysis of gene expression profi les 
associated with tuberculoid (T-lep) and lepromatous 
(L-lep) forms of leprosy showed elevated expression 
of the vitamin D-activating enzyme CYP27B1, the 
catabolic enzyme CYP24A1, and the VDR in T-lep vs 
L-lep lesions [60] (see Figure 2). Activation of 
CYP27B1 and VDR in one form of leprosy (T-lep), 
but not in another form (L-lep), despite similar expo-
sure to the leprosy pathogen ( Mycobacterium leprae  or 
 Mycobacterium lepromatosis ) suggests that additional 
stimuli are involved in controlling the vitamin D sys-
tem in this disease. This appears to involve differential 
patterns of cytokine expression, with T-lep being char-
acterized by production of IFN γ  and IL-15, and L-lep 
by interferon IFN α  and/or IFN β , IL-10 and IL-4 [61, 
62]. Given that IFN γ  and IL-15 are potent inducers 

of CYP27B1 and vitamin D-mediated antibacterial 
activity, whilst IL-4 suppresses vitamin D function via 
enhanced 24-hydroxylases activity, it is possible to 
speculate that the T-lep form of leprosy benefi ts from 
optimal vitamin D intracrine function, whilst the 
opposite is true of L-lep. This model is further 
en  dorsed by recent studies showing that the 
L-lep form of leprosy is associated with expression of 
the microRNA (miR) species miR-21 which has the 
potential to target CYP27B1 and suppress expression 
of 1 α -hydroxylase [63] ( Figure 2 ). The over-arching 
conclusion form these observations is that the effi cacy 
of intracrine vitamin D metabolism as a modulator of 
immune function is not simply defi ned by available 
25(OH)D substrate for CYP27B1, but it may also be 
infl uenced by disease-specifi c factors, including 
microRNAs. In other settings, disease-associated fac-
tors may cause inappropriate activity of the 
vitamin D system. For example, elevated expression 
of IL-15 is frequently associated with infl ammatory 
diseases, notably the granulomatous disease sarcoido-
sis [64]. In view of the fact that over-production of 
1,25(OH) 2 D is frequently observed in patients with 
granulomatous diseases [65], it is possible that IL-15- 
mediated induction of 1 α -hydroxylase contributes to 
the dysregulation of 1,25(OH) 2 D production observed 
in some infl ammatory diseases.   

  Figure 2.     Leprosy, a model for disease-associated dysregulation of intracrine vitamin D. The disease leprosy is associated with infection 
by Mycobacterium leprae or Mycobacterium lepromatosis (mLep), with mLep signaling via TLR2/1. Two forms of leprosy, Tuberculoid 
leprosy (T-lep) and Lepromatous leprosy (M-lep) are associated with distinct cytokine profi les: IFN γ  and IL-15 in T-lep and interferon  α  
(IFN α ), IL-4 and interleukin-10 (IL-10) in L-lep. L-lep monocytes also express the microRNA, miR-21 that targets expression of the 
CYP27B1 gene product. DNA array analysis of T-lep and L-lep lesions, as well as reversal reaction (rr) L-lep lesion reveals differential 
patterns of gene expression for CYP27B1, VDR and CYP24A1, with expression of all three gene being decreased in L-lep. Expression of 
CYP27B1, VDR and CYP24A1 is retsored in L-lep lessions that undergo spontaneous conversion to T-lep (rr). The enhanced intracrine 
vitamin D system in T-lep monocytes enables synthesis of 1,25(OH)2D (1,25D) from 25(OH)D (25D) and associated antimycobacterial 
activity in these cells. By contrast, in L-lep IL-10 promotes phagocytosis but without an effective intracrine vitamin D system to kill 
phagocytosed mycobacteria.  
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these concentrations increase with cell proliferation 
[77] it was initially assumed that 1,25(OH) 2 D acts 
to suppress T cell/B cell proliferation [77–79]. Sub-
sequently it was shown that 1,25(OH) 2 D could also 
modulate T cell phenotype. In vitro exposure to 
1,25(OH) 2 D inhibited Th1 cells, a subset of CD4   �    
effector T cells associated with cellular immune 
responses [80], whilst enhancing cytokines associ-
ated with humoral immunity Th2 cells [81,82]. In 
this way it was proposed vitamin D could protect 
against infl ammatory tissue damage associated with 
Th1 cellular immune responses. However, more 
recent studies suggest that the effects of 1,25(OH) 2 D 
on T cells are more complex and involve a third effec-
tor T cell population termed Th17 cells [83,84]. 
Th17 cells produce the cytokine interleukin-17 
(IL-17) and they are important mediators of immune 
responses to some pathogens. Nevertheless they have 
also been linked to infl ammatory tissue damage and 
consequently represent a potentially important dis-
ease marker [85,86]. In vitro, expression of IL-17 
[87], and development of Th17 cells is suppressed 
by 1,25(OH) 2 D [88,89]. Similar suppression of 
IL-17 expression by 1,25(OH) 2 D is also observed in 
mouse models of infl ammatory bowel disease [90]. 
By contrast, loss of 1,25(OH) 2 D in CYP27B1 gene 
knockout mice is associated with elevated concentra-
tions of IL-17 [91]. 

