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a b s t r a c t

Vitamin D-insufficiency is a prevalent condition in populations throughout the world, with low serum
levels of 25-hydroxyvitamin D (25OHD) linked to a variety of human health concerns including cancer,
autoimmune disease and infection. Current data suggest that 25OHD action involves localized extra-
renal conversion to 1,25-dihydroxyvitamin D (1,25(OH)2D) via tissue-specific expression of the enzyme
25-hydroxyvitamin D-1�-hydroxylase (1�-hydroxylase). In cells such as macrophages, expression of 1�-
hydroxylase is intimately associated with toll-like receptor (TLR) recognition of pathogens. However, this
mechanism may not be exclusive to extra-renal generation of 1,25(OH)2D. To investigate the relationship
between TLR-mediated pathogen recognition and vitamin D-induced antibacterial activity, intracrine
responses to 25OHD metabolism were explored in vitro using the established colonic cell lines Caco-2 and
acrophage

athelicidin
efensin

Caco-2 clone BBe. Analysis of antibacterial factors such as cathelicidin (LL37) and �-defensin-4 (DEFB4)
was carried out following co-treatment with TLR ligands. Data indicate that, unlike macrophages, Caco-2
and BBe colonic cell lines are unresponsive to TLR-induced 1�-hydroxylase. Alternative activators of 1�-
hydroxylase such as transforming growth factor � were also ineffective at priming intracrine responses
to 25OHD. Thus, in common with other barrier sites such as the skin or placenta, colonic epithelial cells

rs to
may require specific facto

. Introduction

Interaction between vitamin D and the immune system has been
ecognized for over a quarter of a century. Despite this, the poten-
ial importance of vitamin D to normal human innate immunity
as only gained recognition in the last few years. Two key devel-
pments have underpinned this change in perspective. The first is
hat our perception of what constitutes adequate vitamin D sta-
us has changed. The observation that serum levels of the inactive
orm of vitamin D, 25-hydroxyvitamin D (25OHD) as high as 75 nM
orrelate inversely with parathyroid hormone [1] has prompted
ntroduction of the term “vitamin D-insufficiency”. This is defined

y serum levels of 25OHD that are sub-optimal (<75 nM) but not
ecessarily rachitic (<20 nM) [2]. Unlike serum concentrations of
ctive 1,25-dihydroxyvitamin D (1,25(OH)2D), which are primar-
ly defined by renal regulators of the enzyme, 25-hydroxyvitamin
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�� Grant support: NIH grant AR050626 to MH.
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initiate intracrine responses to vitamin D.
© 2010 Elsevier Ltd. All rights reserved.

D-1�-hydroxylase (1�-hydroxylase), circulating levels of 25OHD
are a direct reflection of individual exposure to sunlight or dietary
intake of vitamin D. As a consequence of these new parameters
it is clear that the numbers of people throughout the world clas-
sified as vitamin D insufficient is much greater than originally
thought [3].

The second important development to alter our perception of
vitamin D concerns recent studies highlighting its potent effects
on innate immunity [4–7]. Previous experiments by Rook and col-
leagues first demonstrated the ability of 1,25(OH)2D to suppress
proliferation of pathogens such as Mycobacterium tuberculosis
(M. tb) in macrophages [8]. However, it was not until much
later that similar actions were described for 25OHD. In studies
to define monocyte responses to M. tb, Modlin and colleagues
demonstrated induction of the vitamin D receptor (VDR) and 1�-
OHase in monocytes treated with ligand to TLR2/1, the principal
pathogen-recognition receptor for M. tb [9]. They were then able
to demonstrate activation of monocyte target genes as a conse-
quence of local synthesis of 1,25(OH)2D from 25OHD. The key
immune target of this intracrine metabolism was cathelicidin

(LL37), an antimicrobial protein known to express a functional vita-
min D response element in its gene promoter [10,11]. Induction of
LL37 appears to be a crucial step in facilitating successful phago-
lyzosomal killing of bacteria, particularly M. tb [12]. Significantly,
ex vivo induction of LL37 in monocytes following TLR activation

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:mhewison@mednet.ucla.edu
dx.doi.org/10.1016/j.jsbmb.2010.02.004
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as been shown to correlate closely with serum levels of 25OHD,
nderlining the importance of intracrine vitamin D metabolism to
his facet of innate immunity [9,13].

