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Vitamin D has a plethora of functions that are important for the maintenance of general
health and in particular, the functional integrity of the immune system, such as pro-
moting an anti-inflammatory cytokine profile and reducing the Treg/Th17 ratio. Multiple
sclerosis (MS) is a chronic, inflammatory, and neurodegenerative central nervous system
(CNS) disorder of probable autoimmune origin. MS is characterized by recurring or
progressive demyelination and degeneration of the CNS due in part to a misguided
immune response to as yet undefined (CNS) antigens, potentially including myelin basic
protein and proteolipid protein. MS has also been shown to be associated significantly
with environmental factors such as the lack of vitamin D. The role of vitamin D in the
pathogenesis and progression of MS is complex. Recent genetic studies have shown
that various common MS-associated risk-single-nucleotide polymorphisms (SNPs) are
located within or in the vicinity of genes associated with the complex metabolism of
vitamin D. The functional aspects of these genetic associations may be explained either
by a direct SNP-associated loss- or gain-of-function in a vitamin D-associated gene or
due to a change in the regulation of gene expression in certain immune cell types. The
development of new genetic tools using next-generation sequencing: €.g., chromatin
immunoprecipitation sequencing (ChlP-seq) and the accompanying rapid progress of
epigenomics has made it possible to recognize that the association between vitamin
D and MS could be based on the extensive and characteristic genomic binding of the
vitamin D receptor (VDR). Therefore, it is important to analyze comprehensively the spa-
tiotemporal VDR binding patterns that have been identified using ChlP-seq in multiple
immune cell types to reveal an integral profile of genomic VDR interaction. In summary,
the aim of this review is to connect genomic effects vitamin D has on immune cells with
MS and thus, to contribute to a better understanding of the influence of vitamin D on the
etiology and the pathogenesis of this complex autoimmune disease.
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INTRODUCTION

Vitamin D was named as the fourth factor identified in an experimental rickets model (1). The
role of sunlight in the synthesis of this factor had been recognized in unrelated research but had
initially not been understood in the context of this factor now termed vitamin D (2). Further
research on the constitution of sterols and their connection to vitamins resulted in the Nobel
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price for Chemistry in 1928 for Adolf Windaus (3). Finally,
the biochemical pathway in its entirety and the connection to
sunlight was published in 1955 (4) and summarized in more
detail 25 years later (5).

The nomenclature of vitamin D and its metabolites has been
well defined by Vieth, and for the purpose of this review we will
use their terminology to refer to the level of serum 25 hydroxy
vitamin D [25(OH)D] the major circulating form of vitamin
D that is often used to define vitamin D status (6). For in vitro
experiments, we use 25(OH)Ds and 1,25(OH),D; according to
the quoted work.

As an important environmental factor, vitamin D deficiency
has been associated with increased multiple sclerosis (MS)
risk (7, 8), a finding that has been supported genetically by a
Mendelian Randomization analysis of vitamin D-associated
single-nucleotide polymorphisms (SNPs) (9, 10). Moreover,
multiple factors that affect vitamin D status including ultravio-
let B radiation exposure (UVR), latitude, systemic infection,
and smoking, are associated with MS risk, and higher levels of
serum 25(OH)D have a protective effect on MS risk but not on
the clinical course or the severity of MS (11). Although clinical
trials of vitamin D supplementation with the primary outcome
being MS risk have not been undertaken due to their complex-
ity, the need for many years of follow-up and the overall low
risk of MS in the general population there is a considerable
body of research regarding the protective effect of vitamin D
status on MS clinical activity, such as a decrease in magnetic
resonance imaging lesions (12) and a reduced hazard of relapse
(13). Since MS is a chronic, inflammatory, autoimmune disease
that could potentially originate from an autoimmune response
to neurodegenerative central nervous system (CNS) antigens
such as protein components of the myelin sheath (14) with
periods of de- and remyelination or progressive demyelination
driven by a strong involvement of various branches of the
immune system (15) an effect of vitamin D metabolites on the

Abbreviations: AP-1, activator protein 1; ATAC-seq, assay for transposase-acces-
sible chromatin using sequencing; C/EBP, CCAAT/enhancer-binding protein;
ChIA-PET, chromatin interaction analysis by paired-end tag sequencing; ChIP-
seq, chromatin immunoprecipitation sequencing; CIS, clinically isolated syn-
drome; CNS, neurodegenerative central nervous system; CREB, cAMP response
element-binding factor; CSF, cerebrospinal fluid; CTCF, CCCTC-binding factor;
DC, dendritic cell; DHS, DNase hypersensitivity sites; DR3, a direct repeat of 2
hexameric core binding motifs with a spacing by 3 nucleotides; EAE, experimental
autoimmune encephalomyelitis; EMSA, Electrophoretic Mobility Shift Assay;
eQTL, expression quantitative trait loci; FAIRE-seq, formaldehyde-assisted
isolation of regulatory elements-seq; FOXA1, Forkhead box protein Al; GABPA,
DNA-binding subunit of GABP; GR, glucocorticoid receptor; GWAS, genome-
wide association studies; Hi-C, high-resolution chromosome conformation cap-
ture; LCL, lymphoblastoid cell line; LD, linkage disequilibrium; MBP, myelin basic
protein; MED1, mediator complex subunit 1; mESC, murine embryonic stem
cell; MRI, magnetic resonance imaging; MS, multiple sclerosis; NcoR1/2, nuclear
receptor co-repressor 1/2; NGS, next-generation sequencing; NK, natural killer;
PLP, proteolipid protein; PTH, parathyroid hormone; RRMS, relapse-remitting
multiple sclerosis; RUNX2, Runt-related transcription factor 2; RXR, retinoid X
receptor; SE, super-enhancer; SMRT, silencing mediator of retinoid and thyroid
hormone receptor; SNP, single-nucleotide polymorphism; SRCI, steroid receptor
coactivator 1; TAD, topologically associated domains; TF, transcription factor;
VDR, vitamin D receptor; VDRE, vitamin D responsive elements.

overall inflammatory state within the CNS would be a logical
explanation (11).

Furthermore, besides the obvious impact of a deficiency due
to environmental factors, genetic aspects of control over the vita-
min D metabolism appear to be also important. In total, more
than 200 common risk SNPs have been found in genome-wide
association studies (GWAS) outside the HLA region that are
significantly associated with MS (16). Among these common risk
SNPs [published in the NHGRI GWAS Catalog (https://www.
ebi.ac.uk/gwas/search?query=MULTIPLE%20SCLEROSIS) and
IMSGS (16)], there are several that are linked with vitamin D
metabolism-associated genes. CYP24A1, rs2248137 (16), and
rs2248359 (17), and SNPs that tag a chromosome 12 linkage
disequilibrium (LD) block that contains the gene CYP27B1,
rs12368653/rs703842/rs10876994 (17, 18), rs201202118 (19),
and rs701006 (16). Some rare risk SNPs have been identified in
vitamin D metabolism genes, such as rs118204009 in CYP27B1
(20) although this has not been confirmed in subsequent work
(21), and rs117913124 in CYP2R1 (22), which may impact both
the risk of vitamin D insufficiency and the risk to develop MS,
a validation of these findings in other cohorts will be necessary.
However, the cross sectional case—control design of GWAS that
define risk is by their nature not suitable for predicting clinical
course. All known genes identified by GWAS including those
identified in the HLA region have not shown a significant
association with the clinical course of MS in the GWAS stud-
ies themselves. Some associations with MS clinical course have
been found when these SNPs are used as candidate genes in
longitudinal MS studies focusing on clinical severity and disease
course (23-26) suggesting that genetic variants that tag the Vit
D pathway genes have a functional impact on the clinical course
of MS (27, 28).

A second major aspect of the role of vitamin D in the etiology
of MS are the extensive genomic binding regions of the nuclear
vitamin D receptor (VDR), which is the only cognate receptor
of the active form of vitamin D [1,25(OH),Ds or calcitriol].
It acts as a transcription factor (TF) that interacts with multiple
other TFs and coregulators, and binds to regulatory hotspots
throughout the genome (29, 30). In fact, many enhancers that
contain VDR-binding sites are located within regulatory hubs
of enhancers [so-called super-enhancers (SEs)] which are now
considered to be involved in the regulation of cell fate (cell
identity or cell differentiation) (29, 31). The large number of
genes containing VDR-binding sites is probably one mechanism
that allows organisms to integrate environmental stimuli into
functional effects which can influence for example, cell differ-
entiation (30, 32-34).

