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Abstract

It has been shown that vitamin D deficiency increases an individual’s susceptibility to tuberculosis (TB). However, very little
is known about the effect of vitamin D on the immune response to Mycobacterium tuberculosis (M. tb) in dendritic cells
(DCs). Because DCs play an important role in TB infection, we investigated the phenotypic characteristics and functional
capabilities of mouse bone marrow-derived dendritic cells (BMDCs) after stimulation with Bacillus Calmette-Guérin (BCG) in
the presence or absence of 25(0OH)D3(100 nM). Bone marrow cells from mice were cultured with GM-CSF (20 ng/ml) and
were then treated with 25(0H)Ds for 7 days. On day 6, 5 ug/ml of BCG (=1.0x10° CFU/mg) was added to the cells for 24
hours, and on day 7, the non-adherent cells were harvested for phenotypic and functional analyses. After incubation with
25(0OH)Ds, the expression levels of MHC-Il and CD86 on the surface of the dendritic cells (DCs) and the ability of the DCs to
stimulate proliferation of allogeneic mixed lymphocytes were lower than control cells (p<<0.05). Furthermore, the level of
Interleukin (IL) -4 secreted by the BMDCs in the 25(0OH)Ds culture was lower than that in the control culture (p<<0.01).
However, the BMDCs cultured with 25(0H)D; produced significantly higher levels of IL-2, IL-6, IL-10 and interferon
gamma(lFN-y) than those in the control culture (p<<0.05). These findings suggest that 25(0H)D3; modulates the immune
response during mycobacterial infection by affecting the maturation and function of DCs.
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vitamin D does not improve clinical outcome among patients with
TB and the trial showed no overall effect on mortality in patients
with TB. Furthermore, Sato et al [9] thought that low serum
vitamin D level is a good predictor of prolonged clinical course in
patients with active pulmonary TB. Besides, Koo etal [10]
considered that vitamin D levels do not appear to be associated
with the development of TB in the Korean population. The
median 25(OH)D concentration decreased after treatment for TB.
Therefore, more detailed studies are necessary to further elucidate
the role of vitamin D in TB infection.

Introduction

Tuberculosis (ITB) is a major global disease that is estimated to
kill 1.45 million people in 2010 [1]. Calciferol (Vitamin D) was
used to treat tuberculosis in the late 1940s and treatment was
rationalised based on its role in the calcification of tuberculosis
lesions. With the advent of effective anti-tuberculosis drugs in the
mid-1950s, the enthusiasm for treating tuberculosis with vitamin D
subsided [2]. However, increasingly more patients with tubercu-
losis are now infected with drug-resistant strains [3,4], the infection
is harder to treat as normal treatment regimes are ineffective. Thus
why the use of vitamin D may be useful in the context of drug
resistance. Currently, the effects of vitamin D on TB patients
remain controversial. Morcos et al [5] reported that the addition
of vitamin D to the standard antitubercular therapy results in
higher rates of clinical and radiological improvement. Nursyam
et al [6] also reported that there were more TB patients with
radiological improvement in the vitamin D group. Recently,
Martineau et al [7] found that administration of four doses of
2.5 mg vitamin Ds significantly hasten sputum culture conversion

Vitamin D has been shown to play an important role in the
innate and adaptive immune responses to tuberculosis [11].
Recently, many mechanisms by which vitamin D influences the
innate immune response to TB have been reported [12,13,14].
However, the mechanism by which vitamin D regulates the
adaptive immune response remains less well characterized.
Dendritic cells (DCs) are the primary cell type that initiates the
adaptive immune response against Mycobacterium tuberculosis
(M. th) infection [15,16,17]. After bacterial uptake, DCs change
their behavior, as observed both i vitro and i vivo, by reducing

in participants with the # genotype of the Tag/ vitamin D receptor
polymorphism. On the contrary, Wejse et al [8] stated that
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their phagocytic and/or endocytic capability and initiating
expression of immune stimulatory molecules. This process is
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termed DC maturation, and it is initiated in nonlymphoid tissues
where DCs take up antigen (Ag) and continues within secondary
lymphoid tissues, particularly the draining lymph nodes (DLN).
Differentiation of immature DCs in the DLNs leads to phenotypic
changes into the mature phenotype resulting in expression of high
levels of long-lived MHC I, MHC II molecules and other
costimulatory molecules (CD80,CD86) [15]. Furthermore, recent
data have shown a critical role for DCs in the priming of the
CD4+ T cell response to early secretory antigenic target 6-kDa
(ESAT-6), thereby suggesting that DCs are essential for the
initiation of the adaptive T cell response to human M. # infection
[16]. The effect of vitamin D on DC maturation has been
extensively studied [18,19,20], but very little is known how vitamin
D affects DC during mycobacterial infection.

Therefore, in this study, we assessed the phenotypic and
functional differences of bone marrow-derived dendritic cells
(BMDCs) from C57BL/6 mice stimulated with M. bovis BCG in
the absence or the presence of 100 nM 25(OH)Ds.

