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ABSTRACT

Vitamin D plays a variety of physiological functions, such as regulating mineral homeostasis. More
recently, it has emerged as an immunomodulator player, affecting several types of immune cells, such
as regulatory T (Treg) cells. It has been reported that vitamin D exerts some mediatory effects through
an epigenetic mechanism. In this study, the impacts of calcitriol, the active form of vitamin D, on the
methylation of the conserved non-coding sequence 2 (CNS2) region of the forkhead box P3 (FOXP3)
gene promoter, were evaluated.

Fourteen C57BL/6 mice were recruited in this study and divided into two intervention and control
groups. The CD4* T cells were isolated from mice splenocytes. The expression of FOXP3, II.-10, and
transforming growth factor-beta (TGF-f7) genes were relatively quantified by real-time PCR
technique, and the DNA methylation percentage of every CpG site in the CNS2 region was measured
individually by bisulfite-sequencing PCR.

Vitamin D Intervention could significantly (p<<0.05) increase the expression of FOXP3, II.-10, and
TGF-61 genes in the CD4* T cells of mice comparing with the control group. Meanwhile, methylation
of the CNS2 region of FOXP3 promoter was significantly decreased in three of ten CpG sites in the
vitamin D group compared to the control group.

The results of this study showed that vitamin D can engage the methylation process to induce
FOXP3 gene expression and probably Treg cytokines profile. Further researches are needed to
discover the precise epigenetic mechanisms by which vitamin D modulates the immune system.
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INTRODUCTION

Vitamin D is a hormone, mostly known for its
classical functions include helping to absorb calcium
from the intestine, preventing osteoporosis, creating
mineral homeostasis, and activating anti-cancer
pathways.! Moreover, it has been appreciated as a
molecule capable of presenting immunoregulatory
properties.” The overall impacts of Vitamin D on the
immune system are to strengthen peripheral tolerance
while keeping the innate immunity functions against
pathogens. Vitamin D restrains dendritic cells (DCs)
maturation and inducing their tolerogenic phenotype by
decreasing the expression of HLA-DR, CDS86, and
CD80 genes. These tolerogenic DCs can establish a
regulatory T (Treg) phenotype in CD4" T cells.””

Vitamin D receptor (VDR) works as a transcription
factor when it engages with the active form of vitamin
D, affects many genes expression, and involves in a
wide range of biological phenomena.®’ Intriguingly,
some documents indicated that vitamin D might
regulate gene expression independently of the VDR.® In
addition, vitamin D regulates the expression of histone
demethylase gene,” which suggests that this vitamin can
also modulate gene expression through epigenetic
machinery.

Epigenetic is described as a set of regulatory
mechanisms, which have long term effects on gene
expression without DNA sequence alternations. The
main mechanisms in the epigenetic regulatory systems
include DNA methylation and histone modifications.
DNA methylation occurs on cytosine in CpG
dinucleotide frequently found in CpG islands and short
CpG-rich sequences near promoters.'” Moreover, the
DNA methylation contributes to X chromosome
inactivation, monoallelic gene expression, genome
stability, and development."!

There is growing evidence addressing vitamin D as
an immunomodulator player, and researchers have
broadly studied the various mechanisms by which this
vitamin influences immune responses. The VDR has
been found on a variety of adaptive and innate immune
cells, including T and B cells, monocytes,
macrophages, and DCs."?

Interestingly, it was found that the VDR has a
binding site in the non-coding intronic region of the
forkhead box P3 (FOXP3) gene." This suggests that
vitamin D might regulate gene expression through
epigenetic means. Zheng et al discovered that the
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conserved non-coding sequence 2 (CNS2) region of the
FOXP3 promoter is essential for stable Foxp3
expression in mature Treg cells."* This study aims to
evaluate the modification effects of calcitriol, the active
form of vitamin D, on the methylation status of the
CNS2 region of the FOXP3 promoter accompany with
an assessment of expression of this gene and the Treg
anti-inflammatory cytokines, IL-10 and transforming
growth factor-beta (TGF-Pl), in the CD4" T cells
isolated from treated and control mice.