In this review, we try to connect the genomic effects of vitamin
D on immune cells with MS etiology by discussing the cistrome
of the VDR. First, we will discuss the effects of vitamin D on
immune cells and the implications of GWAS results that indicate
vitamin D-associated genes are involved in the immune response.
Furthermore, we will review the cistrome of the VDR in multiple
immune cells. The association of the VDR cistrome with epig-
enomic characteristics, including SE regions, in these cells, could
help to analyze the potential mechanisms underlying the role of
vitamin D in MS etiology and pathogenesis.
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THE INFLUENCE OF VITAMIN D AND
ITS COMPLEX METABOLISM ON MS

Immunological Effects Underlying the
Role of Vitamin D As an Environmental
Factor for MS

The early stages of MS are assumed to be mediated by activated
CD4* T cells that express pro-inflammatory cytokines and
facilitate chronic inflammation that causes demyelination. Origi-
nally, the concept of an ill-timed transition from the Th1 to Th2
state was considered to be a major contributing factor for the
development of autoimmune disease (35). However, new, more
detailed studies that have investigated the roles of newly defined
T cell subsets under the extended T cell paradigm point to an
imbalance of Th17 and Treg populations as an underlying factor
for the development of multiple autoimmune diseases (36-39).

Theactive form 1,25(OH),Dshasbeen implicated previously
in Th1/Th2 conversion and now in Th17/Treg balance (40, 41).
Specifically, 1,25(OH),D; can inhibit the Th17 phenotype by
inhibiting the transcription of RORyt, IL-17, IL-23R, and IL-22
(42),and promote the Treg subset by inducing the expression of
IL-10, Foxp3, and CTLA-4 (43, 44). Furthermore, 1,25(OH),D;
can also inhibit the expression of IL-2 and IFN-y and modulate
differentiation of Th17 cells (45, 46). Granulocyte/mac-
rophage colony-stimulating factor (GM-CSF) secretion, as an
emerging risk factor for MS, is also inhibited by 1,25(OH),Ds
(36, 47). In addition, the expression of the Th17 marker mol-
ecule CCR6 is reduced by 1,25(OH),Ds, which in turn, reduces
the number of Th17 cells migrating in response to CCL20 to
the central nervous system (48). Furthermore, 1,25(OH),D;
also inhibits the proliferation of isolated CD4* T cells and
myelin basic protein (MBP)-specific T cells from MS patients
in vitro (49).

In addition to changes in the Th subset ratio, other immune
cell subsets also potentially play roles in MS pathology, which
can be aligned with or complement T cell-centered pathology.
Pro-inflammatory T cells can recruit B cells, myeloid cells
[monocytes/dendritic cells (DCs)], natural killer (NK) cells, or
CNS-resident macrophages (microglia) to the pathology. They
can interact and, for example, induce complement depositions
and cause opsonization and local activation of microglia and
macrophages until demyelination occurs (50). As immuno-
globulin G1 and myelin reactive antibodies are identified in the
cerebrospinal fluid of MS patients, B cells may contribute to MS
pathogenesis via their ability of antigen presentation or produc-
tion of immunoglobulins (50). Pro-inflammatory CD14*CD16*
monocytes show activation in MS patients, and their ability to
disrupt the blood-brain barrier also is contributing to MS pathol-
ogy. Monocyte differentiation can lead to opposite functionality
in macrophages depending on the cytokine environment:
either pro-inflammatory M1- (or DCI1) or anti-inflammatory
M2-macrophages (or tolerogenic DC2) (51, 52). NK cells can
migrate into CNS and can display various functions. They can
show cytotoxicity to DCs suggesting a pathological role in MS.
Counterintuitively, their number and functional activity is
reduced in MS patients (50).

By analysis of gene expression patterns (such as RT-PCR and
RNA-seq) or epigenomic features [such as chromatin immuno-
precipitation sequencing (ChIP-seq) and DNase hypersensitivity
sites], all immune cells (including microglia) and neuron cells
partly express MS risk genes (16, 53, 54), but MS risk SNPs are
preferentially more enriched in the SE region of CD4* T cells,
than in that of B cells and monocytes (32, 33). Interestingly,
ChIP-seq results showed a stronger sensitivity of MS risk genes
detecting 121 distinct genes with VDR binding peaks in DC2s
whereas RNA-seq identified only one differently expressed gene
in DC2s compared with the transcriptome of DC1s or monocytes
(53). Supporting the notion that vitamin D has a biological role
in CNS autoimmunity, all these cell types can be impacted by
1,25(0OH),Ds. For example, 1,25(0OH),D; inhibits proliferation,
plasma cell differentiation and antibody production of B cells,
but promotes class-switched memory B cell generation and B cell
apoptosis (55). Furthermore, via inhibiting cell differentiation
1,25(OH),Djs could be involved in preserving the immature status
of DC with considerable ramifications for the specific immune
response. This cell population has in its immature form charac-
teristics such as lower expression of MHC class I, costimulatory
molecules and IL-2, which could lead to a modulation of antigen
presentation and ultimately, self-tolerance (55).

In the context of these vitamin D functions the still unresolved
question of the required, physiologically effective concentration
of 1,25(OH),D; should be mentioned as a caveat. The concen-
trations employed in in vitro experiments (10-100 nM) or the
physiologically effective concentrations observed in the in vivo
microenvironment (1-10 nM) can actually be produced in
both autocrine or paracrine pathways by DCs or T cells via the
hydroxylation of 25(OH)D (which has on average a physiological
concentration in the blood of 50-80 nM), to 1,25(0OH),D; by
the enzyme 25-hydroxyvitamin D; la-hydroxylase (CYP27B1)
(43, 46, 56). Notably, concentrations of either 10 or 1077 M
of 1,25(0OH),Ds will induce either Foxp3 or IL-10 expression,
respectively, with little co-expression (44). This suggests that a
precise control of the local vitamin D concentration needs to be in
place in the microenvironment to achieve homeostasis. How this
is approached physiologically is not understood. Actually, under
in vivo conditions a small rise (~10 nM) in 25(OH)D; serum
levels can lead to significant changes at hundreds of sites within
the epigenome of human leukocytes (57).

The complexity of the interactions between vitamin D and
the immune system have been demonstrated in more detail in
mouse models. In experimental autoimmune encephalomy-
elitis (EAE), a model of neuroinflammation used to study MS,
vitamin D treatment ameliorated the clinical symptoms of EAE
mice. Reciprocal bone marrow chimeras using VDR-knockout
(VDR-KO) bone marrow showed that the hematopoietic donor
cells needed to have a functional VDR to cause this attenuation
of the pathology. Interestingly, no change in the total number of
CD4* T cells or the proportion of Foxp3* T-cells in the periphery
or the CNS could be detected (58). By contrast, in a model of
inflammatory bowel disease either in VDR-KO mice or in the
absence of vitamin D an overproduction of Th17 cells and a
reduction of inducible Tregs could be shown (59). Addition of
vitamin D reversed this effect in T cell culture (59) and in an
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in vivo model (60). In a dextran sodium sulfate colitis model,
VDR-KO mice showed increased sensitivity and early mortality
which could be ameliorated with 1,25(0OH),D; (61). However,
ultimately a T cell-specific VDR-KO model will have to be
employed to confirm these observations. Furthermore, VDR-KO
mice have an impaired resistance to allergic asthma, support-
ing the notion of a suppressive effect of VDR absence on Th2
responses (62). Controversially, it has also been described that
less Th2-cytokines IL-4, -5, and -13 are produced by VDR-KO
Th2 cells (63), and vitamin D can inhibit the allergic asthma phe-
notype (64). Furthermore, gene conservation between primates
and rodents needs to be considered. For example, VDR target
genes encoding AMPs human beta-defensin 2 and cathelicidin
(CAMP) and the pattern recognition receptor NOD2 are only
induced in human cells after 1,25(OH),D treatment, but not in
mouse cells (65).

The immunoregulatory effects of vitamin D on the human
immune system will be more complex, as a result of synergis-
tic/antagonistic effects of various environmental factors with
vitamin D, and dose-/time-dependency in vivo. A multitude of
clinical translational studies, in part double-blinded randomized
controlled trials on clinically isolated syndrome or relapse-
remitting multiple sclerosis (RRMS) MS patients, has attempted
to analyze the role of vitamin D. It has been a consistent result
that serum 25(OH)D level and TGF-p level will increase after
vitamin D supplement of either 1,000 IU/day for 6 months
(66), or 20,000 IU/week for 48 weeks (supplementing IFNf-1b
therapy) (67), although one study (7,000 IU/day for 4 weeks
followed by 14,000 IU/day for 44 weeks in addition to IFNf-1a
therapy) only observed an increased serum TGF-p level in the
placebo group rather than the vitamin D group (68). However,
most studies have not been able to reveal an immunoregula-
tory effect of vitamin D on serum cytokine profile and immune
cell subsets (66, 67, 69-72). This could indicate that there is
no correlation between the higher serum 25(OH)D level and
pro-inflammatory cytokine/chemokine profiles (39). One study
observed a reduced proportion of CD25* Tregs and decreased
circulating soluble-CD25 only in placebo group, suggesting
a maintenance effect of vitamin D on immune homeostasis
(73). Other studies also found a reduced IL4* Th cell propor-
tion in the placebo group (68), and the IFN-y/IL-4 ratio (Th1/
Th2-balance) was more directed toward IL-4 in patients with
increased serum 25(OH)D levels (74). This would suggest an
anti-inflammatory effect of vitamin D. Among those studies, a
proposed dose-dependency is reflected in high-dose 10,400 IU/
day vitamin D treatment for 6 months will increase 25(OH)D
level more strongly and can alter the proportion of CD4* T cell
subsets (i.e., reduced IL-17* Th/CD161* Th/effector memory
Th cells, increased central memory Th/naive Th cells) in RRMS
patient is compared with 800 IU/day (75). Similarly, 800 IU/
day vitamin D treatment for 1 year will induce more serum
IL-17 in RRMS patients, while patients with high-dose 4,370
IU/day treatment only showed heterogeneous IL-17 response
(70). Concurrently, a time-dependency of vitamin D treatment
is demonstrated by reduced anti-EBNAI protein and fragment
antibody levels from baseline to week 48 but not to week 96 of
the therapy (76).