25(0OH)D; Affects Dendritic Cell Stimulated by M.tb

Materials and Methods

Bone Marrow Preparation

All mice were kept under Specific Pathogen-Iree (SPF)
conditions in our own facilities (Chongqing, People’s Republic of
China). All animals were provided by the animal center of the
Third Military Medical University and all experiments were
approved by the Ethics Committees (The Ethics Committee,
Southwest Hospital, Third Military Medical University). The mice
were euthanized, and then both the femurs and tibiae of male
C57BL/6 mice (6-8 weeks old) were removed and separated from
the surrounding muscle tissue using fine scissors and tweezers.
Thereafter, the intact bones were immersed in 70% ethanol for
I min for disinfection and washed with RPMI-1640 medium.
Next, both ends of the bones were cut with scissors, and the
marrow was flushed out with RPMI-1640 medium using a syringe
with a 26-gauge needle. The clusters within the marrow
suspension were disrupted by vigorous pipetting. After one wash
in RPMI-1640 medium, approximately 2x107 cells were obtained
per mouse. Five mice were used for each experiment.

-

Figure 1. Morphology of BMDCs. The BM cultures were pulsed on day 6 with 5 pg/ml of BCG for 24 h. The phase contrast photographs (200 x
magnification) were taken directly from the day 7 cultures. Numerous non-adherent mature DCs with large veils are visible in the control,
25(0OH)D3(100 nM), 1,25(0H),D3(10 pM) cultures (Fig. 1A,B,C), but few are in the 1,25(0H),D3 (100 nM) cultures (Fig. 1D).

doi:10.1371/journal.pone.0048062.g001
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Figure 2. The percentages of CD11C, MHC Il, CD80, CD86. A. CD11C; B. MHCII; C. CD80; D. CD86; All the data from five mice (means * SEM)
and were analyzed using ANOVA. *: p<<0.05, ***: p<<0.001when compared to control.

doi:10.1371/journal.pone.0048062.9002

Bone Marrow-derived Dendritic Cells

The method for generating BMDCs with GM-CSF (granulo-
cyte-macrophage colony-stimulating factor) was adapted from a
previous publication [21]. The method was modified as follows.
The cell culture medium (R10) contained RPMI-1640 (Invitro-
gen) supplemented with penicillin (100 U/ml, Sigma-Aldrich),
streptomycin (100 pg/ml, Sigma-Aldrich), L-glutamine (2 mM,
Sigma-Aldrich), 2-mercaptoethanol (50 uM, Sigma-Aldrich),
10 mM HEPES (Invitrogen), and 10% heat-inactivated FBS
(PAA, Germany). The cells were plated in 24-well culture plates
(5x10°/ml). On day 0, the bone marrow cells from each mouse
were divided into four populations. The first population was
cultured as the control culture. The second population was
cultured as 25(OH)Ds (100 nM, Sigma-Aldrich)culture. The
third population was cultured as 1,25(OH);D5 (10 pM, Sigma-
Aldrich) culture. The fourth population was cultured as
1,25(0OH);Ds (100 nM, Sigma-Aldrich) culture. The bone
marrow cells were seeded at 2.5x10° cells/well in 0.5 ml of
R10 medium containing 20 ng/ml recombinant murine GM-
CSF (m GM-CSF) (=2x10’ U/mg; Peprotech). On day 2,
0.4 ml of the old medium was gently removed, and an equal
volume of fresh R10 medium containing 25 ng/ml rmGM-CSF
and —/+25(OH)Ds; (100 nM), 1,25(OH),D; (10 pM),
1,25(0OH);D3 (100 nM) were added to the four populations
respectively. On day 4, 0.25 ml of the old medium was gently
removed, and an equal volume of fresh R10 medium containing
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20 ng/ml  rmGM-CSF  and —/4+25(OH)Ds; (100 nM),
1,25(0OH);D5 (10 pM), 1,25(OH);D5(100 nM) were added to
the four populations respectively. On day 6, 0.25 ml of the old
medium was gently removed and centrifuged at 280xg for
10 min at room temperature, and the cells were resuspended in
0.25 ml of fresh R10 containing 20 ng/ml rmGM-CSF and —/
+25(OH)D5 (100 nM), 1,25(0OH),D5 (10 pM), 1,25(OH)y;D5
(100 nM) were added to the four populations respectively. This
solution was then added back into the original well. To induce
complete maturation of the DCs on day 6, 5 ug/ml of BCG
(=1.0x10° CFU/mg) was added to each well for 24 hours.

Phenotypic Analysis of BMDCs Using Flow Cytometry

After 7 days of maturation +/ — vitamin D metabolites, the non-
adherent cells were harvested and counted, and 5x10° cells were
placed in each tube for staining. The cells were washed twice with
PBS. Antibodies specific for CD11C, MHC II, CD80, and CD86
or their isotype controls were added to the tubes, and the tubes
were incubated at 4°C for 30 min. The cells were then washed
three times with PBS and resuspended in 200 ul of PBS for flow
cytometry analysis (FACSCalibur, BD). All of the antibodies used
were from the EB Company.