 In addition to effector T cells, 1,25(OH) 2 D also 
exerts effects on suppressor or regulatory cells (Treg), 
a group of CD4  �   T cells that inhibit the proliferation 
of other CD4  �   T cells. Treatment of naive CD4  �   T 
cells with 1,25(OH) 2 D potently induces Treg popu-
lations [92], with potential benefi ts for prevention of 
autoimmune disease or host-graft rejection [93–95]. 
Studies in vitro have shown that 1,25(OH) 2 D can act 
directly on VDR-expressing CD4  �   T cells to promote 
Treg development [96,97]. However, it is also 

 Paracrine vitamin D  –  a role for vitamin D in 
antigen presentation and T-cell function 

 Optimal response to infection involves both innate 
and adaptive immunity. At the interface between 
these two arms of the immune system are antigen-
presenting cells (APCs), which deliver bacterial anti-
gens to cells from the adaptive immune system such 
as T cells. APCs include macrophages but antigen 
presentation is more effectively carried out by den-
dritic cells (DCs). As with monocytes and mac-
rophages, DCs isolated from lymphoid tissue express 
VDR [66], and show immunomodulatory responses 
to 1,25(OH) 2 D, which suppresses DC maturation, 
and promotes a more immunosuppressive APC phe-
notype [67,68]. This effect appears to be more pro-
nounced in myeloid DCs (mDCs) relative to 
plasmacytoid DCs (pDCs), despite the fact that both 
subsets exhibit similar concentrations of VDR [69]. 
Under steady state conditions mDCs actively prime 
na ï ve T cell responses, whereas pDCs are more tole-
rogenic or immunosuppressive. In this setting, 
1,25(OH) 2 D fulfi lls a more tolerogenic function by 
suppressing mDC activity but without any major 
effect on the already tolerogenic pDCs. 

 DCs belong to the same hematopoietic lineage as 
monocytes, and both types of cell express a potent 
intracrine vitamin D system [70,71]. However, 
whereas in monocytes and macrophages intracrine 
metabolism of 25(OH)D promotes bacterial killing, 
in DCs intracrine synthesis of 1,25(OH) 2 D acts to 
suppress the maturation and function of these cells 
[70]. Differentiation of DCs towards a mature, APC 
phenotype, is associated with increased expression of 
CYP27B1 but with a reciprocal decrease in VDR 
expression [70]. It therefore unlikely that any 
1,25(OH) 2 D produced by mature DCs will act in an 
intracrine fashion due to low VDR concentrations in 
CYP27B1-expressing DCs. In this setting it seems 
more likely that DCs will utilize a paracrine vitamin 
D system, with VDR-rich immature DCs responding 
to 1,25(OH) 2 D produced by VDR-depleted mature 
DCs. A mechanism such as this has signifi cant advan-
tages in that it allows some DCs to mature and pro-
mote activation of normal adaptive immune responses, 
whilst preventing an over-elaboration of this response 
that could lead to pathological, autoimmune conse-
quences ( Figure 3 ). The importance of 1,25(OH) 2 D 
as a modulator of DC function is supported by stud-
ies of VDR and CYP27B1 gene knockout mice, in 
which both types of mouse model presented with 
lymphatic abnormalities consistent with increased 
numbers of mature DCs [72,73] and aberrant DC 
traffi cking [74]. 