Induction of LL37 by 1,25(OH)2D does not appear to be restricted
o monocytes and macrophages. Similar activation of the antimi-
robial factor has been reported in bronchial epithelial cells
14], myeloid cell lines [10], as well as decidual [15], and tro-
hoblastic [16] cells of the placenta. However, this effect does
ot appear to be universal despite the ubiquitous expression of
DR [17]. The question therefore arises as to whether different
arameters are required to promote vitamin D-induced innate

mmunity within different tissues. In the following manuscript
e review reported mechanisms for regulation of 1�-OHase and

L37 in ‘barrier’ tissues such as the skin, placenta and gastroin-
estinal (GI) tract. In addition we present data from studies using
olonic cell lines, which provide a further perspective on the
ole of localized synthesis of 1,25(OH)2D in promoting antimi-
robial activity in cells not conventionally involved in immune
esponses.

. Materials and methods

.1. Reagents
Unlabeled 1,25-dihydroxyvitamin D3 (1,25(OH)2D) and 25-
ydroxyvitamin D3 (25OHD) were purchased from Biomol
Plymouth Meeting, PA). Toll-like receptor (TLR) 2 ligand 19 kDa
ipopeptide (19 kDa, Invivogen, San Diego, CA, USA). TLR4 lig-
nd lipopolysaccharide (LPS, Invivogen). [3H]25-hydroxyvitamin

ig. 1. Toll-like receptor regulation of vitamin D metabolism and 1�-hydroxylase expre
control, C), ligand to TLR2 (19 kDa lipoprotein, 19 kDa) or ligand to TLR4 (lipopolysaccha
or 24 h and then assessed for: (A) 24-hydroxylase activity (synthesis of 24,25(OH)2D) a

etabolite produced/h/mg protein ± SD for n = 4 separate assays. (B) Expression of mRNA f
RNA relative to vehicle-treated cells. **Statistically different from vehicle-treated cells,
y & Molecular Biology 121 (2010) 228–233 229

D3 ([3H]25OHD3, specific activity, 187 Ci/mmol) was purchased
from Amersham Biosciences, Piscataway, NJ.

2.2. Cell culture

The Caco-2 colonic cell line and the BBe clone of Caco-2 (both
kind gifts of Dr. J.C. Fleet, Purdue University) were maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% FCS as described previously [18]. Cell treatments were
for 24 h and included 1,25(OH)2D (10 nM), 25OHD (100 nM),
19 kDa (1 ng/ml) and LPS (100 ng/ml). Ficoll-isolated periph-
eral blood mononuclear cells (PBMCs) derived from anonymous
donors were obtained from the Center for AIDS Research Virol-
ogy Core/BSL3 Facility (supported by the National Institutes of
Health award AI-28697 and by the UCLA AIDS Institute and
the UCLA Council of Bioscience Resources). Monocytic cells were
isolated from PBMCs by adherence and then maintained for 7
days in 24-well plates using RPMI 1640 medium supplemented
with 10% FCS and granulocyte-macrophage colony-stimulating
factor (GM-CSF) (Immunex, Seattle, WA). The resulting cells
showed increased expression of macrophage makers such as CD14
[19].

