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Besides its actions on minerals and bone, the bioactive vitamin D metabolite, 1,25-dihydroxyvitamin
D3 (1,25(0H),D3), has important immunomodulatory properties. Within the immune system, dendritic
cells represent key targets for this hormone and 1,25(0H),Ds-induced changes in their phenotype and
function ultimately affects T lymphocytes. However, the presence of vitamin D receptors (VDR) in acti-

K?J’qud&' vated T cells proposes additional mechanisms for 1,25(0OH), D5 to directly regulate T cell responses. Here,
_\r/‘ltam';D . we investigated the expression and kinetics of vitamin D-related genes in human activated T lympho-
VDyl;nspi)grfaclsi,nfgs cytes. Different activation stimuli elicited increased VDR- and 1-a-hydroxylase expression, with a highly

similar kinetic pattern. Addition of 1,25(0H), D5 effectively triggered VDR signaling, as evidenced by 24-
hydroxylase induction, but only when introduced to T lymphocytes expressing high levels of VDR. This
enhanced degree of VDR signaling correlated with a stronger inhibition of cytokines (IFN-v, IL-10) and
modulation of homing receptor expression (CCR10, CLA) in long-term T cell cultures. Importantly, chronic
1,25(0OH),D3-exposure further amplified VDR signaling and the concomitant T cell modulating effects.
In conclusion, we validate T cells as direct targets for 1,25(0H),D3; and provide this optimized in vitro

Immune modulation

model to improve our understanding of the role of vitamin D as a direct regulator of T cell responses.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The bioactive form of vitamin D, 1,25-dihydroxyvitamin D3
(1,25(0H),;D3), was originally described as an essential hormone
for mineral and bone homeostasis, but more recently, this hor-
mone has emerged as an important regulator of innate and adaptive
immune responses [1-3]. This notion is supported by the fact that
many cell types within the immune system express the vitamin
D receptor (VDR). The VDR constitutes a member of the nuclear
receptor superfamily, which - upon interaction with its ligand
- heterodimerizes with the retinoic X receptor (RXR) [4,5]. This
1,25(0H); D3-VDR-RXR-complex subsequently binds to vitamin D
responsive elements (VDRE) in the promoter region of target genes
to regulate gene transcription in a wide variety of cells [6].

Among the different immune cells, dendritic cells (DCs) are
important targets of 1,25(0OH),D3-mediated actions. 1,25(0OH),D3
interferes with the differentiation and maturation of DCs and alters
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the production of DC-derived cytokines [7-10]. Consequently,
1,25(0OH);D3-modulated DCs exhibit a markedly decreased T cell
stimulatory capacity, while skewing T cell cytokine responses from
an inflammatory T helper (Th)1 - and Th17 phenotype towards
a Th2 - and a regulatory T cell phenotype [7,9,11-14]. These
immunomodulatory actions of 1,25(0OH),; D3 have been confirmed
in vivo by its ability to prevent and/or cure various autoimmune
diseases and to inhibit allograft rejection in experimental models
[15,16].

Thus, combined, these observations have implicated DC-
dependent actions of 1,25(0H);D3; in the regulation of T cell
responses. However, the presence of the VDR in activated T cells
suggests also direct actions on these cells as a factor contributing to
the immunoregulatory properties of 1,25(0H),D3. Indeed, several
groups have demonstrated the ability of 1,25(0H),D3 to directly
modulate human and murine T cell proliferation and cytokine
responses [17-23]. However, varying results have been reported,
depending on the activating stimuli, the source of T cells (primary
cells versus cell lines, human versus mouse) and the concentra-
tion of 1,25(0OH), D3 being used. Some groups have demonstrated
anti-proliferative actions of 1,25(OH);D3 on T cells [17,22,24],
whereas others reported no or even stimulatory effects of the hor-
mone [20,25,26]. Conflicting data were also obtained regarding the
modulation of T cell cytokine expression, varying from an over-
all suppression of both Th1- and Th2 cytokines [20], while others
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observed a 1,25(0OH),D3-mediated shift from a Th1- to a Th2 profile
[19,27].