MATERIALS AND METHODS

Experimental Design

National Animal Ethical Guidelines were strictly
followed and all animal experiments were approved by
the ethical committee of Tehran University of Medical
Sciences  (ethics  committee  approval  code:
IR.TUMS.SPH.REC.1396.3158). Briefly, the number
of animals needed for this study was reduced, the risks
of pain and suffering that the animals would face were
considered, and researchers who have worked with
these animals were properly trained. Fourteen C57BL/6
female mice (ten weeks old) were obtained from
Pasteur Institute of Iran (Tehran, Iran) and kept in a
proper condition described as 12:12-h dark: light cycle,
standard defined humidity, and received food and water.
The mice were acclimatized for one week before the
experiment and then, randomly divided into two
experimental groups, including a control group (n=7)
and a vitamin D, treated or intervention group (n=7). In
the vitamin D group, each mouse received 100 ng
calcitriol (Sigma, Germany) through intraperitoneal
injection (IP) every other day. The control group mice
were received an equal amount of excipient
administrated to the vitamin D treated group. All mice in
intervention and control groups were sacrificed on day
21.

CD4 " T Cells Isolation

Under aseptic conditions, the mice spleens were
resected, and splenocytes were separated by perfusion
method, using complete RPMI-1640 (Gibco, USA)
medium supplemented with glutamine (Gibco, USA),
penicillin (100 U/mL, Gibco, USA), streptomycin (100
pg/mL, Gibco, USA), and 10 % heat-inactivated fetal
bovine serum (FBS, Gibco, USA). The CD4" T cells
were isolated from freshly obtained splenocytes using
the magnetic-activated cell sorting (MACS) method
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(Miltenyi, Germany), a negative selection method,
based on manufacturer’s instructions. In brief, red
blood cells (RBCs) were lysed using an ACK buffer
(RBC lysis buffer, Sigma-Aldrich, USA). After
washing with the media, the cell suspension was
applied on a 70 um cell strainer to remove any potential
tissue debris or cell aggregates. Then the CD4" T cells
were purified using the MACS technique. Finally,
isolated CD4" T cells were stained with FITC anti-
mouse CD3 and PE anti-mouse CD4 to assess the
purity of these cells. The purity of isolated CD4" T
cells was above 90% in all experiments (Figure 1a).

Quantitative Gene Expression Assessment

The total RNA was extracted from 2.5x10° of the
isolated CD4" T cells using an RNA extraction kit
(Biobasic, Canada) based on the manufacturer's
instructions. Extracted RNA purity was assessed using
the evaluation of absorbance ratios at 260/280 and
260/230. The integrity of RNA was examined by
separation through a 1% denaturing agarose gel and
observation of rRNA density 28S and 18S (Figure 1b).
One microgram of the purified total RNA was reverse-
transcribed using PrimeScript RT Reagent Kit (Takara,
Japan). Real-time quantitative PCR (RT-qPCR) was
performed using Power SYBR Green PCR Master Mix
(Takara, Japan) according to the supplier's protocol in
the StepOne Plus RT-gPCR machine (Applied
Biosystems, USA). The mean threshold cycle (Ct) was

recorded for each reaction. Expression of IL-10, TGF-
B1, and FOXP3 mRNA relative to B-actin mRNA was
determined using the 2*“" method. All primers used in
the RT-qPCR have been listed in Table 1.

DNA Extraction and Bisulfite-sequencing PCR

DNA was directly extracted from 2.5x10° of the
CD4" T cells of each sample using the DNA extraction
kit (Biobasic, Canada). Next, bisulfite conversion of
non-methylated cytosines to uracils was performed
with 1 pg of the genomic DNA using the EpiJET
Bisulfite Conversion kit (Thermofisher, USA),
according to the manufacturer's instructions. The CpG
sites in the promoter region of the FOXP3 gene were
determined by the CLC Drug Discovery Workbench 2
software (Qiagen Bioinformatics). The reference
sequence was retrieved from National Center for
Biotechnology Information (NCBI) website ranged:
7583899-7584208 on chromosome X of Mus musculus.
Then, 1 pL of the bisulfite converted DNA was
amplified by hot-start PCR (Table 2)."

