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bstract

Although ectopic expression of 25-hydroxyvitamin D3-1�-hydroxylase (1�-OHase) has been recognized for many years, the precise
unction of this enzyme outside the kidney remains open to debate. Three specific aspects of extra-renal 1�-OHase have attracted most
ttention: (i) expression and regulation in non-classical tissues during normal physiology; (ii) effects on the immune system and inflammatory
isease; (iii) expression and function in tumors. The most well-recognized manifestation of extra-renal 1�-OHase activity remains that
ound in some patients with granulomatous diseases where locally synthesized 1�,25(OH)2D3 has the potential to spill-over into the general
irculation. However, immunohistochemistry and mRNA analyses suggest that 1�-OHase is also expressed by a variety of normal human
issues including the gastrointestinal tract, skin, vasculature and placenta. This has promoted the idea that autocrine/paracrine synthesis of
,25(OH)2D3 contributes to normal physiology, particularly in mediating the potent effects of vitamin D on innate (macrophage) and acquired
dendritic cell) immunity. We have assessed the capacity for synthesis of 1,25(OH)2D3 in these cells and the functional significance of autocrine

esponses to 1�-hydroxylase. Data suggest that local synthesis of 1,25(OH)2D3 may be a preferred mode of response to antigenic challenge
n many tissues.

2006 Published by Elsevier Ltd.
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. Introduction

Synthesis of the active form of vitamin D, 1,25-dihy-
roxyvitamin D3 (1,25(OH)2D3), from its precursor form,
5-hydroxyvitamin D3 (25OHD3) is a pivotal step in cal-
ium homeostasis and bone metabolism. Not only does

his represent the point at which the major circulating
orm of vitamin D (25OHD3) becomes a hormone, but
t is also the point at which peptide caiciotropic factors

∗ Corresponding author at: Room D-3088, Burns and Allen Research Insti-
ute, Division of Endocrinology, Cedars-Sinai Medical Center and David
effen School of Medicine at UCLA, Los Angeles, CA 90048, USA.
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uch as parathyroid hormone interact with vitamin D phys-
ology [1]. As a consequence, caiciotropic synthesis of
,25(OH)2D3 by the kidney, catalyzed by the enzyme 25-
ydroxyvitamin D3-1�-hydroxylase (1�-OHase) is tightly
egulated with feedback control mechanisms that include
dedicated catabolic enzyme, 24-hydroxylase (24-OHase)

2,3]. As our awareness of the pluripotency of 1,25(OH)2D3
as increased, a key question that has arisen concerns the
ole of 1�-OHase outside the kidney and the extent to which
his represents part of normal physiology. Here we have used

n vitro models to assess the relative functional efficacy of
xogenous versus endogenous 1,25(OH)2D3 in modulating
mmune responses. We also discuss the significance of this
ith respect to other models of extra-renal 1�-hydroxylase
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Fig. 1. Accumulation of 1,25(OH)2D3 in cultures of dendritic cells (DCs)
and macrophages incubated with 25OHD3. Monocyte-derived DCs and
macrophages were cultured for 5 days and then incubated with various
levels of exogenous unlabelled 25OHD3 to give final concentrations of 5,
50 or 150 nM. Supernatants from the cells were then assayed for levels
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ctivity and diseases in which there is dysregulated extra-
enal synthesis of 1,25(OH)2D3.

. Materials and methods

.1. Generation of monocyte-derived dendritic cells and
axcrophages

Monocyte-derived dendritic cells (DCs) and macrophages
ere derived from buffy coats of healthy donors by density

entrifugation over Lymphoprep (Robbins Scientific, Sun-
yvale, CA, USA), resuspended in RPMI supplemented with
% human AB serum (HD supplies, Buckinghamshire, UK)
nd allowed to adhere to plastic at 37 ◦C for 2 h. Non-adherent
ells were then removed and monocytes cultured in RPMI
upplemented with the following: 5% AB serum; 2 mM l-
lutamine; 100 �g/ml streptomycin; 100 �g/ml penicillin;
00 �g/ml GM-CSF (Sandoz Pharmaceuticals). Dendritic
ells cultures also received 1000 �g/ml IL-4 (R&D systems,
bingdon UK) in 75 cm2 flasks. 1, 25(OH)2D3 (100 nM) or
5(OH)D3 (5–150 nM) (a kind gift from Dr. Lise Binderup,
eo Pharmaceuticals, Ballerup, Denmark), as well as keto-
onazole (5 �M) (Sigma, Poole, UK) were added on day 5 of
C/macrophage culture and analysis of vitamin D metabo-

ites and flow cytometry carried out two days later.