Interestingly, some MS-specific changes that can not be
observed directly ex vivo can be found after PBMCs culture
in vitro. For example, in tissue culture the GM-CSF secretion of
CD4* T cells from MS patients was less reduced by vitamin D
than in healthy controls (77). In addition, the serum 25(OH)D
levels from RRMS patients correlated positively with the ability
of Treg cells to inhibit T cell proliferation (74). Likewise, for
PBMCs from MS patients with vitamin D supplement, their
in vitro proliferative responses to antigens such as MBP were
reduced (69). Similarly, in vitro PBMCs proliferation in the
vitamin D supplement MS group were significantly reduced,
and the supernatant levels of TGF-f and IL-10 were increased,
compared with that in the placebo MS group (78). In considera-
tion of the complexity of vitamin D supplement effects in vivo,
more RCT trials with higher statistical power have to be carried
out to avoid heterogeneity among participants and different
centers. This can be supplemented by Real-World data, such
as patient-reported outcomes or associated epidemiology data
(79). On the other hand, analyses of genomic effects of vitamin
D and its associated genes in different cell types could provide
a more reductionistic explanation of confusing results from
translational researches.

Potential Mechanism of Vitamin

D-Associated Metabolic Enzymes in MS

The immune cell types discussed earlier such as T cells (49, 56,
80-83), B cells (84, 85), DCs (86-89), macrophages (87), and
CNS cells, such as neurons, microglias, astrocytes, and invad-
ing lymphocytes (90-92), can express CYP27B1 and CYP24Al1,
according to their environmental status and during different cell
stages. Interestingly, these genes are under precise regulation as
a result of integrating environmental factors and interactions
among different cell types. For example, after 24 h activation of
T cells, the 1,25(OH),D; production from 25(OH)D:s is very low,
but it strongly increases after 48 h of activation (82). Therefore,
after only 24 h activation, some investigations cannot observe the
capacity of CD4* T cells for converting 25(OH)D; to 1,25(0OH),Ds
(56). Under normal physiological conditions, inactivated T cells
lack la-hydroxylase protein, and the function of the CYP27B1
enzyme will be provided by APCs in close contact (52, 56).
Furthermore, activated T cells that interact with macrophages will
increase the CYP27BI expression in macrophages, an effect that
is similar to the treatment of macrophages with IFN-y or soluble
CD40L. In fact, multiple environmental factors and cell signals
impact the regulatory network of CYP27B1 and CYP24A1 and
change their expression level, such as 1,25(OH),Ds/VDR itself,
parathyroid hormone (PTH)/prostaglandin/PKA, Ca,*/PKC,
TCR/Zap-70, and various other cell differentiation signals
(41, 56, 80, 82, 83, 88, 93). For example, the binding of STAT1 to
VDR which is induced by IFN-y prevents the CYP24A1 expres-
sion in monocytes and macrophages (94). But Th cell-produced
IFN-y can promote the TLR2/1 induced expression of CYP27B1
and VDR in monocytes, while IL-4 has been shown to be inhibi-
toryand instead induces CYP24A 1 expression (95). Furthermore,
through binding to VDR, 1,25(OH),D; can downregulate its
own production by decreasing the expression of CYP27BI and
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increasing the expression of CYP24A1 (96-98). In addition, VDR
can also regulate its own expression, and thus, the metabolism
of vitamin D via binding vitamin D responsive elements in the
enhancer/promoter regions of VDR/CYP24A1/CYP27BI genes
(99, 100). During the process, epigenetic mechanisms partici-
pate in the regulation of VDR expression, such as methylation
of VDR promoter, acetylation of histone 4 in VDR enhancers,
and levels of miR-125b (101). All these studies have revealed a
complex regulatory network of CYP27B1/CYP24A1 with differ-
ent requirements in different cell types, although, interestingly,
in vitro myeloid cells express higher levels of CYP27B1/CYP24A1
without further stimulation (52, 53).

It has been attempted to isolate the potential functions of MS
risk SNPs by identifying MS risk genes (with or in proximity to
MS risk SNPs) that are associated with heritable altered ratios or
responsiveness of immune cells subsets from MS patients (54).
Many genes that are stably expressed in certain immune cell
subsets and have been identified as potential MS risk genes from
cohort studies, direct immune cell differentiation in MS patients
such as NF-kB in PBMCs (102), IL2RA in GM-CSF* memory Th
cells (103), TYK2 (tyrosine kinase 2) in Th2 cells (104), EOMES/
TBX21 in CD56% NK cells (105), and ZMIZI in plasmacytoid
DCs (106). However, the mechanisms how those genes with risk
alleles affect the responsiveness or differentiation of immune
cell subsets are still unclear. For example, questions how IL2RA
with risk allele alters IL-2 responsiveness of naive Th cells and
deviates their differentiation into GM-CSF-producing memory
Th cells. How IL2RA polymorphism impacts IL-2/STATS5 signal-
ing pathway? IL2RA gene actually has a high ranking SE region
in all Th1/Th2/Th17 cells, with potentially extensive regulatory
function (33). How TYK2 polymorphism regulates T lymphocyte
differentiation toward a Th2 phenotype and what the functions of
EOMES/TBX21 gene sets in CD56" cell and ZIMZ]1 sets in plas-
macytoid DCs of MS patients are. Could there be a robust uni-
fied underlying mechanism that affects a common key genomic
structure involved in cell fate determination? We will discuss the
influence of the vitamin D status in genomic regions as a key to
these questions in the second part of this review.

In support of a role of vitamin D, MS-associated SNPs that have
been identified in recent GWAS results are located around the
vitamin D metabolism-associated genes CYP27BI and CYP24A1,
and they have a modest but significant regulatory effect on gene
expression in certain cell types.

The gene CYP27B1 encodes 25-hydroxyvitamin D;
1-alpha-hydroxylase, an enzyme that converts 25(OH)D by
hydroxylation to 1,25(OH),Ds. This hydroxylase forms part of
an LD group on chromosome 12 and the major alleles of SNPs
rs10877012 (G), rs10877013 (C), and rs703842 (A) (tagged by
SNP rs6581155 with r* > 0.8) identify the CYP27BI haplotype
associated with an increased risk of MS (52, 107). It has been
shown in vitro that this haplotype of CYP27B1 is downregulated
in tolerizing DC which could point to a role in an autoim-
mune pathology (52). And lower CYP27B1 mRNA expression
was associated with rs10877013 (C) in LPS + IFNy-treated
monocytes (108). Unfortunately, another member of this LD
METT21B (previously termed FAM119B) has been shown to
be similarly regulated in the same cell types no matter its gene

expression from qPCR or its multiple isoforms from RNA-seq,
which prevents a clear conclusion (52). In an unrelated study
METT21B mRNA has been shown to be downregulated in cells
isolated from whole blood samples (109). However, according
to mRNA data from immortalized peripheral lymphocytes,
the expression of METTLI, CYP27BI, and CDK4 are all
regulated by rs10876994, rs12368653, or rs703842 (110). Using
a comprehensive approach [expression quantitative trait loci
(eQTL), ENCODE annotation, and luciferase reporter assay],
it has been indicated that the SNP rs10877013 can regulate the
enhancer activity and the gene expression of the LD region
(increasing the expression of TSFM/TSPAN31, reducing the
expression of CYP27B1/METT21B/AVIL) in a allele-dependent
and orientation-dependent way, by interfering with CCAAT/
enhancer-binding protein (C/EBP) a and B binding and engag-
ing promoter—enhancer/promoter—promoter interaction loops
(107). Interestingly, C/EBP P can determine adipocyte differ-
entiation at early stage by interacting with other TFs (including
VDR) in a TF binding hotspot on chromatin (30). And there are
multiple isoforms for METT21B and TSFM in DC2s, suggest-
ing a potential association of the region with long non-coding
RNA transcription (111) and further SE regions (112). But in
the immune system, the relationship between haplotype and cell
fate determination needs further analysis. A second risk SNP
(rs2248359 located separately from the chromosome 12 LD) that
has been identified in the same GWAS as MS-associated tags the
gene CYP24A1 that encodes for the enzyme 1,25-dihydroxyvita-
min D3 24-hydroxylase which can deactivate 1,25(0OH),D; (17).
The MS risk allele rs2248359-C increases CYP24A1 expression
in the frontal cortex but not in white matter of the human brain
(92). This enzyme was also present in DC and 1,25(OH),Ds-
simulated B cells but without a difference between two alleles
in tolerizing/pro-inflammatory DC and B cell (52, 108). Taken
together, the specific mechanism of how these risk SNPs func-
tion in different cell types and contribute to the regulation of
gene expression and then the etiology of MS is still unclear as are
their possible multiple indirect effects on distant genes or long-
term effects amplified by other risk factors during cell activation.
It is conceivable that one SNP can impact multiple transcription
processes in certain cell type at certain developmental stage
within some basic important chromatin structures, such as SE.