Allogeneic Mixed Lymphocyte Reaction
CD4+ T cells were purified from C57BL/6 spleen cells by
magnetic-activated cell sorting (MACS) according to the manu-
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Figure 3. The mean fluorescence intensities for CD11C, MHC Il, CD80 and CD86. A. CD11C; B. MHCII; C. CD80; D. CD86. All the data from
five mice (means = SEM) and were analyzed using ANOVA. *: p<<0.05, ***: p<<0.001 when compared to control.

doi:10.1371/journal.pone.0048062.g003

facturer’s instructions (Miltenyi Biotec, Germany). The purity of
the CD4+ T cells was between 85 and 95%. In triplicate, 1x10°
enriched CD4+ T cells/well were seeded into 96-well flat bottom
plates (Falcon) with a titrated number of misogynic C-treated
(50 pg/ml, 20 min, 37°C, Sigma-Aldrich) BMDCs. The cells were
pulsed with 1 pCi/well of [SH]methyl—thymidine (Amersham)
overnight for 16 h. The contents of the plates were harvested onto
glass fiber filter-mats using an IH-110 harvester (Inotech,
Dottikon, Switzerland), and the filters were counted in a 1450
Microplate Counter (Wallac, Turku, Finland).

BMDC Proliferation

On day 7, the BMDCs stimulated with BCG were collected
and counted, and 0.1—5x10* cells/well were added to 96-well
plates. The cell proliferation reagent WST-1 (10 ul, Roche) was
added to each well, and the plates were incubated for 0.5—4 h.
The Optical density (OD) value of the samples were measured at
420-480 nm using a microplate reader, and media were used as
the blanks.

Cytokine Assay

On day 7, the culture supernatants of the four BMDC: cultures
were collected and stored at —80°C. The levels of interferon
gamma (IFN-y), Interleukin (IL)-2, IL-4, IL-6, IL-10 and IL-12
were determined using enzyme-linked immunosorbent assay
(ELISA) kits (R&D Systems, USA) according to the manufacturer’s
instructions. The minimum detectable dose of the ELISA kits is
typically less than 2.5 pg/mL.

PLOS ONE | www.plosone.org

Reverse Transcriptase Polymerase Chain Reaction (RT-
PCR)

To evaluate the expression of the CYP27B1 and VDR, RT-
PCR was used. Total RNA was extracted from BMDCs using the
RNeasy kit (Qiagen GmbH, Germany) according to the manu-
facturer’s instructions. Isolated RNA was treated with RNase-free
DNase (QJAGEN GmbH) before being reverse transcribed into
cDNA. Total RNA was measured by a spectrophotometer
(Beckman, Fullerton, CA) at 260 nm and 280 nm. The RNA
(1 ng) was reverse transcribed with an oligo (dT) primer using the
ThermoScriptTM RT-PCR system (Invitrogen, USA) for cDNA
synthesis. For RT-PCR, 1 ul of cDNA template was used for each
reaction and sequences were amplified using Taq DNA polymer-
ase. PCR primer for CYP27B1 and VDR were as follows:
CYP27B1: forward primer, 5'GCGCCAGCGGGGACGTG 3;
reverse primer, 5'GGGCAAAGGCAAACATCTGATCC 3'.
VDR: forward primer, 5’CCCCGATTCCAAACCTACCTGCC
3; reverse primer, 5'GGCAGGAGGAGACGGGACACA 3.
RPLI13A: forward primer, 5'GCCGAAAGGTGGTGGTTG-
TAC 3’; reverse primer, 5’ ACGCCCCAGGTAAGCAAAC 3'.
RPLI13A was used to normalize the reactions. Each sample was
assessed three times for each gene.

Statistical Analyses

The data are represented as the means = SEM. The means of
the four groups were tested for statistically significant differences
using ANOVA. A p-value of less than 0.05 was considered to be
statistically significant. Data analyses were performed using SPSS
version 13.0.
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Figure 4. The percentages of MHC Il and CD86. Representative flow cytometry histograms of phenotypic markers on —/+25(0OH)Ds,
1,25(0H)2D3(10 pM) and 1,25(0H)2D3(100 nM)-treated cells stimulated with BCG are illustrated. The open histogram represents isotype-control cells,

and the filled histogram represents stained cells.
doi:10.1371/journal.pone.0048062.9004

Results

Vitamin D Metabolites Inhibit DC Maturation

The BM cultures were pulsed on day 6 with 5 pug/ml of
BCG for 24 h. The phase contrast photographs (200 x
magnification) were taken directly from the day 7 cultures.
Numerous non-adherent DCs with large veils are visible in the
control, 25(OH)Ds(100 nM), 1,25(OH);D5(10 pM)  cultures
(Fig. 1AB,C), but few are in the 1,25(OH)2D3 (100 nM)
cultures (Fig. 1D). The percentages of CD11C-positive cells in

the  control,  25(OH)D3(100 nM),  1,25(0OH)2D3(10 pM),
1,25(OH)2D3 (100 nM)  cultures  were  84.64%=*4.00,
82.28%*7.27(p=0.85), 81.17%=*6.15 (p=0.79) and