2.3. Quantification of 1˛- and 24-hydroxylase activity
Synthesis of 1,25(OH)2D by Caco-2 and BBe cells was assessed by
quantifying the conversion of radiolabeled 25OHD to 1,25(OH)2D
in serum-free cultures of these cells. For each assay 50 nM
[3H]25OHD3 (Amersham Biosciences, Piscataway, NJ) was added

ssion in colonic cell lines. BBe and Caco-2 colonic cells were treated with vehicle
ride, LPS), or combinations of TLR ligand with 100 nM 25-hydroxylvitamin D (25D)
nd 1�-hydroxylase activity (synthesis of 1,25(OH)2D). Data are shown as fmoles
or 1�-hydroxylase (1�-OHase). RT-PCR data are shown as fold-change in 1�-OHase
p < 0.01.
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Fig. 2. Toll-like receptor regulation of intracrine induction of antimicrobial agents
in colonic cell lines. BBe and Caco-2 colonic cells were treated with vehicle (control,
C), ligand to TLR2 (19 kDa lipoprotein, 19) or ligand to TLR4 (lipopolysaccharide, L),
or combinations of TLR ligand with 100 nM 25-hydroxylvitamin D (25) for 24 h and
30 V. Lagishetty et al. / Journal of Steroid Bioch

o cells in 200 �l of serum-free medium and then incubated for 5 h
t 37 ◦C, with the reaction being terminated by freezing at −20 ◦C.
rotein from these samples was initially precipitated with added
cetonitrile (1:1). Vitamin D metabolites were then extracted from
he reaction mixtures by elution on C18-OH columns accord-
ng to manufacturer’s instructions (Diasorin, Stillwater, MN). The
esulting eluent was resuspended in 25 �l of elution solvent
exane:methanol:isopropanol (90:5:5), vortexed for 15 s, and indi-
idual metabolites separated by HPLC using a Beckman System
old system with an Agilent Technologies Zobax Sil normal-phase
olumn (Agilent Technologies, Paolo Alta, CA) eluted at a rate
f 1.5 ml/min for 20 min. Elution profiles for standard vitamin D
etabolites (25OHD3, 24,25(OH)2D3, 1,25(OH)2D3) were deter-
ined by UV absorbance at 264 nm. Elution of metabolites of

[H]-25OHD3 was assessed using a �-Ram Model 4 in-flow detector
IN/US, Tampa, FL) in conjunction with Ultima-Flo M scintillation
uid (Perkin-Elmer, Boston, MA) at a 2:1 ratio with a 5 s dwell time
o designate the increments for data collection. Lauralite 3 software
LabLogic, Sheffield, UK) was used to quantitate peaks of radioac-
ivity corresponding to 25OHD3, 24,25(OH)2D3 or 1,25(OH)2D3.
ata were reported as mean fmoles metabolite synthesized/h/mg
ellular protein ± SD following n = 3 separate incubations.

.4. Quantitative PCR analysis of gene expression

RNA was extracted from mouse tissues using the RNeasyTM

otal RNA extraction kit as detailed by the manufacturer (Qiagen,
alencia, CA). RNA was eluted in RNase-free elution solution and
liquots (1.5 �g) were reverse-transcribed using PowerscriptTM

MLV reverse transcriptase as described by the manufacturer (ABI,
oster City, CA). Expression of target gene mRNA was quantified
sing an ABI 7700 sequence detection system (ABI, Foster City,
A) as described previously [20]. Approximately 50 ng of cDNAs
ere used per reaction. All reactions were multiplexed with the
ousekeeping gene 18S rRNA, provided as an optimised control
robe labeled with VICTM fluorochrome (ABI), enabling data to be
xpressed in relation to an internal reference to allow for differ-
nces in sampling. The fluorogenic probes for target genes were
abeled with five-carboxy fluorescein (FAM). Data were obtained
s Ct values (the cycle number at which logarithmic PCR plots
ross a calculated threshold line), and used to determine �Ct
alues (Ct of target gene − Ct of housekeeping gene, 18S rRNA).
ll reactions were performed in triplicate and expressed as a
ean of these values. PCR amplification of target gene cDNA was

arried out using the following Taqman human gene expression
ssays: 1�-OHase, Assays-on-DemandTM (ABI) primer and probe
ix Hs01096149; LL37, Hs00189038 m1; DEFB4 Hs00175474 m1;

4-OHase, Hs Hs00167999 m1 (CYP24A1). cDNAs were amplified
nder the following conditions: 50 ◦C for 2 min; 95 ◦C for 10 min;
ollowed by 44 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min.