REGULATORY MECHANISM OF
VDR IN MS

VDR Binding to Chromatin and

Its Association with MS

There are only a limited number of studies about the general
effects of VDR binding to VDR binding sites in the genome on
the shape of the transcriptome. VDR belongs to the superfamily
of nuclear receptors and is located mainly in the cytoplasm. After
binding its cognate ligand 1,25(OH),Ds; VDR recruits its partner
retinoid X receptor (RXR) and can now translocate from the
cytoplasm to the nucleus and engage target genes via binding to
its genomic binding sites (113-115). It interacts with TF and/or
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coregulators. And it binds to cell type-specific VDR binding sites.
The association between extensive VDR binding and MS is sup-
ported by the overlapping localization of VDR ChIP-seq intervals
and MS risk SNP regions (53, 116-118).

The Interaction between VDR and TFs/Coregulators
In in silico motif analysis of experimentally determined VDR
binding sites by ChIP-seq identified that the majority of VDR
binding sites did not have canonical VDR binding motifs, which
consist of a direct repeat of two hexameric core binding motifs
with a spacing by 3 nucleotides (DR3), even though they are
enriched for DR3 motifs compared with the genomic back-
ground (53, 119, 120). Therefore, to allow DNA binding and the
regulation of transcription directly or indirectly, it is mandatory
that VDR can form complexes in association with other TFs or
coregulators. First, VDR can modify its DNA location by inter-
acting initially with other TFs. Examples are the TF PU.1 (for
monocyte/macrophage and B cell differentiation), STAT5 (for
cytokine signaling in T cell activation), DNA-binding subunit
of GABP (GABPA) in THP-1 cells, with motifs that have been
found within the peaks of VDR/RXR binding (119-121). The
co-localization of GABPA and VDR has been confirmed by
ChIP-seq data of GABPA cistrome, which can further interact
with PU.1 for regulating genes in cellular and immune signaling
processes (122). Six MS risk genes expressed by myeloid cells
(monocyte/DC1/DC2) have also been found co-localized with
VDR (both with VDR binding region and canonical VDR motif)
(53). One motif of the MS risk gene BATF is highly represented
in VDR binding peaks of DCls and DC2s (53), suggesting a
potential association between DC and Th17, and a role of VDR
in their differentiation (123). Furthermore, sixteen DC1-specific
MS risk TF genes, which are only represented in VDR binding
peaks of DC1s but not of DC2s/monocytes, are enriched for IL-1
(p=2.6x107)/IL-6 (p = 6.1 X 10~°)/MIF (p = 9.2 X 10~°) (not
corrected for multiple testing) signaling pathways associated
with inflammation (53). By analyzing ChIP-seq data both from
VDR and PU.1, PU.1-VDR cross talk has been demonstrated in
open chromatin in 1,25(OH),Ds-sensitive PU.1 loci which were
closer to the 1,25(OH),D; target genes (124). It could also be
shown by integrating VDR ChIP-seq data and GWAS results that
only 2 of 42 identified trait/disease risk SNPs resided within a
canonical VDR-binding site, and 33% of the 42 SNPs impacted
the immune-related binding and gene regulation by other TFs
including NF-kB. The co-enrichment of VDR and NF-kB bind-
ing in CEPH cell lines suggested the cross talk between VDR
and NF-kB (118). In human CD4" cells, VDR binding intervals
are enriched for CCCTC-binding factor (CTCF) motifs (125),
which is an architectural protein at the borders of topologically
associated domains (TAD). In monocyte, 1,25(OH),D; -depend-
ent CTCF binding sites also partly overlap with VDR binding
regions and contribute to DNA looping/TAD shaping (126).
VDR/RXR and TF 4/B-catenin can also interact and bind one
distal enhancer region to regulate ¢-FOS and c¢-MYC gene
expression in colonic cells, which occurs in a ligand-dependent
manner (127).

Second, VDR has also been shown to bind VDR coregulators,
which do not directly interact with DNA but are associated with

the regulation of gene expression by their modulation of the
DNA superstructure such as helicase, histone acetyltransferase,
proteasome-dependent proteolysis, histone deacetylase, etc.
(113). For example, VDR can recruit histone acetyltransferase
to activate transcription (128) and bind nuclear receptor co-
repressor 1/2 to recruit histone deacetylase which suppresses
transcription via chromatin modification (113). And in LS180
(human colon adenocarcinoma) cells, VDR co-localize with
many other coregulators for regulating regulated 1,25(OH),D;
responsive genes (129).

Engaging VDR Binding Region and Enhancers

The main DNA regions bound by VDR are enhancers indicating
that this nuclear receptor acts with a strong tissue specificity.
The observation of autoregulation of VDR on the VDR gene,
has supported the notion that VDR/RXR can bind the S1, S3
and Ul enhancers in the VDR gene regulating its own tran-
scription in a tissue-specific manner (99, 130). The regulation
of VDR depends on epigenetic modification (101). For exam-
ple, hypermethylation of VDR promoter and deacetylation of
histone H4 in VDR enhancers will reduce the transcription
of VDR gene. High levels of miR-125b posttranscriptionally
downregulate VDR mRNA levels. Furthermore, coregulatory
factors such as RNA polymerase II, cAMP response element-
binding factor (CREB), glucocorticoid receptor, C/EBPp, and
Runt-related transcription factor 2 can be recruited to regulate
VDR expression after ligand-dependent epigenetic modifica-
tion, such as histone H4 acetylation (99). This suggests that
these VDR-specific enhancers can integrate signals from mul-
tiple environmental factors (e.g., vitamin D, glucocorticoids,
retinoid acid, and PTH) by interacting with their associated
TFs (99, 130). This is also the case for a central metabolic
enzyme of the vitamin D pathway, 1,25(OH),D; 24-hydroxy-
lase or CYP24A1. In the case of this enzyme, the presence of
1,25(0OH).D; strongly induces the simultaneous presence of
VDR and RXR. After translocation to the nucleus the VDR
complex binds to VDR binding sites at the promoter regions
of CYP24A1 and to a cluster of enhancers located in intergenic
regions downstream of the enzyme upregulating its expression.
In this case, the recruitment of coregulators steroid receptor
coactivator 1, mediator complex subunit 1 (MED1), silencing
mediator of retinoid and thyroid hormone receptor, and the
occurrence of histone H4 acetylation are all associated with the
VDR/RXR binding (17, 131, 132).

With the development of ChIP-seq, which represents an
unbiased method that can quantify binding of a specific pro-
tein to certain DNA sequences, it is possible to determine the
genome-wide extent of the binding of a specific TF to DNA. In
a B cell-derived lymphoblastoid cell line (LCL), 1,25(OH),Ds-
treated samples have more genomic VDR binding sites than
untreated samples (treated: 2,776; control: 623) and overlap
with enhancer histone markers (such as in VDR and ALOX5)
resulting in the upregulation of the expression of 226 genes, and
downregulation of three genes (116). Furthermore, after treat-
ment with 1,25(OH),Ds the cells showed a significant increase
of intronic (treated: 36%; control: 26%) and intergenic (treated:
28%; control: 10%) binding sites (116). Interestingly, more than
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40% of VDR binding regions overlap with strong enhancer
regions in LCL, which is disproportionally more than that in
non-immune cell types (117). Similarly, after 1,25(OH),Ds
treatment of THP-1 cells, a human monocytic leukemia cell
line that resembles monocytes/macrophages, the VDR binding
sites increased (treated: 1,820; control: 1,169) and shifted from
the proximal transcription start site to distal regions (119).
A comparison of multiple VDR ChIP-seq datasets from different
cell types, including THP-1, LCLs (GM10855 and GM10861),
LX2 (lung derived cell line), and LS180 (colon derived cell line),
showed little overlap, suggesting a strong cell type specificity of
VDR binding. For example, LPS-induced THP-1 cells, have 22%
more VDR binding sites than that in the original THP-1 cells.
Yet, they show more overlap of VDR binding regions compared
with the overlap between monocyte and other different cell types
(120). The overlap of VDR cistrome between two cell types with
closer relationship is larger than overlap between cells with
distant relationship: overlap between myeloid cells (monocyte/
DC1/DC2) > overlap between myeloid cells and B cells > over-
lap between myeloid cells and stellate cells (53). However, despite
these discrepancies between cell lines, the characteristics of the
genomic changes after 1.25(OH),D; engagement of VDR imply
a shift from an induction of gene expression through promoter
engagement to a binding to potential enhancer regions both in
LCL and THP-1 cells.