 DC generation of 1,25(OH) 2 D may infl uence 
antigen presentation in a paracrine fashion, but a 
similar paracrine mechanism may also induce direct 
effects on T and B cells independent of DC responses. 
T cells and B cells express VDR [75,76], and because 

  Figure 3.     Paracrine metabolism of 25(OH)D and the regulation 
of adaptive immunity. Synthesis of 1,25(OH)2D (1,25D) from 
25(OH)D (25D) in mature dendritic cells (mDC) expressing 
CYP27B1 can exert effects on: 1) immature DCs (iDC) expressing 
VDR; 2) activated T cells (Th0) expressing VDR. Resulting effects 
on Th0 cells include: 1) activation of regulatory T cells (Treg); 2) 
activation of Th2 cells; 3) suppression of interleukin-17 (IL-17) 
expressing Th17 cells; suppression of Th1 cells.  
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act as systemic responders to active 1,25(OH) 2 D, 
rather than precursor 25(OH)D this may be func-
tionally important as the abundance of neutrophils 
means that they are the major systemic source of 
the LL37 protein, also known as human cathelicidin 
antibacterial protein (hCAP) [112]. Recent studies 
have described a link between serum hCAP and 
disease mortality in patients with chronic kidney 
disease [12], with low hCAP concentrations being 
correlated with circulating concentrations of 
1,25(OH) 2 D rather than 25(OH)D. In the setting 
of VDR-positive, CYP27B1-negative neutrophils it 
is possible to speculate that some immune responses 
to infection are due to 1,25(OH) 2 D acting as endo-
crine factor. However, this does not appear to be a 
universal mechanism for regulation of systemic 
hCAP. In patients with sepsis, a systemic infl amma-
tory response to infection characterized by high 
concentrations of neutrophils, low circulating con-
centrations of hCAP in more critically ill patients 
were associated with low serum concentrations of 
25(OH)D [11].   

 Conclusions 

 In the last fi ve years there have been remarkable 
advances in our understanding of how vitamin D 
infl uences normal human immune function. This 
new perspective on vitamin D and immunity has 
arisen in part from studies that have clarifi ed the 
mechanisms by which precursor 25(OH)D is able to 
direct immunomodulatory actions in a wide array of 
immune cells types. As detailed in this review, intra-
crine, paracrine or endocrine pathways may be 
involved in synthesizing 1,25(OH) 2 D, with concom-
itant innate and adaptive immune effects on diverse 
cells expressing VDR. The effi cacy of these actions 
will be determine in large part by the availability of 
substrate 25(OH)D for the enzyme 1 α -hydroxylase 
and thus this will be strongly infl uenced by patient 
vitamin D status. However, as outlined in this review, 
disease- or immune response-specifi c factors can act 
to fi ne-tune the systems for vitamin D metabolism 
and function. Thus future therapeutic use of vitamin 
D may be improved by co-therapies that optimize the 
metabolic potential of vitamin D. Many questions 
still remain. For example, are intracrine responses to 
vitamin D restricted to innate antibacterial or anti-
gen presentation responses? Both T cells [104], and 
B cells [110] have been reported to express CYP27B1, 
suggesting that these cells may be infl uenced by 
intracrine synthesis of 1,25(OH) 2 D. Another key 
question is whether or not the innate antibacterial 
activity of vitamin D is restricted to primates? Lower 
mammals such as mice do not express the promoter 
VDREs required for vitamin D-mediated transcrip-
tional regulation of antibacterial proteins such as 
LL37 and DEFB4, but are there other mechanisms 

possible that 1,25(OH) 2 D stimulates Tregs indirectly 
by promoting immature DCs [98 –   100]. As outlined 
above and in Figure 3, both of these mechanisms 
may be infl uenced by variations in DC intracrine 
synthesis of 1,25(OH) 2 D, providing a possible link 
between low serum 25(OH)D status and impaired 
Treg activity [29]. The overall conclusion from stud-
ies of T cell phenotype is that 1,25(OH) 2 D acts to 
maintain a balance between infl ammatory Th1/Th17 
cells and immunosuppressive Th2/Treg. 