32.25%%3.02 (P<<0.001) respectively (Figure 2A). The percent-

ages of cells in the control, 25(OH)D3(100 nM),
1,25(0OH)2D3(10 pM), 1,25(0OH)2D3 (100 nM) cultures that
were positive for the expression of various costimulatory
molecules were as follows: MHCIL: 88.75%=*4. 14,
85.92%*+4.05 (p=0.54), 83.37%*3.96 (p=046) and
46.65%=*1.24 (P<0.001) respectively (Figure2B); CD8O0:
84.51%=*8.63, 84.75%%*9.37 (p=0.68), 83.15%+*8.48

(p=0.61) and 65.67%7.12 (P<<0.001) respectively (Figure 2C);
and CD86:  57.08%*9.55, 51.32%=*9.21  (P<0.05),
50.15%=*8.76 (P<<0.05) and 15.69%*3.12 (P<<0.001) respec-
tively (Figure 2D).

PLOS ONE | www.plosone.org

The mean fluorescence intensities of the various proteins in the
control, 25(OH)D4(100 nM), and between 1,25(OH),D5(10 pM),
1,25(0OH);Ds (100 nM) cultures were as follows: CDI11C:
441.23+137.95,442.33+113.17(p = 0.42), 440.26+110.18
(p=0.40) and 180.65%+40.46 (P<0.001) respectively (Figure 3A);
MHC II:  1065.67£388.89, 670.83=261.81  (P<0.05),
640.37+249.62 (P<0.05) and 300.12%+130.64 (P<<0.001)respec-
tively (Figure 3B and 4); CD80: 349.43+106.38, 339.73+124.73
(p=0.52), 321.65*112.79 (p=0.48), and 210. 28%*89.34
(P<0.001) respectively  (Figure 3C); and  CD86:
156.93+32.67,134.53+26.66 (p =0.57), 130.86%25.18 (p=0.55)
and 65.18+12.16 (P<<0.001) respectively (Figure 3D and 4).

25(0H)D3 Inhibits DC Capacity to Induce T Proliferation

One of the important functions of DCs is to activate and
direct T cell responses during an infection. To assess the ability
of BMDC s to activate T cells, the BMDCs were cocultured with
purified T cells at different ratios for 5 days, and the
proliferation of the T cells was monitored. After BCG
treatment, the control BMDCs significantly increased the
proliferation ~ of T cells, whereas 25(OH)D; and
1,25(OH);D3(10 pM)-treated BMDCs had a reduced capacity
to stimulate T cell proliferation(p<<0.05). 1,25(OH);D3(100 nM)-
treated BMDCs had a significantly reduced capacity to

November 2012 | Volume 7 | Issue 11 | e48062
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stimulate T cell proliferation(p<<0.001). This was evident for all
the DC to T cell ratios tested (Figure 5).

25(0OH)D3 Inhibits BMDCs Proliferation

The Optical density (OD) value of the —/+25(OH)Ds,
1,25(0OH);D3(10 pM) and 1,25(OH)sD3(100 nM)-treated cultures
were 0.61%0.25, 0.54%0.25, 0.49%20.24 and 0.21%=0.15 respec-
tively (Figure 6) in the WST-1 proliferation assay, indicating a
reduction in the rate of proliferation with all vitamin D
metabolites.

Vitamin D Metabolites Modulate BMDC Cytokine

Production

The levels of IFN-y (Fig. 7 A), IL-2 (Fig. 7 B), IL-6 (Fig. 7D) and
IL-10 (Fig. 7 E) were significantly higher and IL-4 (Fig. 7 C) lower
in the media from 25(OH)D3 and 1,25(OH)2D3(10 pM)-treated
cells when compared to control cells. IL-12 (Fig. 7 F) levels were
not different between the 25(OH)D3 and 1,25(OH)2D3(10 pM)-
treated cells and control cells. However, the levels of IFN-y, I1L-2,
IL-6, IL-10 and IL-12 were significantly lower in the
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Figure 6. The cell proliferation of BMDCs. The cell proliferation was measured by OD values according to the WST-1 assay and shown for —/
+25(0OH)Ds3, 1,25(0H)2D5(10 pM) and 1,25(0H)2D5(100 nM)-treated cultures after BCG stimulation. cell proliferation. All the data from five mice
(means *£ SEM) and were analyzed using ANOVA. *: p<<0.05, ***: p<0.001 when compared to control.

doi:10.1371/journal.pone.0048062.g006
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1,25(0OH)2D3(100 nM)-treated cells than control cells, the level of BMDC Expression of the CYP27B1 and VDR