The Association of Nuclear VDR Binding and MS

By combining MS transcriptome data with VDR ChIP-seq
data, the association between the VDR binding regions and
characteristic MS genes has been studied. For example, after
comprehensively analyzing vitamin D ChIP-seq data in LCL
and whole blood mRNA transcriptome from MS patients and
healthy controls, VDR binding sites were found to be enriched in
genes that were differentially expressed in different forms of MS,
such as primary progressive MS, secondary progressive MS, and
relapsing-remitting MS, compared with that in controls (116).
Furthermore, MS risk SNPs, such as rs703842, that are reported
as eQTL in immune cells, are associated with transcription level
of VDR bound CYP27B1 (107).

Furthermore, genomic overlap and enrichment analysis
pointed to disease risk SNP region that were enriched by VDR
binding sites, and VDR binding sites with risk SNP located in. In
CD4* T cells, VDR-binding loci were enriched near SNP regions
(100 kb around SNPs) that were associated with autoimmune
diseases including MS and T-regulatory/T-helper cell functions
(125). In LCL, VDR ChIP-seq data showed enrichment of VDR
binding sites in GWAS identified intervals that were associated
with multiple inflammatory diseases including MS, or vice versa
autoimmune disease risk SNPs were found to overlap with VDR
binding intervals (116). Furthermore, by supplementary anno-
tation with epigenetic chromatin states data from ENCODE,
both VDR-SE (strong enhancer) overlap and VDR-AP (active
promoter) overlap are more likely to be present within MS risk
regions comparing to the rest of the genome in LCLs (117). In
myeloid cells, MS risk alleles, from three MS GWASs (17, 18, 133),
are enriched (p < 107%, not corrected for multiple testing) in VDR
binding peaks (53).

Potential Mechanisms of VDR Involvement
in the Determination of MS-Associated
Cell Fate

As mentioned earlier, the explanation for the effect of genomic
regions with functional genomicannotation, suchasannotating
MS risk SNP in non-coding region with ENCODE data men-
tioned earlier, is an important addition to functional experi-
mental studies. Functional experimental studies on causal
SNP are mainly analyzing the potential interference between
risk SNP alleles and gene expression or TF binding affinity
using methods such as qPCR/microarray, Luciferase Reporter
Assay or Electrophoretic Mobility Shift Assay. However, tra-
ditional experiments have some clear disadvantages, such as
cumbersome, low-throughput methodology, hypothesis bias,
or altered 3D structure of chromatin when using luciferase
reporter. With the development of next-generation sequenc-
ing (NGS) and the dawn of the field of epigenetics, establishing
annotation profiles has become easier. Especially, combined
with NGS it was possible to define genomic SE structures
and to identify their role in cell fate decisions, which made
annotation more convincing and relevant. Below, we will
discuss the definition of SEs and their association with the
VDR and the role of VDR in dynamic chromatin landscape
shaping processes.

Identification of Enhancer and SE Elements

Enhancers now can be identified by H3K4mel (methylation of
lysine 4 of histone 3), while active enhancers can be distinguished
by H3K27ac (acetylation of lysine 27 of histone 3) and silent/
poised enhancers by H3K27me3 (trimethylation of lysine 27 of
histone 3) (134). Therefore, a genome-wide enhancer landscape
of active enhancers was identified using the ChIP-seq method
(135, 136). And as the association of enhancer with master TF
(such as T-bet), pervasive coregulators (such as CREB-binding
protein/p300, BRD4, and MED1) and DNA accessibility [such
as regions identified by DNase-seq, formaldehyde-assisted
isolation of regulatory elements-seq (FAIRE-seq) and Assay
for transposase-accessible chromatin using sequencing (ATAC-
seq)], they can also be used as an enhancer marker (31, 32,
137-139). Originally, the SNP loci associated with the greatest
impact on cell fate or phenotype were assumed to be in the coding
region of functional genes or in the promoter sequence of key TF
genes (140, 141). However, with the impact of enhancers on cell
identity and differentiation coming increasingly into focus, many
functionally important SNP sites were found to be located in or
in the vicinity of enhancers (142, 143). The recent observation
that the regulation of lineage determining TFs, signal-dependent
TFs, mediators, and chromatin-modifying coregulators were all
governed by clusters of enhancers in a close spatial arrangement
has led to the definition of SEs, which show higher enrichment
for selected enhancer markers (31-33, 139, 144). Indeed, more
risk SNPs have been found to be associated with SE structures
of specific cell types than with normal enhancers (33, 143, 145).
For example, type 2 diabetes-associated risk SNPs are located in
enhancer clusters which are specifically active in pancreatic islets
(146). Importantly, TFs can regulate cell-specific genes indirectly
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via SE region in other key TF genes, such as the Bach2 gene in
Th1/2/17 cells (32, 147). Different cytokine/cytokine receptor
genes with SEs in different Th subsets (Th1/2/17) are all repressed
by Bach2, whose gene also has an SE region in all these Th subsets,
suggesting that SEs can shape a regulation network and that it will
be possible to predict the role of TF genes in certain cell types
(32, 147). Interestingly the CYP27B1 haplotype is located in an
SE region in mouse Th cells (AbSUPER database) (31). On the
other hand, enhancers and SEs can themselves serve as transcrip-
tion units and can generate non-coding and long non-coding
enhancer RNAs. Their transcription is correlated with enhancer
activities and also plays a regulatory role on the formation of
enhancer-promoter loops and cell fate determination (112).
Recently, one search identified a non-coding RNA, ThymoD,
that was transcribed from the Bcl11b enhancer of an SE region.
This RNA molecule can direct enhancer-promoter loop shaping,
which further establishes T cell identity and blocks lymphoid
malignancy (148). As only <20% of putatively causal SNPs affect

TF binding, there needs to be another mechanism how risk SNPs
exert their biological function. The functional failure of enhancer
RNA caused by risk SNP allelic variations could be a possible
explanation (112).

Therefore, the fate of cells depends on chromatin modifications
in cis-regulatory enhancer elements. The master TF are the major
regulatory elements whereas SE regions and their modifications
provide focal points on DNA sequences for those master TFs to
act (149). After hormone or vitamin stimulation (such as estrogen
or vitamin D) hormone ligand-induced SE regions are located
around central enhancers with canonical hormone-specific
regions (such as VDR DR3 elements or ERa dimer-specific
elements). After ligand stimulation, subordinate enhancers
would begin to shape the genomic environment around central
enhancers together with motif enrichment of collaborating
partners [such as Forkhead box protein A1 (FOXAL1) or activator
protein 1] (150). This is consistent with other research that shows
that persistent VDR regions in THP-1 human monocytes show
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FIGURE 1 | Vitamin D regulates the transcription of target genes. After binding its ligand 1,25(0H).Ds and recruiting its partner retinoid X receptor (RXR), vitamin D
receptor (VDR) enters the nucleus and binds to the transcription factor (TF) binding sites of target genes, where causal risk single-nucleotide polymorphism may be
located. This induces transcription after the activation of other components of the transcription complex has been completed. A key enhancer can potentially be
transcribed into a non-coding enhancer RNA, which regulates gene transcription or orchestrates cohesion-dependent looping to bring target gene promoter and
enhancer region into a single-loop domain. The transcription activity of the whole domain is limited and regulated in a 3D loop isolated from other DNA regions by
CCCTC-binding factor (CTCF) and cohesin (148), and some of CTCF overlap with binding of VDR (125, 126). Enhancers bound by VDR/RXR especially that in the
so-called super-enhancers (SEs) or TF hotspot regions will recruit coregulators that shape chromosome landscapes and cooperate with other TFs. Other genes that
are located in the 3D loop but outside the regulatory hub can also be transcribed but at lower rate. Outside the 3D loop, preoccupied VDR or RXR can be detected
without vitamin D stimulation showing only low regulatory activity. Some preoccupied basal RXR binding sites can predict VDR binding sites following 1,25(0H).Ds
stimulation and could represent storage regions for the VDR in the absence of 1,25(0H).Ds. After ligand binding, these “stored” VDR can shift to a DR3 motif in
intronic and intergenic regions of regulated genes (120). However, the preoccupied VDR region with DR3 motif plays a master (persistent/mother) enhancer role,
persist, and will promote the whole region activation and SE shaping. Secondary VDR binding region without DR3 motif (suggesting it binds DNA via interaction
with other pioneer TFs or via non-classic unknown RXR/VDR motifs) will constitute subservient (secondary/daughter) enhancers around master enhancers in SE
region (121, 150).
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highly conserved binding of DR3-type motifs with high affinity
after ligand stimulation (121). These persistent primary VDR loci
in the same TAD will affect chromatin accessibility for further
PU.1 and VDR binding, which leads to a general cell activation,
while transient primary VDR loci regulate specifically their
immune associated genes. As we mentioned before, SE, as a key
regulatory region, is of great use for identifying key genes in cell
fate determining. However, as SE defined by different enhancer
markers will lead to different key regions, the relationship
between SEs shaped by environmental signal TF and SE shaped
by key TFs is still unclear. For example, in murine embryonic
stem cells (mESCs), SEs shaped by key TFs (OCT4, SOX2, and
NANOG) are correlated with and provide a platform for signal
TFs (STAT3, SMAD3, and TCF3), but in MCF-7 cells, ERa, and
FOXA1-shaped distinct SE regions. Therefore, focusing on the
effect of the modification of regulatory hubs in the presence of
VDR can help our understanding of vitamin D’s effect on specific
cell types (Figure 1), and the clarification of relationship between
VDR and SEs in multiple immune cell types would further the
understanding of MS pathogenesis.