In the present study, we investigated the expression and kinet-
ics of vitamin D-related genes in human activated T cells and we
evaluated whether activation of these pathways was dependent on
the type of T cell activating stimulus. Based on the observed kinet-
ics, we developed an optimized in vitro model to study the direct
immunomodulatory effects of 1,25(0H); D3 and analogs on human
primary T lymphocytes.

2. Materials and methods
2.1. Materials

RPMI 1640 medium with Glutamax™.-I, fetal calf serum and
antibiotics (penicillin and streptomycin) were purchased from
Invitrogen (Merelbeke, Belgium). Purified anti-CD3 mAb (clone
UCHT1) and anti-CD28 mAb (clone 37407) were obtained from
R&D Systems (Minneapolis, USA). Phytohaemagglutinin (PHA) was
acquired from Remel (Lenexa, USA). Phorbol 12-myristate 13-
acetate (PMA) and ionomycin were obtained from Sigma (Saint
Louis, USA). Human recombinant IL-2 and IL-12 were purchased
from Peprotech (London, UK). 1,25(0H),D3 was a kind gift of ].P.
Vandevelde (Solvay, Weesp, The Netherlands).

2.2. Isolation of human CD3* T cells and cell cultures

Peripheral blood mononuclear cells were isolated by Ficoll-
gradient centrifugation (Axis-Shield Poc AS, Oslo, Norway) from
buffycoats, obtained from healthy donors. CD3* T cells were sub-
sequently purified by negative selection using the Pan T cell
I[solation Kit II (Miltenyi Biotec, Bergisch Gladbach, Germany)
according to manufacturer’s protocol (purity routinely >96%). CD3*
T cells, dissolved to a final concentration of 0.7 x 10° cells/ml in
RPMI 1640 medium with Glutamax™-I, supplemented with 10%
heat-inactivated fetal calf serum, penicillin (100 IU/ml) and strep-
tomycin (100 Ul/ml) were cultured in 24-well plates and activated
by either plate-bound anti-CD3 (1 pg/ml) and anti-CD28 (1 pg/ml),
PHA (5 pg/ml) or PMA (20 ng/ml) and ionomycin (1 pg/ml). If indi-
cated, human recombinant IL-12 (2.5ng/ml) was added at the
beginning of the cell cultures. For culture periods longer than 48 h,
cells were split every 2 days and supplemented with fresh medium
containing human recombinant IL-2 (12.5ng/ml). Depending on
the treatment protocol, 1,25(0H), D3 (10~8 M) or vehicle (ethanol),
was added on day 0, 2 or every other day starting at day 2. At indi-
cated time points, samples were taken for real-time RT-PCR and
FACS analysis.

2.3. RNA isolation and real-time RT-PCR

RNA was extracted using the High Pure RNA Isolation Kit (Roche,
Mannheim, Germany). Total RNA (0.5-1 g) was reverse tran-
scribed using 100U Superscript Il Reverse Transcriptase (Invitogen,
Merelbeke, Belgium) and 5 M oligo(dT)¢ at 42°C for 80 min.
Real-time RT-PCR was performed using a MylQ-Cycler (Bio-Rad)
and the TagMan system, as described previously [28,29]. Primer
and probe sets for [3-actin, 1-a-hydroxylase, IFN-y and IL-10 were
described previously [28,30]. Following primers and probe sets
were used for VDR: TGGCTTTCACTTCAATGCTATGA (FW), CGTCG-
GTTGTCCTTGGTGAT (RV), AAGGCTGCAAAGGCTTCTTCAGGCG (TQ)
and 24-hydroxylase: TATCGCGACTACCGCAAAGA (FW), CGGCCAA-
GACCTCATTGATT (RV), TCCGGACCCGCTGCCAGTCTT (TQ). All data
were normalized to (3-actin mRNA levels.

2.4. Flow cytometric analysis of skin-homing receptor expression

T cells were stained with directly conjugated monoclonal anti-
bodies against CD3 (eBiosciences, San Diego, USA), CLA (Biolegend,
San Diego, USA), CCR10 (R&D Systems, Minneapolis, USA) or match-
ing isotype controls. Dead cells were excluded from analysis using
7-amino-actinomycin D (7-AAD) (eBiosciences). Stained cells were
analyzed on a FACS Calibur or a FACS Canto, using the CellQuest or
FACSDiva software, respectively (BD Biosciences).