IL-4 was significantly higher in the 1,25(OH)2D3(100 nM)-treated The BMDCs can express the genes of CYP27Bland VDR. The

cells than control cells. expression of CYP27B1 in 25(OH)D; -treated cells was higher
than control-treated cells (Figure 8A) (p<<0.05); But not signifi-
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Figure 8. The expression of CYP27B1and VDR. A. The expression of CYP27B1 in 25(0OH)Ds -treated cells was higher than control-treated cells;
But not significantly different between 1,25(0H),D3(100 nM)-treated cells and control-treated cells. *: p<0.05 when compared to control. B. The
expression of VDR in 25(0OH)Ds and 1,25(0H),Ds(10 pM)-treated cells was lower than control-treated cells; But The expression of CYP27B1 in 25(0OH)Ds
-treated cells was higher than control-treated cells; But not significantly different between 1,25(0H),D3(100 nM)-treated cells and control-treated
cells. *: p<0.05 when compared to control. The RPL13A in Figure A and B was the housekeeping gene, the relative intensity was the ratio of the
expression of target and housekeeping gene.

doi:10.1371/journal.pone.0048062.g008
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cantly different between 1,25(OH)2D3(100 nM)-treated cells and
control-treated cells (p=0.83).

The expression of VDR in 25(OH)Ds -treated cells was lower
than control-treated cells (Figure 8B) (p<<0.05); But not signifi-
cantly different between 1,25(OH)2D3(100nM)-treated cells and
control-treated cells (p=0.62).

Discussion

Vitamin D deficiency is associated with an increased risk of
tuberculosis in various populations [22,23]. However, the associ-
ation between 7Tagl and Fokl VDR gene polymorphisms and
susceptibility to tuberculosis is still controversial [24]. Therefore, it
is very important to study the relationship between vitamin D
levels and TB. TB has evolved to evade innate and adaptive
immunity. Numerous study detailed the mechanism of how
vitamin D utilizes the innate immune system to clear TB
[12,25]; however, the mechanism governing the effects of vitamin
D on the adaptive immune response to mycobacterial infection is
less well characterized. Dendritic cells are now recognized as the
major effectors that mount the effective T' cell response against M.
tb. Although Penna et al [18] reported that 1,25(OH)yDs5 inhibits
the differentiation, maturation and activation of DCs, it is
important to understand how physiological concentrations of
25(OH)D affect the DC response as vitamin D deficiency relates
specifically to low circulating concentrations of 25(OH)D, not
1,25(0OH),D [26]. In this study, we investigated the phenotypic
characteristics and functional capabilities of mouse bone marrow-
derived dendritic cells (BMDCs) after differentiation in media
containing 25(OH)D4(100 nM) or 1,25(OH),Ds; (10 pM or
100 nM) and stimulation with Bacillus Calmette-Guérin (BCG).

First, we found that the percentage of BMDCs that were
positive for CD86 was lower in the 25(OH) Ds-treated cells than in
the control cells. The percentages of cells that were positive for
other molecules (CD11C, CD80) were not different, and the
percentage of cells that were positive for MHCII did not differ
between the two treatments. However, the mean fluorescence
intensity of MHC II in the 25(OH)Ds-treated cells was markedly
lower than that of the control cells. We also found that
1,25(OH);D3 (100 nM) significantly inhibits the expression of
CD11C, MHC II, CD80 and CD86, but the expression of CD11C
and CD80 is not different between 1,25(OH);D5 (10 pM) -treated
cells and 25(OH) Ds-treated cells. CD11C is an important marker
used to identify BMDC in mouse, CD86, CD80 and MHC II are
costimulatory molecules in differentiated BMDCs. From our
results, we can see that 25(OH)Dj; has no effects on the
differentiation of bone marrow cells to DCs, but decrease the
expression of MHC: II and CD86. Rajashree et al suggested that
reduced MHC II expression and variable CD86 expression are
common features of the functional impairment occurring in
various immunodeficient models [17]. Our results also showed
that 25(OH)Ds-treated cells had a diminished ability to stimulate
T cell proliferation.

In addition, treatment with 25(OH)Djs affected the proliferation
of DCs from bone marrow cells, and 1,25(0OH);D5 (100 nM)
significantly inhibits the proliferation of DCs. Penna et al [18]
suggested that 1,25(OH);D3 may modulate the immune system by
acting at the very first step of the immune response via the
mhibition of DC differentiation and maturation into more potent
APCs. Gorman [27] also reported that 1,25(OH)yD3 reduces the
number of DC in the skin, resulting in suppressed immunity and,
in particular, reduced contact hypersensitivity (CHS) responses. In
this study, we found that 25(OH)Dj3; can also decrease the
production of BMDCs.
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Furthermore, an important function of DCs during the immune
response is the production of proinflammatory cytokines. The
secretion of IFN-y, IL-2, IL-4, IL-6, IL-10 and IL-12 was analyzed
in DC culture supernatants obtained from 25(OH)Ds-treated cells
and control cells after BCG stimulation. The levels of IFN-y, IL-2,
IL-6 and IL-10 were higher in the media from 25(OH)Dj cells
when compared with control cells. IFN-y and IL-2 are essential for
protection against mycobacterium [28]. Elevated concentrations of
IFN-y and IL-2 can predominantly activate CD4+ Thl cells, a T
cell subset that plays a critical role in the acquisition of resistance
to M. th [29]. IL-6 plays a central role during TB infection [30],
and has been used to monitor TB treatment [31].Therefore,
25(OH)D3 may strengthen the immune response of Thl cells to
TB infection. Nevertheless, other studies have shown that the Th2
cytokines are also necessary to fight TB infection. As an anti-
inflammatory cytokine, IL-10 has been hypothesized to balance
the macrophage environment that is dominant in the lungs and
lymph nodes [32]. Previous laboratory findings reported that
enhanced IL-10 secretion by cells of chronic TB patients may
impede a rapid and effective Th1 type anti-mycobacterial response
[33], and IL-10 has been identified as a cytokine that is most
mmportant for preventing an excessive Th 1 response both
systemically and in granulomas [34]. Our results indicate that
25(OH)D3s may regulate the balance between Thl and Th2 cells
during TB infection.