The Hierarchical and Chronological Order of VDR

and Other TFs Binding to Key Enhancers during

Cell Differentiation

Recent immune cell plasticity research emphasized the impor-
tance of TFs that are dependent on environmental signals, such
as VDR (vitamin D-dependent), SMAD3 (TGF-f-dependent),
and STAT (cytokine dependent), which participate in the modi-
fication of enhancer landscapes and interact with master TFs,
such as T-BET, PU.I and OCT4. In macrophages and B cells,
the master TF PU.1 plays a pivotal role in shaping a cell-specific
epigenetic genomic landscape to enable the subsequent binding
of environmental signal-dependent TFs that directly regulate
gene expression (151). In mESCs, myotubes and pro-B cells, cell
type-specific master TFs such as OCT4, MYOD1, and PU.1 also
modify the chromosome landscapes and direct TGF-/SMAD3
to bind different identity gene loci separately (152). Indeed,
master TF-deficient cells show only limited impact on estab-
lishing the mature phenotype in CD4* T cells, and the pivotal
factors that shape epigenetic genomic landscapes in T cells are
still elusive. However, there are some clues. Signal-dependent
TE, such as STATs, have an important role in chromosome
modification during T cell differentiation. For example, STAT4
promotes H3K4me3 modification on Thl cell identity genes, and
STAT6 modifies H3K27me3 in gene loci of Th2 cell identity genes
(153). While the expression of master TF (e.g., T-bet) in signal-
dependent TF-deficient cells (e.g., STAT4-deficient cells) fails to
recover enhancer landscape changes and consequently, the cell
phenotype (e.g., Th1 cells) (123, 147, 152, 154, 155). In Th17 cells,
BATF and IRF4, not Th17 master TF RORyt, cooperate to modify
chromatin landscapes including genome-wide distribution of
p300 allowing other factors such as STAT3 and RORyt to attach
(123). In general, it becomes clear that an underlying epigenetic
instability is an important principle in the cell fate determination
and the observed plasticity of cell subsets (156). Environmental
signal-dependent TF potentially play an equal role with master
TE, which of them is the pioneer factor that opens the chromatin

is still uncertain. Therefore, the role of VDR in cell fate deter-
mination although not clearly elucidated could be larger than
expected.

It is noteworthy that TF binding is always dynamic and
transient rather than stable which makes the molecular basis of
differentiation even more complex. In some cases VDR can bind
to positions before actual 1,25(OH),Ds stimulation. After stimu-
lation, the VDR binding profile will shift to new positions (119).
Finally, multiple factors can bind certain DNA regions in turn
according to the dynamically changing epigenetic landscapes
shaped by binding TFs. For instance, cyclical chromatin looping
and TF binding of the regulatory region of p21 gene has been
observed after stimulation with 1,25(OH),D; (157).

CONCLUSION AND PERSPECTIVES

Overall, the role of the VDR cistrome in the epigenomic shap-
ing of the enhancer landscapes and cell type determination will
affect the maturation and differentiation of immune cells that are
involved in the pathogenesis of MS. We suggest that this may be
a key to the explanation of the biological contribution of risk-
associated vitamin D SNPs, as well as environmental levels of
vitamin D and MS risk.

In the future, we will benefit significantly from new tech-
nologies. High throughput methods, such as RNA-seq, ChIP-seq,
updated ChIP-seq with higher resolution (ChIP-exo), chromatin
interaction analysis by paired-end tag sequencing (ChIA-PET),
high-resolution chromosome conformation capture (Hi-C) are
providing a more complete and unbiased view of the TF cistrome
and TF networks. Taken together with traditional experiments,
high throughput methods and bioinformatics, great advance-
ments have been made in analyzing the regulation, interactions
and functions of VDR and its ligands in immune cells. Further
exploration will help to understand this highly dynamic and
environmentally responsive network and answer the question
how individual variations in environmental levels of vitamin D,
genotypes, and risk alleles, in particular, influence or modulate
outcomes in immune cell differentiation and predispose indi-
viduals to autoimmune diseases such as MS. MS epidemiology
researchers can design clinical studies that include new data from
NGS via increased coordination and collaboration with genom-
ics/epigenomics labs, which will potentially connect changes on
MS risk genomic regions to clinical processes directly and lead to
new insights in MS pathogenesis and new diagnosis/treatment
targets.

AUTHOR CONTRIBUTIONS

ML wrote and edited the manuscript, BT and HK edited the
manuscript.

FUNDING

This work was supported by grants from the Royal Hobart
Research Foundation (to BT) and MS Research Australia (to
BT and HK). ML was supported by a UTAS/AMU international
postgraduate scholarship.

Frontiers in Immunology | www.frontiersin.org

March 2018 | Volume 9 | Article 477


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Luetal

Vitamin D in MS

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. McCollum EV, Simmonds N, Becker JE, Shipley PG. Studies on experimental

rickets. XXI. An experimental demonstration of the existence of a vitamin
which promotes calcium deposition. J Biol Chem (1922) 53:293-312.

. Hess AF, Unger L], Pappenheimer AM. Experimental rickets in rats: Vii. The

prevention of rickets by sunlight, by the rays of the mercury vapor lamp,
and by the carbon arc lamp. J Exp Med (1922) 36:427-46. doi:10.1084/
jem.36.4.427

. Wolf G. The discovery of vitamin D: the contribution of Adolf Windaus.

J Nutr (2004) 134:1299-302. doi:10.1093/jn/134.6.1299

. Velluz L, Amiard G, Goffinet B. Le precalciferol. Structure et photochimie.

Son role dans le genese di calciferol, et des photoisomeres de lergosterol.
Bull Soc Chim Fr (1955) 22:1341-8.

. Holick ME, Maclaughlin JA, Clark MB, Holick SA, Potts JT Jr, Anderson RR,

et al. Photosynthesis of previtamin D3 in human skin and the physiologic
consequences. Science (1980) 210:203-5. doi:10.1126/science.6251551

. Vieth R. Why “Vitamin D” is not a hormone, and not a synonym for

1,25-dihydroxy-vitamin D, its analogs or deltanoids. J Steroid Biochem Mol
Biol (2004) 89-90:571-3. doi:10.1016/j.jsbmb.2004.03.037

. Ascherio A, Munger KL, Simon KC. Vitamin D and multiple sclerosis. Lancet

Neurol (2010) 9:599-612. doi:10.1016/S1474-4422(10)70086-7

. Ascherio A, Munger KL, Lunemann JD. The initiation and prevention of

multiple sclerosis. Nat Rev Neurol (2012) 8:602-12. doi:10.1038/nrneurol.
2012.198

. Mokry LE, Ross S, Ahmad OS, Forgetta V, Smith GD, Goltzman D, et al.

Vitamin D and risk of multiple sclerosis: a Mendelian randomization study.
PLoS Med (2015) 12:¢1001866. doi:10.1371/journal.pmed.1001866

Rhead B, Baarnhielm M, Gianfrancesco M, Mok A, Shao X, Quach H,
et al. Mendelian randomization shows a causal effect of low vitamin
D on multiple sclerosis risk. Neurol Genet (2016) 2:€97. doi:10.1212/
NXG.0000000000000097

Pierrot-Deseilligny C, Souberbielle JC. Vitamin D and multiple sclero-
sis: an update. Mult Scler Relat Disord (2017) 14:35-45. doi:10.1016/j.
msard.2017.03.014

Ascherio A, Munger KL, White R. Vitamin d as an early predictor of
multiple sclerosis activity and progression. JAMA Neurol (2014) 71:306-14.
doi:10.1001/jamaneurol.2013.5993

Simpson S, Taylor B, Blizzard L, Ponsonby AL, Pittas F, Tremlett H, et al.
Higher 25-hydroxyvitamin D is associated with lower relapse risk in multiple
sclerosis. Ann Neurol (2010) 68:193-203. do0i:10.1002/ana.22043

de Rosbo NK, Ben-Nun A. T-cell responses to myelin antigens in multiple
sclerosis; relevance of the predominant autoimmune reactivity to myelin
oligodendrocyte glycoprotein. ] Autoimmun (1998) 11:287-99. doi:10.1006/
jaut.1998.0202