.2. Analysis of 1,25(OH)2D3 in DC and macrophage
ell cultures

The accumulation of 1,25(OH)2D3 in cultures of DCs or
acrophages incubated with precursor 25OHD3 was carried

ut using a specific radioimmunoassay kit as described by
he manufacturers (IDS, Boldon, UK). Data were reported
s concentration of 1,25(OH)2D3 (pM) ± standard deviation
n = 3).

.3. Analysis of DC and macrophage marker expression
y fluorescence-activated cell sorting (FACS)

Expression of CD83, CD86, HLA-DR (DCs) and CD14
macrophages) was carried out as described previously [4].
ata were reported as the percentage change in marker

xpression relative to vehicle-treated control cells ± standard
eviation (n = 3).

. Results

Human monocyte-derived DCs and macrophages actively
ynthesize 1,25(OH)2D3 in vitro. To assess the magnitude of
his with respect to autocrine responses to 25OHD3 in these

ells we measured the accumulated levels of 1,25(OH)2D3
n day 5 cultures of DC or macrophages incubated for 48 h
ith varying levels of 25OHD3. Preliminary studies indicated

hat levels of 25OHD3 in cultures containing 5% AB serum

u
s
e
t

f 1,25(OH)2D3 by radioimmunoassay. Data are the mean ± S.D. of n = 3
bservations.

ere approximately 5 nM (data not shown). We therefore
upplemented DC and macrophage cultures with vehicle, or
5–145 nM 25OHD3 to adjust final culture concentrations to
, 50 and 150 nM.

These values were chosen to represent conditions of vita-
in D deficiency, vitamin D insufficiency and vitamin D

ufficiency, respectively. Results shown in Fig. 1 indicated
hat unsupplemented DCs and macrophages were exposed
o between 20 and 40 nM 1,25(OH)2D3. At least some
f this was due to cellular metabolism of 25OHD3 rather
han endogenous hormone as co-culture with the 1�-OHase
nhibitor ketoconazole suppressed 1,25(OH)2D3 levels. Sup-
lementary 25OHD3 increased levels of 1,25(OH)2D3 in both
C and macrophage cultures in a dose-dependent fashion
ith the 150 nM 25OHD3 generating levels of 1,25(OH)2D3
etween 2 and 3 nM. Once again this was suppressed by co-
ulture with ketoconazole implicating DCs or macrophages
s the primary source of 1,25(OH)2D3.

DCs and macrophages cultured in the presence of added
5OHD3 were then assayed to determine whether or not
he 1,25(OH)2D3 generated in Fig. 1 was sufficient to elicit
utocrine responses. Data in Fig. 2A showed that even at
0 nM the added 25OHD3 was able to significantly increase
D14 expression in macrophages and this effect was dimin-

shed in the presence of ketoconazole endorsing an autocrine
ode of action. Cells were also treated with 1,25(OH)2D3 to

ompare responses between endogenously synthesized and
xogenously added hormone. Data indicated that 150 nM
5OHD3 was as effective as 100 nM 1,25(OH)2D3 in stim-
lating CD14 expression despite the fact that this mode of

upplementation generated less than 5 nM 1,25(OH)2D3 in
ither DC or macrophage cultures (Fig. 1). A similar pat-
ern was also observed for the DC markers CD83, CD86 and
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Fig. 2. Functional responses to endogenous 1,25(OH)2D3 production in
DCs and macrophages. Monocyte-derived DCs and macrophages were
cultured for 5 days and then incubated with various levels of exogenous unla-
belled 25OHD3 to give final concentrations of 5, 50 or 150 nM. Cells were
then subjected to FACS analysis for the following cell surface antigens: (A)
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LA-DR which were all suppressed by treatment with either
5OHD3 or 1,25(OH)2D3 (Fig. 2B).

. Discussion

Extra-renal synthesis of 1,25(OH)2D3 was first docu-
ented more than quarter of a century ago following studies

f vitamin D metabolism in human pregnancy [5] and the
ranulomatous disease sarcoidosis [6]. This raised three
mportant questions: (i) Is extra-renal 1�-OHase a differ-
nt enzyme to that found in the kidney? (ii) Is extra-renal
�-OHase primarily a feature of human disease rather than
ormal physiology? (iii) Does extra-renal 1�-OHase mani-
est itself by changes in systemic 1,25(OH)2D3 as occurs in
he kidney, or does this instead reflect the autocrine/paracrine
ctions of vitamin D? The first of these questions was resolved
ollowing the cloning of the human gene for 1�-OHase
CYP27b1) which revealed indentical cDNA sequences in
enal [7] and extra-renal tissues [8]. The key issue concern-
ng the extent to which extra-renal expression of 1�-OHase
s a component of normal vitamin D physiology has been
arder to resolve but has recently attracted much attention
ith the recognition that vitamin D status may influence sus-

eptibility to many common human diseases [9]. Specifically,
t has been proposed that individual vitamin D status is most
eadily reflected by circulating levels of 25OHD3 rather than
,25(OH)2D3, and this in turn will have a greater impact on
xtra-renal vitamin D metabolism. Three other lines of evi-
ence support the proposed role for extra-renal 1�-OHase in
ediating the protective effects of 1,25(OH)2D3 on human

isease: (i) the dysregulation of 1,25(OH)2D3 production
ith human disease in vivo; (ii) the tissue distribution of 1�-
Hase; (iii) the autocrine actions of 1�-OHase in vitro. These

ssues will be highlighted in the remainder of the discussion.