In contrast, IL-4 levels were lower in 25(OH)D3-treated
cultures than in control cultures. IL-4 is the most important
factor for development of the Th2 phenotype [35]. Experimental
murine infection has proven that increased production of IL-4
during the chronic phases of infection is characterized by
progressive fibrosis and necrosis. Later publications have suggested
that the increased production of IL-4 by CD4+ cells, as well as by
CD8+ T cells in TB patients and especially in patients with
cavitary TB, proved to play a role in tissue necrosis [36].
25(0OH)D3 down-regulates the expression of IL-4, which may
decrease tissue fibrosis and necrosis.

IL-12 is the most important factor in Thl phenotype develop-
ment [35]. Because mycobacteria are extremely strong IL-12
inducers, mycobacterial infection can skew the response to a
secondary antigen toward a Thl phenotype [37]. IL-12 is a
crucial cytokine for the control of M. tuberculosis infection. The
exogenous administration of IL-12 to BALB/c mice can improve
survival [38], and IL-12—/— mice are very susceptible to M.
tuberculosis infection [39]. In our study, we found that 25(OH)Dj;
has no effect on the level of IL-12 secreted by BMDCs, but
1,25(0OH);D3 inhibits the secretion of IL-12. Hewison et al [20]
also reported that 1,25(OH)yDs5 inhibits the secretion of IL-12 in
human monocyte-derived dendritic cells.

25(OH)Ds up-regulated the levels of IFN-y, IL-2, IL-6 and IL-
10; however, it down-regulated the secretion of 1L-4, these data
are contrary to 1,25(OH)yD3, which inhibits the secretion of IFN-
v, IL-2, IL-6, IL-10 and IL-12, while inducing IL.-4. One reason
may be that vitamin D may regulate the immune response of
BMDC by controlling the expression of CYP27B1 and VDR.
Physiological levels of 25(OH)D and 1,25(OH)2D are pro-
inflammatory, but supra-physiological levels are anti-inflammato-
ry. One reason why 100 nM 1,25(OH)2D— treated cells produce
less pro-inflammatory cytokines is also likely due to the fact that we
have shown these cells are much less differentiated compared to
the other cells (morphologically and on flow cytometry). There-
fore, interpretation of results with supra-physiological levels must
be taken with caution as physiological levels can induce an
opposite effect.
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Thl and Th2 cell types regulate each other via their cytokine
synthesis, which is important in the final balance of host resistance
against pathogens [29]. The interplay between Thl and Th2
lineages to maintain the Th1/Th2 balance is a crucial immune
mechanism of the host to clear bacteria. In murine models of TB,
Th1 and Th2 cytokines are reported to play opposing roles in the
defense against TB [40]. During the past decade, increasing
evidence has indicated the need for Thl-type responses for the
immediate containment of the B infection; in contrast, Th2-type
responses are necessary for late-phase granuloma formation [34].
Previous investigations of immune responses to TB infections have
shown a significant correlation between abnormal characteristics
of Th1 and Th2 cytokine expression and the severity of the disease
[41]. Thus, it is important to produce enough of a proinflamma-
tory type 1 response to keep the intracellular infection under
control while concurrently producing just enough of a type 2
response to prevent the type 1 response from causing damage to
the host. This requires an extremely careful “‘dosing” of either type
of response and tight control over where and when type 1 and type
2 responses occur [35].

References

1. World Health Organization (2011) Global tuberculosis control 2011. IOP
Publishing PhysicsWeb. Available: http://www.who.int/tb/publications/
global_report/en/. Accessed 2010 Jul.

2. Goswami R, Mishra SK, Kochupillai N (2008) Prevalence & potential
significance of vitamin D deficiency in Asian Indians. Indian J Med Res 127:
229-38.

3. Aziz MA, Wright A, Laszlo A, De Muynck A, Portacls F, et al. (2006)
Epidemiology of antituberculosis drug resistance.The Lancet 368: 2142-2154.

4. Pillay M, Sturm AW (2007) Evolution of the extensively drug-resistant F15/
LAM4/KZN strain of Mycobacterium tuberculosis in KwaZulu-Natal, South
Africa. Clinical infectious diseases 45: 1409-14.

5. Morcos MM, Gabr AA, Samuel S, Kamel M, el Baz M, et al. (1998) Vitamin D
administration to tuberculous children and its value. Boll Chim Farm 137:157—
64.