Sospedra M, Martin R. Immunology of multiple sclerosis. Annu Rev Immunol
(2005) 23:683-747. doi:10.1146/annurev.immunol.23.021704.115707
Patsopoulos N, Baranzini SE, Santaniello A, Shoostari P, Cotsapas C,
Wong G, et al. The multiple sclerosis genomic map: role of peripheral
immune cells and resident microglia in susceptibility. bioRxiv (2017).
doi:10.1101/143933

International Multiple Sclerosis Genetics Consortium, Wellcome Trust Case
Control Consortium, Sawcer S, Hellenthal G, Pirinen M, Spencer CC, et al.
Genetic risk and a primary role for cell-mediated immune mechanisms in
multiple sclerosis. Nature (2011) 476:214-9. doi:10.1038/nature10251

Bahlo M, Booth DR, Broadley SA, Brown MA, Foote SJ, Griffiths LR,
et al. Genome-wide association study identifies new multiple sclerosis suscepti-
bility loci on chromosomes 12 and 20. Nat Genet (2009) 41:824-8. doi:10.1038/
ng.396

Beecham AH, Patsopoulos NA, Xifara DK, Davis ME Kemppinen A,
Cotsapas C, et al. Analysis of immune-related loci identifies 48 new
susceptibility variants for multiple sclerosis. Nat Genet (2013) 45:1353-60.
doi:10.1038/ng.2770

Ramagopalan SV, Dyment DA, Cader MZ, Morrison KM, Disanto G,
Morahan JM, et al. Rare variants in the CYP27B1 gene are associated with
multiple sclerosis. Ann Neurol (2011) 70:881-6. doi:10.1002/ana.22678

Ban M, Caillier S, Mero IL, Myhr KM, Celius EG, Aarseth ], et al. No evidence
of association between mutant alleles of the CYP27B1 gene and multiple
sclerosis. Ann Neurol (2013) 73:430-2. doi:10.1002/ana.23833

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Manousaki D, Dudding T, Haworth S, Hsu YH, Liu CT, Medina-Gomez C,
et al. Low-frequency synonymous coding variation in CYP2R1 has large
effects on vitamin D levels and risk of multiple sclerosis. Am ] Hum Genet
(2017) 101:227-38. doi:10.1016/j.ajhg.2017.06.014

Zhou Y, Taylor B, Van Der Mei I, Stewart N, Charlesworth J, Blizzard L,
et al. Genetic variation in PBMC-produced IFN-gamma and TNF-alpha
associations with relapse in multiple sclerosis. J Neurol Sci (2015) 349:40-4.
doi:10.1016/j.jns.2014.12.022

Pan G, Simpson S Jr, Van Der Mei I, Charlesworth JC, Lucas R, Ponsonby AL,
et al. Role of genetic susceptibility variants in predicting clinical course
in multiple sclerosis: a cohort study. ] Neurol Neurosurg Psychiatry (2016)
87:1204-11. doi:10.1136/jnnp-2016-313722

Zhou Y, Graves ]S, Simpson S Jr, Charlesworth JC, Mei IV, Waubant E,
et al. Genetic variation in the gene LRP2 increases relapse risk in multiple
sclerosis. J Neurol Neurosurg Psychiatry (2017) 88:864-8. do0i:10.1136/
jnnp-2017-315971

Zhou Y, Simpson S, Charlesworth JC, Van Der Mei I, Lucas RM, Ponsonby AL,
et al. Variation within MBP gene predicts disease course in multiple sclerosis.
Brain Behav (2017) 7:¢00670. doi:10.1002/brb3.670

Lin R, Taylor BV, Simpson S Jr, Charlesworth J, Ponsonby AL, Pittas E, et al.
Novel modulating effects of PKC family genes on the relationship between
serum vitamin D and relapse in multiple sclerosis. J Neurol Neurosurg
Psychiatry (2014) 85:399-404. doi:10.1136/jnnp-2013-305245

Lin R, Taylor BV, Charlesworth J, Van Der Mei I, Blizzard L, Stewart N, et al.
Modulating effects of WT1 on interferon-beta-vitamin D association in MS.
Acta Neurol Scand (2015) 131:231-9. doi:10.1111/ane.12315

Siersbaek R, Baek S, Rabiee A, Nielsen R, Traynor S, Clark N, et al. Molecular
architecture of transcription factor hotspots in early adipogenesis. Cell Rep
(2014) 7:1434-42. doi:10.1016/j.celrep.2014.04.043

Siersbaek R, Rabiee A, NielsenR, Sidoli S, Traynor S, Loft A, etal. Transcription
factor cooperativity in early adipogenic hotspots and super-enhancers. Cell
Rep (2014) 7:1443-55. doi:10.1016/j.celrep.2014.04.042

Whyte WA, Orlando DA, Hnisz D, Abraham BJ, Lin CY, Kagey MH,
et al. Master transcription factors and mediator establish super-enhancers at
key cell identity genes. Cell (2013) 153:307-19. doi:10.1016/j.cell.2013.03.035
Hnisz D, Abraham BJ, Lee TI, Lau A, Saint-Andre V, Sigova AA, et al.
Super-enhancers in the control of cell identity and disease. Cell (2013)
155:934-47. doi:10.1016/j.cell.2013.09.053

Vahedi G, Kanno Y, Furumoto Y, Jiang K, Parker SC, Erdos MR, et al.
Super-enhancers delineate disease-associated regulatory nodes in T cells.
Nature (2015) 520:558-62. doi:10.1038/nature14154

Meyer MB, Benkusky NA, Sen B, Rubin J, Pike JW. Epigenetic plasticity
drives adipogenic and osteogenic differentiation of marrow-derived mes-
enchymal stem cells. J Biol Chem (2016) 291:17829-47. doi:10.1074/jbc.
M116.736538

Lassmann H, Ransohoff RM. The CD4-Th1l model for multiple sclerosis:
a critical [correction of crucial] re-appraisal. Trends Immunol (2004) 25:
132-7. doi:10.1016/j.it.2004.01.007

Christakos S. Chapter 36 - Vitamin D gene regulation. In: Bilezikian JP,
Raisz LG, Martin TJ, editors. Principles of Bone Biology. 3rd ed. San Diego:
Academic Press (2008). p. 779-94.

Smolders J, Damoiseaux J. Vitamin D as a T-cell modulator in multiple sclero-
sis. Vitam Horm (2011) 86:401-28. d0i:10.1016/B978-0-12-386960-9.00018-6
Kleinewietfeld M, Hafler DA. The plasticity of human Treg and Th17 cells and
its role in autoimmunity. Semnin Immunol (2013) 25:305-12. doi:10.1016/j.
smim.2013.10.009

Muris AH, Damoiseaux J, Smolders J. Monitoring in vivo immune modula-
tion by vitamin D in multiple sclerosis. In: Watson RR, editor. Handbook of
Vitamin D in Human Health: Prevention, Treatment and Toxicity. Wageningen:
Wageningen Academic Publishers (2013). p. 474-500.

Boonstra A, Barrat FJ, Crain C, Heath VL, Savelkoul HE O'Garra A.
lalpha,25-Dihydroxyvitamin d3 has a direct effect on naive CD4(+) T cells
to enhance the development of Th2 cells. J Immunol (2001) 167:4974-80.
doi:10.4049/jimmunol.167.9.4974

Staeva-Vieira TP, Freedman LP. 1,25-Dihydroxyvitamin D3 inhibits IFN-
gamma and IL-4 levels during in vitro polarization of primary murine CD4+
T cells. ] Immunol (2002) 168:1181-9. doi:10.4049/jimmunol.168.3.1181
Palmer MT, Lee YK, Maynard CL, Oliver JR, Bikle DD, Jetten AM, et al.
Lineage-specific effects of 1,25-dihydroxyvitamin D(3) on the development