The PCR products were purified and then
bidirectional-sequenced by Bioneer Company (South
Korea). The efficiency of DNA bisulfite treatment
(cytosine to wuracil conversion percentage) was
calculated as follows: (number of non-CpG cytosines
converted to thymidine after bisulfite treatment/ total
non-CpG cytosines before bisulfite treatment) x100.
The calculated efficiency in this study was 100%.

Tablel. Information of primers used in RT-qPCR reactions

Gene (Accession number) Amplicon Size Sequence Annealing temperature
FOXP3 (NM_001199347.1) 153 F GTGTCCGACAAGATCTGGTAG 60
R GGCACACTCCAACACATAATAG
TGF-$, (NM_011577.2) 194 F AACTATTGCTTCAGCTCCACAGA 58
R TTGTGTTGGTTGTAGAGGGCA
IL-10 (NM_010548.2) 230 F AGTGATTTTAATAAGCTCCAA 58
R GAGAGAGGTACAAACGAGGT
B-Actin (NM_007393.5) 87 F ATGCTCCCCGGGCTGTAT 60
R CATAGGAGTCCTTCTGACCCATTC

F: Forward; R: Reverse

Table 2. Information of the conserved non-coding sequence 2 (CNS2) region primers for amplification and bisulfite-
sequencing

The promoter region of Amplicon Primer sequences (5" to 3") Annealing
forkhead box P3(FOXP3) size Temperature (°C)
CNS2 310 60

F: TTTATTAAGTATTTAATTTTGGGTTTTTTTGGT
R: AAATCTACATCTAAACCCTATTATCACAACCTA

F: Forward; R: Reverse
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Figure 1. Quality assessment of CD4" T cells isolation and RNA extraction. CD4" T cells were purified from mice splenocytes

using magnetic-activated cells sorting (MACS) negative selection. The purity of CD4" T cells was measured through surface

staining of the cells with fluorochrome-conjugated anti-mouse CD3 and CD4 (a). Extracted RNA from isolated CD4" T cells

were run on a 1% denaturing agarose gel. The 18S and 28S ribosomal RNA bands are visible in the RNA sample (b).

To calculate the cytosine methylation percentage,
the following formula was used: peak height of
cytosine divided by the sum of peak heights of cytosine
and thymidine. The peaks were generated by the
sequencer and Chromas software (Version 2.6,
Technelysium).'® In this formula, a single thymidine
peak (without any trace of cytosine peak) at the related
CpG site was considered as non-methylated. Hence, the
existence of a single cytosine peak indicating 100% of
methylation. The methylation percentage in the
overlapping thymidine and cytosine was calculated by
the aforementioned formula. The results were presented
as a percentage between 0-100%.'>

Transcription Factor Binding Sites Prediction

To identify that the CpG sites within the CNS2
region of the FOXP3 promoter are candidate places for
what transcription factors to bind, an online tool for
transcription factor binding site prediction (TFBIND
INPUT) (http://tfbind.hgc.jp/) was employed. !’

Statistical Analysis

Statistical analysis was performed using Graphpad
Prism 7 software. All data are presented as
meanstSEM. The normality of outcome variables
evaluated by the Kolmogorov-Smirnov test and
normality was rejected for all variables (p>0.20).
Therefore, the non-parametric Mann-Whitney test was
used to compare the differences between studied
groups. p values less than 0.05 were considered
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statistically significant.
RESULTS

Up-regulation of Treg Signature Cytokines
Expression by Vitamin D

Vitamin D was administrated to the intervention
group mice to determine whether it impacts on Treg
related transcription factor and cytokines induction at
the gene levels. Then CD4" T cells were purified
(Figure 1la), and the expression of target genes,
including FOXP3, IL-10, and TGF-f1, was evaluated.
The results showed that in the intervention group,
vitamin D was capable of significantly increasing the
expression of FOXP3 (p=0.021), IL-10 (p=0.001), and
TGF-S1 (p=0.021) genes compared to the control group
(Figure 2).