 Other populations of lymphocytes may also be 
infl uenced by vitamin D. CD8  �    cytotoxic T cells 
express VDR but they appear to be relatively insensi-
tive to antiproliferative responses compared to 
CD4 �   T cells [101,102]. The effects of vitamin D on 
CD8�      T cells may be sub-set-specifi c. The CD8 
molecule can be expressed as either an alpha-beta 
heterodimer or as an alpha-alpha homodimer, with 
the latter being infl uenced by 1,25(OH) 2 D. Studies 
using the VDR gene knockout mouse have shown 
aberrant gut migration of CD8�      alpha alpha cells, 
with this being linked to increased risk of gastroin-
testinal infl ammation [103]. This is similar to the 
positive effect of 1,25(OH) 2 D on epidermal T cell 
homing [104], but contrasts its negative effects on 
T cell homing to lymph nodes [105]. CD8  �     cells 
have been implicated in the pathophysiology of MS 
and the mouse model of this disease, Experimental 
Autoimmune Encephalomyelitis (EAE) [106]. How-
ever, although 1,25(OH) 2 D can protect against EAE 
[107], this does not appear to require the presence 
of CD8   �    cells. VDR-expressing B cells show antipro-
liferative [108] and immunoglobulin inhibitory [109] 
responses to 1,25(OH) 2 D. In vitro treatment of B 
cells with 1,25(OH) 2 D has also been shown to inhibit 
the differentiation of plasma cells and class switched 
memory cells [110], highlighting a potential role for 
vitamin D in B cell-related disorders such as systemic 
lupus erythamtosus.   

 Endocrine vitamin D  –  normal neutrophil 
function and infl ammatory disease 

 Immune cell-specifi c expression of CYP27B1 and 
associated intracrine synthesis of 1,25(OH) 2 D is 
cornerstone of the interaction between vitamin D 
and the immune system. Nevertheless, it is possible 
that some immune functions of vitamin D are medi-
ated at the level of systemic, endocrine responses. 
For example, granulocytic cells such as neutrophils 
are a crucial component of innate immune activity 
by providing a rapid response to infection. Neutro-
phils express abundant VDR [111]. and show 
1,25(OH) 2 D-induced expression of LL37 similar to 
that observed in monocytes [37]. The physiological 
signifi cance of this is not yet clear as there is no 
evidence for functional 1 α -hydroxylase activity in 
neutrophils. As such, it is possible that these cells 
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in the kidney cell. However, with the IL4 effect we 
experienced, that was absolutely induction of 24 
hydroxylase activity. This is interesting, because in the 
study in which we reported this, we looked at 
CYP24A1, with which we did not get an IL4 effect. 
IL4 does not up-regulate CYP24A1; it ’ s actually sup-
pressing it and a whole lot of other cytochrome P450s, 
so there is some other mechanism, not transcriptional, 
by which IL4 is able to really strongly boost 24 
hydroxylation and we don ’ t know what this is.   

 G Jones 

 We have already discussed how we would like to know 
the intracellular concentration of 1,25(OH) 2 D3 in all 
the different target cells. Given that there is a slice 
variant and there is a normal form of CYP24, what 
would you speculate the 1,25(OH) 2 D3 concentration 
is? Is it higher or lower that the circulating blood con-
centration or does it change, dependent on status?   

 M Hewison 

 I always think it is going to be higher. We did a study 
where we tried to compare effi ciency pathways, using 
25(OH)D3 and converting it locally within a mono-
cyte or a dendritic cell. The amount of 1,25(OH) 2 D3 
we produced, disrupting the cells and looking at the 
supernatant in 25(OH)D3 treated cells and got a 
biological response and we needed much less 
1,25(OH) 2 D3 to get the biological response than we 
were adding exogenously. So, it is possible we don ’ t 
actually need as much 25(OH)D3 to produce an 
intracellular reaction as we have in the circulation. I 
always think it is ineffi cient to be taking something 
which has to be converted locally to be effective. 
However, in this case, it does seem to be more effec-
tive to take 25(OH)D3 than to have endogenous 
1,25(OH) 2 D3.      
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