.5. Statistics

Where indicated, experimental means were compared sta-
istically using one-way analysis of variance (ANOVA) with the
olm–Sidak method used as a post hoc multiple compari-

on procedure and Sigmaplot Software (Systat Inc., San Jose,
A, USA). Statistical analyses were carried out using raw �Ct
alues.

. Results
Studies were initially carried out to assess metabolism of
5OHD in two colonic cell lines, Caco-2 and a sub-clone of
aco-2 (BBe) able to develop an enterocyte-like phenotype with

eatures of mature, small-intestinal epithelial cells [18]. Both
then assessed for: (A) expression of mRNA for cathelicidin (LL37); (B) �-defensin-4
(DEFB4). RT-PCR data are shown as fold-change in mRNA relative to vehicle-treated
cells. **Statistically different from vehicle-treated cells, p < 0.01. ***Statistically dif-
ferent from vehicle-treated cells, p < 0.001.

Caco-2 and BBe colonic cell lines demonstrated the capac-
ity to synthesize 1,25(OH)2D and 24,25(OH)2D from 25OHD
(Fig. 1A). For Caco-2 cells, neither enzyme activity was influ-
enced by exposure to ligand for TLR2 (19 kDa) or TLR4 (LPS).
BBe cells showed a small but significant increase in 1,25(OH)2D
production when treated with LPS, although 24-OHase activity
was unaffected by the TLR4 ligand. The capacity for synthesis
of 1,25(OH)2D in untreated Caco-2 (27 ± 4 fmole/h/mg protein)
and BBe cells (32 ± 1 fmole/h/mg protein) was lower than that
observed for human macrophages (135 ± 16 fmole/h/mg protein
for peripheral blood monocytes cultured for 7 days). Likewise,
24-OHase activity in untreated Caco-2 (31 ± 3 fmole/h/mg pro-
tein) and BBe cells (19 ± 2 fmole/h/mg protein) was lower than
that observed for human monocytes (117 ± 19 fmole/h/mg pro-
tein). For both BBe and Caco-2 cells none of the treatments had
any significant effect on expression of mRNA for 1�-hydroxylase
(Fig. 1B).

Previous studies have shown that both Caco-2 and BBe cells are
sensitive to 1,25(OH)2D. Further studies were therefore carried out
to determine whether endogenous 1�-OHase activity in Caco-2 or
BBe cells was able to support induction of the antimicrobial proteins
LL37 and DEFB4, which are both characterized by the presence of
vitamin D response elements in their gene promoters [10,11]. Data
in Fig. 2A indicated that there was low baseline expression of LL37

in untreated BBe cells and this was unaffected by treatment with
19 kDa, LPS or 25OHD alone. However, co-treatment of BBe cells
with 25OHD and 19 kDa or LPS significantly elevated LL37 expres-
sion. Treatment with 1,25(OH)2D induced LL37 to levels equivalent
to LPS/19 kDa in combination with 25OHD (data not shown). By
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Fig. 3. Mechanisms for involvement of 1�-hydroxylase in antimicrobial responses within different barrier tissues. Schematic representation of mechanisms for intracrine
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nduction of antimicrobial agents such as cathelicidin (LL37) in: (A) monocytes;
BP (vitamin D binding protein); 25D3 (25-hydroxyvitamin D3); 1,25D3 (1,25-dih

eceptor); LL37 (cathelicidin); TGF-� (transforming growth factor �); IEC (intestinal
resenting cells).