6. Nursyam EW, Amin Z, Rumende CM (2006) The effect of vitamin D as
supplementary treatment in patients with moderately advanced pulmonary
tuberculous lesion. Acta Med Indones. Jan-Mar;38(1): 3-5.

7. Martineau AR, Timms PM, Bothamley GH, Hanifa Y, Islam K, et al. (2011)
High-dose vitamin D(3) during intensive-phase antimicrobial treatment of
pulmonary tuberculosis: a double-blind randomised controlled trial. Lancet
377(9761): 242-50.

8. Wejse C, Gomes VF, Rabna P, Gustafson P, Aaby P, et al. (2009) Vitamin D as
supplementary treatment for tuberculosis: a double-blind, randomized, placebo-
controlled trial. Am J Respir Crit Care Med. May 1;179(9): 843-50.

9. Sato S, Tanino Y, Saito J, Nikaido T, Inokoshi Y, et al. (2012) The relationship
between 25-hydroxyvitamin D levels and treatment course of pulmonary
tuberculosis. Respir Investig. Jun;50(2): 40-5.

10. Koo HK, Lee JS, Jeong Y], Choi SM, Kang HJ, et al. (2012) Vitamin D
deficiency and changes in serum vitamin D levels with treatment among
tuberculosis patients in South Korea. Respirology. Jul;17(5): 808-13.

11. Bikle DD (2008) Vitamin D and the immune system: role in protection against
bacterial infection. Current Opinion in Nephrology and Hypertension 179: 348
352.

12. Selvaraj P (2011) Vitamin D, vitamin D receptor, and cathelicidin in the
treatment of tuberculosis. Vitam Horm 86: 307-25.

13. Chang JM, Kuo MC, Kuo HT, Hwang SJ, Tsai JC, et al. (2004) 1-alpha, 25-
Dihydroxy vitamin D3 regulates inducible nitric oxide synthase messenger RNA
expression and nitric oxide release in macrophage-like RAW 264.7 cells. J Lab
Clin Med. Jan;143(1): 14-22.

14. Sly LM, Lopez M, Nauseef WM, Reiner NE (2001) lalpha, 25-Dihydrox-
yvitamin D3-induced monocyte antimycobacterial activity is regulated by
phosphatidylinositol 3-kinase and mediated by the NADPH-dependent phago-
cyte oxidase. Biol Chem. 21;276(38): 35482-93.

15. Marino S, Pawar S, Fuller CL, Reinhart TA, Flynn JL, et al. (2004) Dendritic
Cell Trafficking and Antigen Presentation in the Human Immune Response to
Mycobacterium tuberculosis. The Journal of Immunology 173: 494-506.

16. Lichtner M, Rossi R, Mengoni F, Vignoli S, Colacchia B, et al. (2005)
Circulating dendritic cells and interferona production in patients with
tuberculosis: correlation with clinical outcome and treatment response. Clinical
and Experimental Immunology143: 329-337.

17. Rajashree P, Krishnan G, Das SD (2009) Impaired phenotype and function of
monocyte derived dendritic cells in pulmonary tuberculosis. Tuberculosis 89:
77-83.

PLOS ONE | www.plosone.org

25(0OH)D; Affects Dendritic Cell Stimulated by M.tb

In conclusion, during mycobacterial infection, 25(OH)D5 affects
the proliferation of DCs, the expression levels of MHC-II and
CD86 on the surface of the DCs and the ability of the DCs to
stimulate proliferation of allogeneic mixed lymphocytes. Further-
more, it decreases the level of IL-4 secreted by the BMDCs, but
increases the levels of IL-2, IL-6, IL-10 and IFN-vy. These findings
suggest that 25(OH)D3 modulates the immune response during
mycobacterial infection by affecting the maturation and function of
DCs. However, it remains to be determined whether the same
effects of physiological 25(OH)D will occur in human DC during
TB infection in vivo and in vitro. Understanding the role of
25(OH)D during TB infection may aid in the development of
novel strategies for the treatment of tuberculosis.

Author Contributions

Conceived and designed the experiments: JX LX. Performed the
experiments: HY ZZ. Analyzed the data: KT FL. Contributed reagents/
materials/analysis tools: CL JZ JL. Wrote the paper: HY ZZ.

18. Penna G, Adorini L (2000) 1{alpha},25-Dihydroxyvitamin D3 Inhibits
Differentiation, Maturation, Activation, and Survival of Dendritic cells Leading
to Impaired Alloreactive T Cell Activation. J. Immunol 164: 2405-2411.

19. Piemonti L, Monti P, Sironi M, Fraticelli P, Leone BE, et al. (2000)Vitamin D3
affects differentiation, maturation, and function of human monocyte-derived
dendritic cells. ] Immunol. May 1;164(9): 4443-51.

20. Hewison M, Freeman L, Hughes SV, Evans KN, Bland R, et al. (2003)
Differential regulation of vitamin D receptor and its ligand in human monocyte-
derived dendritic cells. J Immunol. Jun 1;170(11): 5382-90.