.1. Extra-renal 1α-hydroxylase and granulomatous
isease

Following the initial reports of increased 1,25(OH)2D3
roduction in patients with sarcoidosis, similar evidence for
ysregulated extra-renal 1�-OHase activity has been pre-
ented for more than twenty other granulomatous diseases
10]. In most cases the enhanced synthesis of 1,25(OH)2D3
s associated with varying degrees of hypercalcemia or hyper-
alciuria but may also have additional complications. For
xample, we recently described elevated serum 1,25(OH)2D3

evels in patients with Crohn’s disease and enhanced expres-
ion of 1�-OHase in affected tissue [11]. Here circulating
evels of the hormone were not as great as observed in many
arcoidosis patients but were still significantly higher than

D14 (macrophages); (B) CD83, CD86, HLA-DR (DCs). Data are presented
s % change in expression relative to 5 nM 25OHD3 cultures. Values are
ean ± S.D. of n = 3 observations.
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ontrol populations, and were associated with hypercalciuria
ather than hypercalcemia. Importantly, analysis of bone min-
ral density showed that the bone loss which is a prevalent
omplication of Crohn’s disease was independently associ-
ted with serum 1,25(OH)2D3 levels [11]. Further analysis
f vitamin D metabolism in inflammatory bowel disease may
lay a key role in clarifying the physiological relevance of
xtra-renal 1�-OHase. This is because although patients with
rohn’s disease synthesize more extra-renal 1,25(OH)2D3,

t is clear that many are also vitamin D deficient [12]. Fur-
her studies are required to determine whether or not this
aradox is a consequence of gastrointestinal abnormality or
hether vitamin D deficiency contributes to the onset of dis-

ase. However, as extra-renal 1�-OHase contributes to some
f the complications of Crohn’s disease, it is not unreason-
ble to hypothesize that it may also contribute to disease
usceptibility via a similar mechanism. It also seems likely
hat this may also occur with related diseases such as tuber-
ulosis, where vitamin D deficiency is associated with the
nset of disease [13], but where hypercalcemia and elevated
,25(OH)2D3 may be a feature of advanced disease [14].

.2. Extra-renal 1α-hydroxylase and cancer

In addition to granulomatous diseases, we have also
eported dysregulated extra-renal 1�-OHase expression and
ctivity associated with B-cell lymphoma, dysgerminomas
nd breast cancer [15–17]. In lymphomas and dysgermino-
as, the increased 1,25(OH)2D3 production was associated
ith hypercalcemia in a similar fashion to that seen in sar-

oidosis patients [16,17]. Increased capacity for synthesis of
,25(OH)2D3 was also observed in breast tumors, but was
ccompanied in this case by enhanced 24-OHase activity sug-
esting that in this type of neoplasm there is attenuation of
,25(OH)2D3 accumulation via an autocrine catabolic path-
ay. Furthermore, localization of 1�-OHase revealed that

he enzyme was strongly expressed by immune infiltrates in
ll three types of tumor, although this was more evident in
he lymphoma and dysgerminomas which characteristically
ave significant immune involvement. Inflammatory signal-
ng may also influence vitamin D metabolism and function in
he absence of immune cell infiltration. Recent studies have
hown that epithelial cell toll-like receptors (TLRs) play an
mportant role in maintaining normal tissue homeostasis [18],
nd dysregulation of this mechanism may contribute to tumor
evelopment. The presence of 1�-OHase in tumor-adjacent
acrophages may also help to explain the paradoxical loss

f 1�-OHase activity seen with epithelial cancer cells in vitro
19]. Specifically, it is unclear whether the reported loss of
�-OHase activity in these cells is a factor contributing to the
evelopment of the tumor, or is instead a consequence of cul-
ure selection. It also seems likely that different tumors will

xpress and utilize extra-renal 1�-OHase in different ways.
his is perhaps best illustrated by the varying levels of expres-
ion for 1�-hydroxylase in different stages of colon [20] and
rostate cancer [21].
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.3. Distribution of extra-renal 1α-hydroxylase in
ormal human tissue