ontrast, 1,25(OH)2D stimulated a 250-fold induction of 24-OHase
RNA in BBe cells, whilst 25OHD in combination with LPS pro-

uced only a 10-fold induction of 24-OHase (data not shown).
In untreated Caco-2 cells expression of LL37 was 6-fold higher

han corresponding BBe cells. However, in contrast to the BBe
ells, treatment with the TLR2 or TLR ligands acted to suppress
xpression of LL37. Treatment with 25OHD alone had no effect on
aco-2 LL37 but the suppressive effects of 19 kDa and LPS were not
bserved when used in combination with 25OHD. As with BBe cells,
reatment of Caco-2 with 1,25(OH)2D (10 nM, 24 h) induced LL37
o levels equivalent to combined LPS/19 kDa and 25OHD (data not
hown). However, these responses to 1,25(OH)2D were paralleled
y a 500-fold induction of 24-OHase mRNA in Caco-2 cells, whereas
reatment with 25OHD in combination with LPS produced only a
-fold induction of 24-OHase (data not shown).

Low baseline expression of DEFB4 was also observed in the
olonic cell lines, with no apparent difference between Caco-2 and
Be cells (Fig. 2B). In both cell lines LPS potently induced DEFB4,
hilst 19 kDa and 25OHD had no effect. Interestingly, combined

reatment with 25OHD attenuated the stimulatory effects of LPS
n DEFB4 in both cell lines.

. Discussion

TLR induction of intracrine metabolism of vitamin D appears
o be central to bacterial killing by monocytes. However, given
he widespread expression of both 1�-OHase and VDR in cells at
xtra-renal sites [21,22], it is likely that similar induction of innate

mmunity will occur in these tissues. Nevertheless, studies to date
ndicate that although VDR-mediated induction of LL37 is charac-
eristic of several cell types [10,14–16], it is not universal. Thus,
lthough many cells may exhibit the potential for localized syn-
hesis of 1,25(OH)2D from 25OHD, the in vivo impact of this on
in; (C) placenta; (D) gastrointestinal tract. Abbreviations: TLR (toll-like receptor);
yvitamin D3); 1�-OHase (25-hydroxyvitamin D-1�-hydroxylase); VDR (vitamin D
lial cell); PRR (pathogen-recognition receptor); DCs (dendritic cells); APCs (antigen

key physiological mechanisms such as LL37 expression may be
dependent on tissue-specific factors. Data presented here indicate
that although both Caco-2 and BBe cell lines express 1�-OHase
and produce endogenous 1,25(OH)2D, only BBe cells showed a
modest intracrine induction of LL37 using 100 nM 25OHD as sub-
strate. No intracrine induction of LL37 was observed in Caco-2 cells,
consistent with previous studies [17]. The differential responsive-
ness of colonic cells with respect to LL37 does not appear to be
due to altered sensitivity to 1,25(OH)2D, as BBe cells appear to
express lower levels of VDR than Caco-2 cells [18]. Thus, it seems
likely that antimicrobial responses at sites such as the GI tract
will involve complex microenvironmental factors that either influ-
ence vitamin D responsiveness or act independently on agents such
as LL37.

Barrier site elaboration of vitamin D-induced innate immu-
nity has been most well studied using epidermal keratinocytes
which, like monocytes, demonstrate synthesis of 1,25(OH)2D and
intracrine induction of LL37 [23]. As with monocytes, these effects
can be stimulated following TLR2-activation. However, because
keratinocytes express low levels of TLR, initial induction of these
receptors is required to facilitate pathogen-sensing [23], a function
that can be fulfilled by 1,25(OH)2D. Basal expression of 1�-OHase
by keratinocytes is stimulated by transforming growth factor beta
1 (TGF-�1), and this alternative activation pathway appears to be
sufficient for 1,25(OH)2D upregulation of TLR2 leading, in turn,
to amplification of LL37 production similar to that described for
macrophages [23]. In human skin, expression of TGF-�1 is a feature
of tissue injury and thus vitamin D-mediated LL37 expression may

be part of a mechanism linking wound repair with enhanced innate
immune surveillance [23]. The precise integration of mechanisms
associated with vitamin D and innate immunity in the skin versus
immune cells such as monocytes remains to be elucidated. In partic-
ular, it is interesting to contrast the positive action of 1,25(OH)2D on
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eratinocyte TLR expression [23], with the 1,25(OH)2D-mediated
uppression of TLR2 and TLR4 reported for monocytes [24].