21. Inaba K, Inaba M, Romani N, Aya H, Deguchi M, et al.(1992). Generation of
large numbers of dendritic cells from mouse bone marrow cultures supplement-
ed with granulocytermacrophage colonystimulating factor J. Exp. Med 176:
1693-1702.

22. Aranow C (2011) Deficiency in vitamin D is associated with increased
autoimmunity and an increased susceptibility to infection. Vitamin D and the
Immune System. J Investig Med. Aug;59(6): 881-6.

23. Liu PT, Stenger S, Li H, Wenzel L, Tan BH, et al.(2006) Toll-Like Receptor
Triggering of a Vitamin D-Mediated Human Antimicrobial Response.
SCIENCE 311: 1770-1773.

24. Chocano-Bedoya P, Ronnenberg AG (2009) Vitamin D and tuberculosis. Nutr
Rev 67(5): 289-93.

25. Holick MF (2007) Vitamin D deficiency. N Engl J Med 19;357(3): 266-81.

26. Malabanan A, Veronikis IE, Holick MF (1998) Redefining vitamin D
insufficiency. Lancet; 351: 805-6.

27. Gorman 8, Judge MA, Hart PH (2010) Immune-modifying properties of topical
vitamin D: Focus on dendritic cells and T cells. J Steroid Biochem Mol Biol
Jul;121(1-2): 247-9.

28. He XY, Xiao L, Chen HB, Hao J, Li J, et al.(2010) T regulatory cells and Th1/
Th2 cytokines in peripheral blood from tuberculosis patients. Eur J Clin
Microbiol Infect Dis. 29(6): 643-50.

29. Dlugovitzky D, Torres-Morales A, Rateni L, Farroni MA, Largacha C, et al.
(1997) Circulating profile of Th1 and Th2 cytokines in tuberculosis patients with
different degrees of pulmonary involvement. FEMS Immunol Med Microbiol.
Jul;18(3): 203-7.

30. Flynn JL (2004) Immunology of tuberculosis and implications in vaccine
development. Tuberculosis (Edinb) 84: 93-101.

31. Nemeth J, Winkler HM, Boeck L, Adegnika AA, Clement E, et al. (2010)
Specific cytokine patterns of pulmonary tuberculosis in Central Africa. Clin
Immunol 138: 50-59.

32. Marino S, Myers A, Flynn JL, Kirschner DE (2010) TNF and IL-10 are major
factors in modulation of the phagocytic cell environment in lung and lymph
node in tuberculosis: a next-generation two-compartmental model. ] Theor Biol
265: 586-598.

33. Handzel ZT, Barak V, Altman Y, Bibi H, Lidgi M, et al. (2007) Increased Th1
and Th2 type cytokine production in patients with active tuberculosis. Isr Med
Assoc J 9: 479-483.

34. Toossi Z, Gogate P, Shiratsuchi H, Young T, Ellner JJ (1996) Enhanced
production of TGF-Bby blood monocytes from patients with active tuberculosis
and presence of TGF-Pin tuberculous granulomatous lung lesions. J Immunol
154: 465.

35. Infante-Duarte C, Kamradt T (1999) Th1/Th2 balance in infection. Springer
Semin Immunopathol. 21(3): 317-38.

November 2012 | Volume 7 | Issue 11 | e48062



36.

37.

38.

Tan Q, Xie WP, Min R, Dai GQ, Xu CC, et al. (2011) Characterization of Th1-
and Th2-type immune response in human multidrug-resistant tuberculosis. Eur J
Clin Microbiol Infect Dis. Oct 25.

Sano K, Handea K, Tamura G, Shirato K (1999) Ovalbumin (OVA) and
Myocbacterium tuberculosis bacilli cooperatively polarize anti-OVA T-helper
cells foward a Thl-dominant phenotype and ameliorate murine tracheal
cosinophilia. Am J Resp Cell Mol Biol. 20: 1260-7.

Flynn JL, Goldstein MM, Triebold KJ, Sypek J, Wolf S, et al. (1995) IL-12
increases resistance of BALB/c mice to Mycobacterium tuberculosis infection. J
Immunol.155: 2515-24.

PLOS ONE | www.plosone.org

10

39.

40.

41.

25(0OH)D; Affects Dendritic Cell Stimulated by M.tb

Cooper AM, Magram ], Ferrante J, Orme IM (1997) Interleukin 12 (IL-12) is
crucial to the development of protective immunity in mice intravenously infected
with Mycobacterium tuberculosis. ] Exp Med 186: 39-45.

Bai X, Wilson SE, Chmura K, Feldman NE, Chan ED (2004) Morphometric
analysis of Th(l) and Th(2) cytokine expression in human pulmonary
tuberculosis. Tuberculosis (Edinb) 84(6): 375-85.

Dominguez J, De Souza-Galvao M, Ruiz-Manzano J, Latorre I, Prat C, et al.
(2009) T-cell responses to the Mycobacterium tuberculosis-specific antigens in
active tuberculosis patients at the beginning, during, and after antituberculosis
treatment. Diagn Microbiol Infect Dis 63: 43-51.

November 2012 | Volume 7 | Issue 11 | e48062