Although the expression, activity and pathophysiological
ffects of extra-renal 1�-OHase have been well charac-
erized for human diseases, the function of the enzyme
n extra-renal tissues during normal physiology remains
ess clear. Previously reported in situ hybridization and
mmunohistochemistical analyses by our group have suggest
hat 1�-OHase is more widely distributed than previously
hought, with the enzyme detectable in skin, placenta,
olon, pancreas, vasculature and parts of the brain [22–24].
lthough many of these observations have been endorsed by
ther laboratories, recent studies using a CYP27b1 promoter-
eporter mouse have sounded a note of caution [25]. In
his model CYP27b1 promoter activity was only detectable
n the renal cortex and placenta and was notably absent
rom keratinocytes, the source of mRNA for the original
uman 1�-OHase cDNA clone. Further studies are required
o determine whether or not this is a true reflection of 1�-
Hase expression, particularly as the reporter LacZ gene
sed in the model is incorporated into the genome at the
xpense of the mouse CYP27b1 gene itself, and can only be
etected in animals on vitamin D and calcium-depleted diets.
he latter may be particularly important as in some tissues
�-OHase expression appears to be more closely linked to
xpression of immune activators such as TLRs rather than
alciotropic factors [26]. Consequently, in the absence of
n appropriate TLR signal, expression of 1�-OHase may be
imited.

.4. Functional impact of extra-renal 1,25(OH)2D3

roduction

The presence of 1�-OHase in extra-renal tissues has been
roposed as a mechanism by which vitamin D may exert
raft of protective actions within these tissues. We have

reviously referred to this as ‘barrier function’ to include
ossible antiproliferative, barrier integrity and immunomod-
latory effects by both epithelial, endothelial and immune
ells [27]. Within this broad grouping of cells and effects,
he most robust functional response to extra-renal 1�-OHase
ctivity is seen with macrophages and DCs which both show
otent upregulation of 1�-OHase expression and activity as
hey differentiate towards a mature phenotype [4,28]. Thus,
oth DCs and macrophages are readily able to synthesize
,25(OH)2D3, with potential autocrine and paracrine conse-
uences. In DCs localized production of 1,25(OH)2D3 may
ffect proliferation and phenotype of adjacent T-cells but it
s also able to exert autocrine effects by suppressing DC

aturation and maintaining these cells in a more tolero-
enic state [27]. Like DCs, macrophages are also able to

resent antigen and influence acquired immune responses
ut we have recently shown that the most likely func-
ion of 1�-hydroxylase in these cells is to stimulate innate
mmunity [29]. In this study expression of 1�-OHase by
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onocytes was induced as a result of ligand binding to TLR2
ut the enzyme was only functional if sufficient substrate
25OHD3) was available for conversion to 1,25(OH)2D3.
his was further emphasized by experiments which showed

hat macrophages cultured in serum from vitamin D-deficient
frican-Americans were less able to induce the antimicrobial
eptide cathelicidin than cells grown with Caucasian serum,
nd that this could be corrected by supplementation of the
frican-American serum with 25OHD3.
There are many questions concerning extra-renal 1�-

Hase that remain unanswered. These include the key issue
f why extra-renal 1�-OHase becomes dysregulated in gran-
lomatous diseases and some cancers. Is this due to initial
itamin D deficiency leading to abnormal TLR signaling
nd persistence of inflammation or tumor development? One
ecent study has shown that 1,25(OH)2D3 suppresses expres-
ion of TLR2 and TLR4, raising the exciting possibility
hat in addition to its antibacterial effects, 1,25(OH)2D3
lays a role in feedback regulation of TLR signaling [30].
nother important question concerns the apparent resistance

o 1,25(OH)2D3 in tumors and affected inflammatory tissue.
n the case of the latter this may be due to dysregulation of
itamin D signaling in the presence of specific inflamma-
ory cytokines [31]. However, we have also recently shown
hat regulation of vitamin D responses via expression of
he catabolic enzyme 24-OHase is different in macrophages,
eing associated primarily with a splice-variant form of the
nzyme that appears to act as a non-functional decoy with
he capacity to bind both 25OHD3 and 1,25(OH)2D3 [32].
inally, a question that is fundamental to all tissues that
xpress 1�-OHase is the extent to which this is reflected
y actual synthesis of 1,25(OH)2D3 in vivo. In the kid-
ey the acquisition of substrate 25OHD3 for conversion to
,25(OH)2D3 is facilitated by a specific interaction between
he vitamin D binding protein and the LDL-like recep-
or megalin [33]. In future studies it will be interesting to
etermine whether similar mechanisms are required at an
n vivo level to achieve efficient extra-renal synthesis of
,25(OH)2D3.
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