Reduction Effect of Vitamin D on DNA Methylation
of FOXP3 Promoter

The results showed that the CNS2 region of the
promoter of FOXP3 was hypo-methylated in vitamin D
treated mice in comparison with the control group
(Figure 3a and b). The sequence graphs of CpG sites
demonstrated that methylation of cytosine in first
(Figure 3c), fifth, and sixth (Figure 3d) CpG sites on
the FOXP3 promoter was declined in the vitamin D
treated group compared with the control group.
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Figure 2. Assessment of vitamin D impacts on the expression of forkhead box P3 (FOXP3), transforming growth factor
factor-beta (TGF-f;), and IL-10 genes. The expression of FOXP3, TGF-f; and IL-10 genes was relatively quantified. Vitamin
D induced the expression of all three target genes in the vitamin D treated group (Vit D) comparing with the control (C)
group. (n=7); (*: p<0.05); (**: p<0.01).
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Figure 3. Methylation quantification of cytosines at CpGs occurred in transcription factor binding sites of the conserved non-
coding sequence 2 (CNS2). To study the effect of vitamin D on cytosine methylation at CpGs reside on transcription factor
binding sites in the CNS2 sequence of forkhead box P3 (FOXP3) promoter, this region was bisulfite-treated, amplified and
sequenced as described in the methods section. Among 10 CpGs reside in transcription factor binding sites, methylation of
cytosine in first, fifth, and sixth CpG sites was significantly reduced in vitamin D treated (Vit D) group compared with the
control (C) group (a). The heat map graph of 10 CpG sites and approximate mean percent of methylation on these sites are
displayed by colors defined in the legend (b). The sequence graph of the first CpG site (c). The sequence graph of fifth and
sixth CpG sites (d). The blue curves represent cytosine, and the red curves represent thymidine. (n=7); (*: p<0.05);

(**:p<0.01).
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CTCACCAAGCATCCAACCTTGGGCCCCTCTGGCATCCAAGAAAGACAGAATC GATAGAACTTG

Forward Primer

GATA1/GATA3

GGTTTTGCATGGTAGCCAGATGGAC GTcAccTACCACATCC(GCTAGCACCCACATCACCCTAC

c1666CCTATCC GGeTACAGGATAGACTAGCCACTTCTC GGAACGAAACCTGTGGGGTAGA

STAT1/STAT3

tratcTgeccccTTeTeTTecTecTTGTTGCC GartgaaceccaatcearcCGocCGeearca

CGTCAATGGCAGAAAAATCTGGCCAAGTTCAGGTTGTGACAACAGGGCCCAGATGTAGACE

Reverse Primer

Figure 4. The sequence of the conserved non-coding sequence 2 (CNS2) region of forkhead box P3 (FOXP3) promoter and

transcription factor binding sites bearing CpGs with a significant reduction in methylation. The sequence of the CNS2 region

of FOXP3 promoter in Mus musculus has been displayed in the 5" to 3" direction, containing 310 nucleotides and 10 CpG
sites. Using the online TFBIND INPUT database, the binding of transcription factors to the hypomethylated CpGs, the first,
fifth, and sixth CpG sites, was predicted. The binding of all transcription factors to the CNS2 region has been proved

experimentally (refer to discussion), and they are presented here in the bold format in the picture.

Prediction of Transcription Factors Binding to the
CpG Sites

The CNS2 sequence of the FOXP3 promoter was
submitted to the online TFBIND INPUT database for
predicting the transcription factor binding sites.'” Using
the online database, the first CpG site of the CNS2
predicted as the binding site for GATA3 and GATA1
transcription factors, and the fifth and the sixth CpG
sites bind to STAT1 and STAT3 (Figure 4).

DISCUSSION

In this study, the effect of vitamin D on the
expression of FOXP3, TGF-f1, and IL-10 genes in the
CD4" T cells of C57BL/6 female mice was assessed. In
addition, for the first time, the impact of calcitriol on
the DNA methylation level of the CpG sites within the
CNS2 region of the FOXP3 promoter was evaluated.
Our data showed that vitamin D raised the expression
of FOXP3, TGF-f1, and IL-10 genes. In the following,
the DNA methylation of cytosine at the CpG binding
sites at the CNS2 of FOXP3 promoter, where
transcription factors bind, was examined. Our group

514/ Iran J Allergy Asthma Immunol,

previously reported decreased FOXP3 expression and
increased DNA methylation of this region in
experimental autoimmune encephalomyelitis (EAE)
mice compared to the control group.'” We found that
the DNA methylation of cytosines at CpGs of
transcription factor binding sites in the CNS2 region of
FOXP3 promoter was declined in the vitamin D treated
mice.