2.5. Statistical analysis

Statistical analysis was performed using the Student’s t-test.
Significance was defined as p <0.05.

3. Results

3.1. Kinetics of VDR- and vitamin D metabolizing gene expression
in human activated CD3* T cells

To gain more insight into the role of vitamin D as a regulator
of T cell responses and to verify whether human T cells would
be responsive to the effects of active vitamin D, we analyzed the
expression levels of VDR and vitamin D metabolizing genes, such
as 1-a-hydroxylase and 24-hydroxylase, at different time points
following T cell activation. For this purpose human CD3* T cells
were isolated by negative magnetic cell separation of normal blood
donors. In agreement with previous reports, resting CD3* T cells
expressed only low basal VDR mRNA levels. However, full activa-
tion of T cells with immobilized anti-CD3/anti-CD28, providing the
T cell receptor (TCR)- as well as co-stimulatory stimulus, resulted
in a marked upregulation of VDR mRNA levels (Fig. 1A) [5,24,31].
Elevated VDR levels were detected as early as 8 h post-activation
and further increased over time.

To evaluate whether the induction of VDR was dependent on
the stimulus used, we mimicked the TCR- and co-stimulatory
signals by using the mitogen PHA. This lectin induces T cell
activation by binding to cell membrane glycoproteins, includ-
ing the TCR-CD3 complex, resulting in sufficient cross-linking of
the receptor to activate intracellular signaling events. In contrast
to the results with anti-CD3/anti-CD28, PHA-induced activation
of the cells only triggered a minor increase in VDR mRNA lev-
els, peaking at 24h (Fig. 1A). Also activation of T cells with
PMA/ionomycin, which activates protein kinases downstream of
TCR-engagement, was sufficient to induce VDR expression (Fig. 1A).
Thus, although the kinetics and degree of VDR induction differed
to some extent, all T cells exhibited the ability to upregulate
VDR expression upon stimulation. Importantly, T cell activation
by these stimuli also gradually increased the expression of 1-a-
hydroxylase, which could already be detected 8 h post-activation
(Fig. 1B). Whereas PHA and PMA/ionomycin-activated T cells fea-
tured maximum 1-a-hydroxylase levels after 24 h, a lower but
progressive increment was observed in cells exposed to anti-
CD3/anti-CD28.

Furthermore, we extended our analysis of the expression of vita-
min D-associated genes in T cells on a more long-term basis by
implementing anti-CD3/anti-CD28 as the most physiologically rel-
evant activation stimulus. Our results demonstrated that VDR- and
1-a-hydroxylase levels ultimately peaked at 48 h post-activation,
followed by a steady decline when T cell growth was maintained up
to 10 days (Fig. 1C and D). Interestingly, 24-hydroxylase mRNA was
not detectable in freshly isolated T cells and none of the activation
stimuli induced its expression (data not shown).
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Fig. 1. Kinetics of vitamin D-related gene expression in human activated T cells. (A and B) Highly purified human T cells were activated with anti-CD3/anti-CD28, PHA or
PMA/Ion, as described in Section 2. Samples for mRNA analysis were harvested after 8 (black bars), 24 (white bars) and 48 h (grey bars). mRNA expression levels of VDR
(A) and 1-a-hydroxylase (B) were evaluated by quantitative real-time RT-PCR. (C and D) T cells, activated by anti-CD3/anti-CD28, were cultured up to 10 days and mRNA
expression levels of VDR (C) and 1-a-hydroxylase (D) were analyzed by quantitative real-time RT-PCR at indicated time points. The results are depicted as relative expression
levels compared to freshly isolated T cells, the latter which is indicated by the dashed line (A and B), and represent the mean + SEM of 2-6 independent experiments.