In contrast to monocytes, colonic epithelial cells and ker-
tinocytes, 1,25(OH)2D appears to be constitutively synthesized by
ells from the placenta [25,26]. Expression of 1�-OHase and VDR
s profoundly elevated in maternal decidua and fetal trophoblast
arly in the first trimester of pregnancy, remaining elevated until
he third trimester [20]. Initially, this was linked to the rise in

aternal serum 1,25(OH)2D that occurs at the end of the first
rimester. However, studies of 1�-OHase-deficient animals and
nephric pregnant women indicate that this is not likely to be the
ase [27]. Instead, the presence of VDR in the placenta suggests that
itamin D functions in an autocrine fashion at the fetal–maternal
nterface [28]. One possible explanation is that 1,25(OH)2D func-
ions as a regulator of placental calcium transport [28], but an
mmunomodulatory function has also been proposed [29]. The lat-
er stems, in part, from studies highlighting immunological, barrier
unction of the heterogeneous cells that make up the placenta.

aternal and fetal cells are able to mediate innate and adaptive
mmune responses. In primary cultures of human decidual cells we
howed that both 1,25(OH)2D and 25OHD (the latter metabolized
ndogenously to 1,25(OH)2D) induced expression of LL37, whilst
uppressing inflammatory cytokine production [15]. More recently
e have demonstrated that cultured trophoblastic cells also show
otent induction of LL37, suggesting that similar innate immune
esponses to locally metabolized 25OHD occur in both maternal
nd fetal tissues [16]. In view of the fact that infection during preg-
ancy is a prevalent cause of preterm birth and fetal mortality, it is
empting to speculate that the constitutive elevation of 1�-OHase
n the placenta provides an optimal system for maintaining innate
mmune surveillance during pregnancy. As yet, the mechanism
or induction of 1�-OHase in decidua and trophoblasts remains
nclear. However, in common with monocytes, keratinocytes
nd colonic cells, the efficacy of this intracrine system will be
ighly dependent on available 25OHD, in other words vitamin D
tatus.

In summary, studies over the last 5 years have shown that
ocal conversion of 25OHD to 1,25(OH)2D potently induces innate
ntimicrobial effects in a variety of tissue types. As outlined in Fig. 3,
he precise mechanism involved in upregulating 1�-OHase activ-
ty is likely to vary depending on the cell type involved. The roles
f TLR signaling and injury-induced TGF-� expression have been
ell documented for peripheral blood monocytes and epidermal

eratinocytes respectively (Fig. 3A and B). By contrast, the factors
ssociated with regulation of 1�-OHase expression and activity in
arrier tissues such as the placenta and GI tract (Fig. 3C and D) are

ess clear. To address this issue, future studies will need to consider
he site-specific microenvironmental factors that impact on these
issues. In the colonic epithelial cells, it is important to recognize
hat the GI tract is routinely exposed to billions of enteric bacte-
ia acting as commensals within the endogenous microbiota. Thus,
egulation of the vitamin D system and antimicrobial activity may
e very different from that observed in the skin or placenta where
xposure to bacteria is normally minimized. Prospective studies
ill need to consider the possibility that immunoregulation of the

itamin D system within the GI tract involves pathogen-recognition
eceptors other than TLR2 and TLR4. In particular, TLR5, which plays
pivotal role in directing colonic mucosal discrimination between
athogenic and commensal bacteria [30] and TLR3, which pro-
ects against experimental colitis when activated in the GI tract
31], have yet to be extensively studied with respect to the vita-
in D axis. Further characterization of these pathogen-recognition
eceptors, together with the use of in vivo models for controlled
acterial colonization will help to shed new light on the factors
hat control the vitamin D metabolism/signaling axis within the
I tract.
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