There is growing evidence that vitamin D signaling
gives rise to some epigenetic alternations in genes and
plays a role in pro-inflammatory or anti-inflammatory
networks, resulting in  immunomodulation.'*"
Epigenetic strategies to augment immunomodulation,
specifically by Treg cells, have shown promising
results. To achieve this end, some researchers followed
a pharmaceutical approach to perform acetylation
experiments on the FOXP3 gene. By this, they enhance
the immunosuppressive function of Treg in some
inflammatory conditions such as arthritis, colitis, and
transplant rejection models.'®?° Similarly, vitamin D
was found to engage the epigenetic mechanisms to
enhance Treg phenotype and function.”’ Consistent
with these findings, we demonstrated that vitamin D
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lessen methylation level in the CNS2 region of the
FOXP3 promoter, and this finding supports the
upregulation of the FOXP3 expression in response to
vitamin D treatment. Among ten CpG sites that occur
in the CNS2 transcription factors binding sites, three
CpG sites indicated a significant reduction of DNA
methylation level. The First CpG site is where that
GATA binding protein 1 (GATA1) and GATA binding
protein 3 (GATA3) bind to the CNS2, and it was
uncovered that the GATA3 supports the FOXP3
activity’’ and the GATAI in accompanied with other
transcription factors such as the special AT-rich
sequence-binding protein 1 (SATB1) contributed to
preserving Treg phenotype.> On the fifth and sixth
CpG sites of the CNS2 region, both signal transducer
and activator of transcription 1 (STAT1) and signal
transducer and activator of transcription 3 (STAT3)
were able to bind. These two transcription factors
showed contradictory roles. Ouaked et al showed that
the binding of the STATI! to the FOXP3 promoter
enhanced histone modifications and promoted FOXP3
expression,”* which is consistent with our findings
regarding the upregulation of the FOXP3 expression
probably result from a reduction in CpG DNA
methylation at the STATI binding site.

On the contrary, STAT3 destabilizes Treg and
limits its functions,” which is expected to happen in
the inflammatory conditions. So, which one is allowed
to gain this CpG site and switch on the interest path?
Vitamin D probably orchestrates this event by reducing
STAT3 expression.”®?” Thus, the STATI would be the
probable winner here and one of the downstream
players in the vitamin D immunomodulatory effects.

It has been shown that vitamin D is capable of
upregulating anti-inflammatory cytokines.”® Vitamin D
was found to induce IL-10 gene expression in human
CD4" T cells, simultaneously expressing the FOXP3
gene.”” In line with these findings, we showed that
vitamin D provokes TGF-f1 and IL-10 gene expression
in CD4" T cells. Kang et al found that VDR binds to
the CNS region in FOXP3 promoter and caused
upregulation in FOXP3 expression'> which is in
accordance with our findings regarding the
upregulation of FOXP3 upon Vitamin D treatment.

Given these findings, we conclude that vitamin D
immunomodulatory roles probably benefit from DNA
methylation alterations of the CNS2 region of the
FOXP3 gene promoter, which leads to modification of
the transcription factor’s expression. We can also

Vol. 19, No. 5, October 2020

conclude that by wupregulating the Treg anti-
inflammatory cytokines in CD4" T cells, besides
FOXP3 upregulation, vitamin D can modulate the
adverse immune responses in certain conditions like
autoimmune diseases. This is a preliminary study, and
more researches are needed to define what
inflammatory pathways could be epigenetically
affected by vitamin D. In this regard, it is worthy to
explore that in what inflammatory circumstances such
as multiple sclerosis, graft versus host disease, or
rheumatoid arthritis vitamin D assistance can be
applied to ameliorate the disease conditions.
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