3.2. 1,25(0H),Ds activates VDR-dependent signaling pathways
in human T cells

Next, we verified the ability of the natural ligand, 1,25(0H),Ds,
to induce activation of VDR signaling pathways in human T
cells by evaluating the expression levels of the well-documented
VDR-target gene, 24-hydroxylase. Considering the kinetics of VDR
expression, we compared the responsiveness of activated T cells
to 1,25(0OH),; D3 when treatment was started simultaneously with-,
or 2 days after initial T cell activation. A once-off treatment of T
cells with 1,25(0OH), D3 at the time of activation failed to effectively
trigger VDR-dependent signaling pathways, since no significant
increase in 24-hydroxylase mRNA levels could be detected (Fig. 2A).
In contrast, treatment of the cells at a moment when expression
levels of VDR peaked (48 h), resulted in a more pronounced, but
still modest induction of 24-hydroxylase levels (Fig. 2B). Continu-
ous exposure of the T cell cultures to 1,25(0OH), D3, by addition of
the vitamin D3 metabolite every second day starting 48 h after acti-
vation, further amplified 24-hydroxylase expression in long-term
T cell cultures (10 days), whereas single addition of 1,25(0H);D3
on day 2 did not suffice to maintain high levels of 24-hydroxylase
up to this time point (Fig. 2C).

3.3. Long-term exposure to 1,25(0H ), D3 results in increased
inhibitory effects on cytokine secretion by activated T cells and
modulation of skin-homing receptors

We investigated whether the degree of VDR-dependent signal-
ing would correlate with modulated cytokine expression of the
cells. To study the effects on early T cell responses, T cells were
treated with 1,25(0H), D3 simultaneously with-, or 2 days after ini-
tial T cell activation. On day 4, mRNA expression levels of IFN-y and

IL-10 were measured by real-time RT-PCR. Interestingly, IFN-y and
IL-10 were equally suppressed in short term T cell cultures when
a single dose of 1,25(0H);D3 was administered simultaneously
with-, or 2 days after T cell activation (Fig. 3A and B). Neverthe-
less, when cells were cultured up to 10 days, 1,25(0H), D5 failed to
suppress IL-10 when given at the time of T cell activation. In con-
trast, introduction of 1,25(0H), D3 to activated T cells, expressing
maximal VDR levels, resulted in a substantial inhibition of IL-10
and chronic addition of 1,25(0H),D3 further enhanced this effect
(Fig. 3C). Moreover, whereas a single dose of 1,25(0H),Ds, either
given at the time of-, or 2 days after T cell activation, failed to
modulate IFN-y expression in long-term cell cultures, continuous
exposure of T cells to the hormone significantly downregulated this
cytokine (Fig. 3D).

Analysis of homing molecules, which have previously been
reported to be regulated by 1,25(0H), D3 [32,33], further confirmed
the ability of the ligand to trigger immune-related VDR targets
in the absence of antigen-presenting cells (APC) or APC-derived
signals. Flow cytometric analysis revealed a higher induction of
the skin-homing receptor CCR10 in cells that were activated prior
to 1,25(0H),;D3-addition and repeated treatment further ampli-
fied this effect (Fig. 3E). Similarly, greater inhibition of cutaneous
lymphocyte-associated antigen (CLA) expression, another surface
receptor involved in T cell trafficking to the skin, was observed,
in particular when cells were activated prior to 1,25(0OH),D3-
exposure (42.3% CLA* T cells in control cells versus 35.5% in T cells
treated at the time of activation and 33.3% in T cells activated prior
to treatment). Also here, this effect was further stimulated by apply-
ing the hormone repeatedly (30.4% CLA* T cells).

In contrast to previous reports on the requirement of IL-12 in cell
culture for efficient 1,25(0H);D3;-mediated induction of CCR10 on
naive T lymphocytes [32], in our experiments, IL-12 did not restore
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Fig. 2. 1,25(0H), D5 triggers VDR signaling pathways in human T cells. Purified
human T cells were activated with anti-CD3/anti-CD28. (A and B) T cells received a
single dose of vehicle (ctr, black bars) or 1,25(0OH),D3 (108 M) at the time of acti-
vation (1,25(0), dark grey bar) (A) or on day 2 (1,25(2), light grey bar) (B). 48 h after
1,25(0H), D3-addition, 24-hydroxylase mRNA levels were determined by real-time
RT-PCR. (C) Activated T cells received a single 1,25(0OH),D3-dose on day 2 or were
repeatedly treated with 1,25(0H),D3; on day 2, 4, 6 and 8 (1,25(2+), white bar).
On day 10, 24-hydroxylase mRNA levels were determined by real-time RT-PCR. All
results shown are representative for 3-6 independent experiments and are depicted
as mean + SEM. *p <0.05 vs. ctr.

the inability of resting T cells to respond to the hormone, since
levels of CCR10 expression were not increased in T cells that were
activated and simultaneously treated with 1,25(0H),;D3 and IL-12
(0.41% CCR10* T cells) as compared to 1,25(0OH),D3 alone (0.63%
CCR10* T cells). Accordingly, the presence of IL-12 did not improve
upregulation 24-hydroxylase when 1,25(0H), D3 was administered
at the time of activation (data not shown).

We further tested whether 1,25(0H),D3 would affect the
expression of its own receptor, a phenomenon that has been
reported in several cell types, and possibly explaining the enhanced
1,25(0H),;D3-mediated effects obtained in T cells upon repeated
administration of the hormone. A single dose of 1,25(0H), D3 could
indeed augment activation-induced VDR expression in T cells,
whereas repeated treatment further amplified this effect (Fig. 3F).

4. Discussion

The discovery that receptors for active vitamin D are abun-
dantly present throughout the immune system has stimulated the
search for immunomodulatory actions of 1,25(0OH), D3, revealing a
plethora of effects targeting different immune cells [1,3]. Up to now,
the well-documented actions of 1,25(OH), D3 on DCs are believed to
be the central mechanism by which adaptive immune responses are
regulated by this hormone. Nevertheless, the presence of the VDR
and vitamin D metabolizing enzymes, such as 1-a-hydroxylase,
in activated T cells suggests an important role for vitamin D in
the direct regulation of T cell responses. Here, we investigated the
expression and kinetics of vitamin D-related genes in human acti-
vated T cells to gain more insight into the role of vitamin D as a
regulator of T cell responses. In addition, we evaluated the abil-
ity of the natural ligand to activate VDR signaling pathways and
whether this translates into modulation of T cell responses.

Different groups have reported a strong induction of VDR
expression upon T cell activation [5,24,31]. Our results confirm
these findings and demonstrate that increased VDR expression
can be elicited by various T cell activation stimuli, including anti-
CD3/anti-CD28, providing the two signals necessary for full T cell
activation. Elevated VDR levels were also observed by mimicking
these signals with the lectin mitogen, PHA, or by triggering more
downstream T cell signaling pathways with PMA/ionomycin. Nev-
ertheless, the levels and kinetics of VDR expression seem to vary
between the different activation stimuli. These findings might - at
leastin part — explain the conflicting results that have been reported
regarding the effects of 1,25(0OH);D3 on T cell proliferation and
cytokine production [18,22,24,25,27], since the type of activation
stimulus was not consistent throughout all these investigations.

Besides the induction of the receptor for 1,25(0H),Ds3, T cell
activation was also accompanied by a strong increase in 1-a-
hydroxylase expression, the enzyme responsible for conversion
of circulating 25(OH)D5 into bioactive 1,25(OH),Ds. Interestingly,
the expression pattern of this enzyme in long-term T cell cul-
tures closely mimicked the kinetics of VDR expression upon T
cell activation, supporting the hypothesis that not only APCs, but
also activated T cells may convert 25(0OH)Dj3 into 1,25(0H),Dj3 for
autocrine or paracrine use. In this context, other groups have indeed
demonstrated the ability of activated T cells to convert the inac-
tive vitamin D metabolite 25(OH)D3 into bioactive 1,25(0H),D3,
allowing them not only to exhibit functional responses to the active
ligand, but also to its precursor [24,32]. Thus, like in other cells of
the immune system, 1-a-hydroxylase expression in T cells is con-
trolled by immune signals and local processing of 25(0OH)Ds into the
active ligand is therefore likely to represent an important mecha-
nism to prevent excessive inflammation during episodes of active
immune responses.

Importantly, previous in vitro studies on the effects of
1,25(0OH),;D3 on T cells have mostly been performed by exposing
T cells to 1,25(0H),;D3 prior to or simultaneous with activa-
tion of the cells. Considering the kinetics of VDR expression
upon T cell activation and the fact that 1,25(0OH),D3-mediated
effects largely depend on binding to its receptor, we investigated
whether the extent of VDR-pathway activation was dependent
on the timing of 1,25(0OH),Ds-introduction to the cultures. By
using 24-hydroxylase, a well-documented target gene, as read-
out for functional activation of VDR-dependent pathways, we
demonstrated that 1,25(0OH), D3 effectively triggered VDR signal-
ing in activated T cells, but introduction of the hormone at a time
when VDR is present, was a prerequisite for efficient induction of
24-hydroxylase. Furthermore, to maintain high levels of the VDR-
target gene, a periodic re-exposure to the ligand was required.
Paradoxically, the need for continuous 1,25(0OH),D3-exposure for
long-term responsiveness of the T cells might be due to break-
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**p<0.01 vs. ctr. # Flow cytometric data shown here are representative for three independent experiments.

down of the ligand by the degrading 24-hydroxylase enzyme. On
the other hand, the multiple treatment-schedule with 1,25(0OH), D3
also enhanced the expression of its own receptor, which would
explain the enhanced VDR associated gene expression in the long-
term cultures. Recently, similar findings were published by Correale
et al. who found that 1,25(OH),;D3 could increase VDR expres-
sion both in resting and activated T cells [24]. Our results confirm
these findings, but additionally suggest the opportunity to further
enhance this autoregulatory system by exposing T cells repeatedly
to 1,25(0H);Ds.

However, the degree of VDR signaling triggered by 1,25(0OH),; D3
did not fully reflect the ability of the ligand to interfere with early T
cell cytokine responses, since 1,25(0H),D3-addition at the time of

T cell activation led to a similar inhibition of cytokine expression as
compared to treatment of cells exhibiting maximal VDR levels. We
cannot provide a clear explanation for this discrepancy, but propose
that the inability of 1,25(OH), D3 to induce the degrading enzyme,
24-hydroxylase, when introduced at basal VDR levels, prevents
breakdown of the hormone and allows 1,25(0H);D3 to remain
intact in the cell cultures until activation-induced VDR appears. In
this way, 1,25(0H), D3 can affect early T cell function, irrespective
of the timing of treatment. Alternatively, VDR-independent actions
of the ligand could possibly account for this inconsistency [34].
Nevertheless, in long-term T cell cultures, we observed a substan-
tial increment in the cytokine-inhibitory function of 1,25(0H),D3
if administered when VDR is abundantly present. In addition, not
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only cytokine responses of the cells were modulated by the active
vitamin D metabolite, but also surface expression of skin T cell-
associated homing molecules, as illustrated by the induction of
CCR10and inhibition of CLA. In this context, our data are in part sup-
ported by the findings of Sigmundsdottir et al., who demonstrated
enhanced induction of CCR10 when naive T cells were activated
prior to 1,25(0OH),D3-exposure [32]. In addition, the investigators
of this study could restore the inability of 1,25(0H), D3, introduced
at the time of activation, to efficiently induce CCR10 expression on
naive T cells, by adding IL-12 at the beginning of the cultures. How-
ever, in our experiments, a once-off treatment with 1,25(0OH),D;
at the time of T cell activation in the presence of IL-12 failed
to overcome the inability of the hormone to trigger VDR signal-
ing, neither did IL-12 restore the capacity to effectively induce
CCR10 expression on T cells. Thus, in our hands, the modulation
of immune-related function by 1,25(0H),D3 on T cells could be
elicited in the absence of APC or APC-derived factors such as IL-12.

In summary, to gain more insight into the role of vitamin D
as a direct modulator of T cell responses, we have investigated
the expression of vitamin D-related genes in human T cells, with
special focus on the kinetics and expression levels during T cell
activation. Different stimuli, each triggering activation of the cells
at a specific level in the T cell signaling cascade, were capable of
increasing the levels of VDR as well as 1-a-hydroxylase in human T
cells and importantly, expression levels of 1-a-hydroxylase closely
mimicked the kinetics of the receptor. Based on these findings, we
demonstrated that the timing of 1,25(0H), D3-treatment is a critical
factor for efficient activation of VDR signaling pathways. More-
over, we found that multiple addition of 1,25(0OH), D3 dramatically
enhanced signaling by the receptor and concomitantly amplified
the T cell modulating effects of the ligand in long-term T cells cul-
tures. Application of this optimized in vitro model could be used
as screening system to identify new immunomodulatory actions
of 1,25(0OH); D5 or synthetic agonists on T cells, thereby improving
our understanding of the role of vitamin D as a direct regulator of
T cell responses.
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