Frontiers in Immunology | www.frontiersin.org

10

March 2018 | Volume 9 | Article 477


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1084/jem.36.4.427
https://doi.org/10.1084/jem.36.4.427
https://doi.org/10.1093/jn/134.6.1299
https://doi.org/10.1126/science.6251551
https://doi.org/10.1016/j.jsbmb.2004.03.037
https://doi.org/10.1016/S1474-4422(10)70086-7
https://doi.org/10.1038/nrneurol.
2012.198
https://doi.org/10.1038/nrneurol.
2012.198
https://doi.org/10.1371/journal.pmed.1001866
https://doi.org/10.1212/NXG.0000000000000097
https://doi.org/10.1212/NXG.0000000000000097
https://doi.org/10.1016/j.msard.2017.03.014
https://doi.org/10.1016/j.msard.2017.03.014
https://doi.org/10.1001/jamaneurol.2013.5993
https://doi.org/10.1002/ana.22043
https://doi.org/10.1006/jaut.1998.0202
https://doi.org/10.1006/jaut.1998.0202
https://doi.org/10.1146/annurev.immunol.23.021704.115707
https://doi.org/10.1101/143933
https://doi.org/10.1038/nature10251
https://doi.org/10.1038/
ng.396
https://doi.org/10.1038/
ng.396
https://doi.org/10.1038/ng.2770
https://doi.org/10.1002/ana.22678
https://doi.org/10.1002/ana.23833
https://doi.org/10.1016/j.ajhg.2017.06.014
https://doi.org/10.1016/j.jns.2014.12.022
https://doi.org/10.1136/jnnp-2016-313722
https://doi.org/10.1136/jnnp-2017-315971
https://doi.org/10.1136/jnnp-2017-315971
https://doi.org/10.1002/brb3.670
https://doi.org/10.1136/jnnp-2013-305245
https://doi.org/10.1111/ane.12315
https://doi.org/10.1016/j.celrep.2014.04.043
https://doi.org/10.1016/j.celrep.2014.04.042
https://doi.org/10.1016/j.cell.2013.
03.035
https://doi.org/10.1016/j.cell.2013.09.053
https://doi.org/10.1038/nature14154
https://doi.org/10.1074/jbc.M116.736538
https://doi.org/10.1074/jbc.M116.736538
https://doi.org/10.1016/j.it.2004.01.007
https://doi.org/10.1016/B978-0-12-386960-9.00018-6
https://doi.org/10.1016/j.smim.2013.10.009
https://doi.org/10.1016/j.smim.2013.10.009
https://doi.org/10.4049/jimmunol.167.9.4974
https://doi.org/10.4049/jimmunol.168.3.1181

Luetal

Vitamin D in MS

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

of effector CD4 T cells. ] Biol Chem (2011) 286:997-1004. doi:10.1074/jbc.
M110.163790

Jeffery LE, Burke F, Mura M, Zheng Y, Qureshi OS, Hewison M, et al.
1,25-Dihydroxyvitamin D3 and IL-2 combine to inhibit T cell production
of inflammatory cytokines and promote development of regulatory T cells
expressing CTLA-4 and FoxP3. ] Immunol (2009) 183:5458-67. doi:10.4049/
jimmunol.0803217

Urry Z, Chambers ES, Xystrakis E, Dimeloe S, Richards DF, Gabrysova L,
et al. The role of lalpha,25-dihydroxyvitamin D3 and cytokines in the pro-
motion of distinct Foxp3+ and IL-10+ CD4+ T cells. Eur J Immunol (2012)
42:2697-708. d0i:10.1002/¢ji.201242370

Colin EM, Asmawidjaja PS, Van Hamburg JP, Mus AM, Van Driel M,
Hazes JM, et al. 1,25-dihydroxyvitamin D3 modulates Th17 polarization
and interleukin-22 expression by memory T cells from patients with early
rheumatoid arthritis. Arthritis Rheum (2010) 62:132-42. doi:10.1002/
art.25043

Joshi S, Pantalena LC, Liu XK, Gaffen SL, Liu H, Rohowsky-Kochan C, et al.
1,25-Dihydroxyvitamin D(3) ameliorates Th17 autoimmunity via transcrip-
tional modulation of interleukin-17A. Mol Cell Biol (2011) 31:3653-69.
doi:10.1128/MCB.05020-11

Peelen E, Damoiseaux J, Muris AH, Knippenberg S, Smolders J, Hupperts R,
et al. Increased inflammasome related gene expression profile in PBMC may
facilitate T helper 17 cell induction in multiple sclerosis. Mol Immunol (2015)
63:521-9. doi:10.1016/j.molimm.2014.10.008

Chang JH, Cha HR, Lee DS, Seo KY, Kweon MN. 1,25-Dihydroxyvitamin D3
inhibits the differentiation and migration of T(H)17 cells to protect against
experimental autoimmune encephalomyelitis. PLoS One (2010) 5:e12925.
doi:10.1371/annotation/6da7b65e-dda2-467d-bcb3-82d5669f6bco

Correale ], Ysrraelit MC, Gaitan MI. Immunomodulatory effects of vitamin
D in multiple sclerosis. Brain (2009) 132:1146-60. doi:10.1093/brain/
awp033

Hoglund RA, Maghazachi AA. Multiple sclerosis and the role of immune
cells. World J Exp Med (2014) 4:27-37. doi:10.5493/wjem.v4.i3.27

Martinez FO, Helming L, Milde R, Varin A, Melgert BN, Draijer C, et al.
Genetic programs expressed in resting and IL-4 alternatively activated mouse
and human macrophages: similarities and differences. Blood (2013) 121:
e57-69. doi:10.1182/blood-2012-06-436212

Shahijanian F, Parnell GP, Mckay FC, Gatt PN, Shojoei M, O’Connor KS,
et al. The CYP27BI variant associated with an increased risk of autoimmune
disease is underexpressed in tolerizing dendritic cells. Hum Mol Genet
(2014) 23:1425-34. doi:10.1093/hmg/ddt529

Booth DR, Ding N, Parnell GP, Shahijanian E, Coulter S, Schibeci SD, et al.
Cistromic and genetic evidence that the vitamin D receptor mediates sus-
ceptibility to latitude-dependent autoimmune diseases. Genes Immun (2016)
17:213-9. d0i:10.1038/gene.2016.12

Parnell GP, Booth DR. The multiple sclerosis (MS) genetic risk factors
indicate both acquired and innate immune cell subsets contribute to MS
pathogenesis and identify novel therapeutic opportunities. Front Immunol
(2017) 8:425. doi:10.3389/fimmu.2017.00425

Aranow C. Vitamin D and the immune system. ] Investig Med (2011)
59:881-6. doi:10.2310/JIM.0b013e31821b8755

Jeffery LE, Wood AM, Qureshi OS, Hou TZ, Gardner D, Briggs Z, et al.
Availability of 25-hydroxyvitamin D(3) to APCs controls the balance
between regulatory and inflammatory T cell responses. J Immunol (2012)
189:5155-64. doi:10.4049/jimmunol.1200786

Carlberg C, Seuter S, Nurmi T, Tuomainen TP, Virtanen JK, Neme A. In vivo
response of the human epigenome to vitamin D: A proof-of-principle study.
] Steroid Biochem Mol Biol (2018). doi:10.1016/j.jsbmb.2018.01.002

Mayne CG, Spanier JA, Relland LM, Williams CB, Hayes CE. 1,25-
Dihydroxyvitamin D3 acts directly on the T lymphocyte vitamin D receptor to
inhibit experimental autoimmune encephalomyelitis. Eur ] Immunol (2011)
41:822-32. doi:10.1002/¢ji.201040632

Bruce D, Yu S, Ooi JH, Cantorna MT. Converging pathways lead to overpro-
duction of IL-17 in the absence of vitamin D signaling. Int Immunol (2011)
23:519-28. doi:10.1093/intimm/dxr045
CantornaMT,MunsickC,BemissC,MahonBD.1,25-Dihydroxycholecalciferol
prevents and ameliorates symptoms of experimental murine inflammatory
bowel disease. ] Nutr (2000) 130:2648-52. d0i:10.1093/jn/130.11.2648

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Froicu M, Cantorna MT. Vitamin D and the vitamin D receptor are critical
for control of the innate immune response to colonic injury. BMC Immunol
(2007) 8:5. doi:10.1186/1471-2172-8-5

Wittke A, Chang A, Froicu M, Harandi OF Weaver V, August A, et al.
Vitamin D receptor expression by the lung micro-environment is required
for maximal induction of lung inflammation. Arch Biochem Biophys (2007)
460:306-13. doi:10.1016/j.abb.2006.12.011

Yu S, Zhao ], Cantorna MT. Invariant NKT cell defects in vitamin D receptor
knockout mice prevents experimental lung inflammation. J Immunol (2011)
187:4907-12. d0i:10.4049/jimmunol.1101519

Topilski I, Flaishon L, Naveh Y, Harmelin A, Levo Y, Shachar I. The anti-
inflammatory effects of 1,25-dihydroxyvitamin D3 on Th2 cells in vivo are
due in part to the control of integrin-mediated T lymphocyte homing. Eur
J Immunol (2004) 34:1068-76. doi:10.1002/eji.200324532

Dimitrov V, White JH. Species-specific regulation of innate immunity
by vitamin D signaling. J Steroid Biochem Mol Biol (2016) 164:246-53.
doi:10.1016/j.jsbmb.2015.09.016

Mahon BD, Gordon SA, Cruz J, Cosman E Cantorna MT. Cytokine
profile in patients with multiple sclerosis following vitamin D supplemen-
tation. J Neuroimmunol (2003) 134:128-32. do0i:10.1016/S0165-5728(02)
00396-X

Aivo ], Hanninen A, Ilonen J, Soilu-Hinninen M. Vitamin D3 adminis-
tration to MS patients leads to increased serum levels of latency activated
peptide (LAP) of TGF-beta. ] Neuroimmunol (2015) 280:12-5. doi:10.1016/j.
jneuroim.2015.01.005

AH, Smolders ], Rolf L, Thewissen M, Hupperts R,
Damoiseaux J, et al. Immune regulatory effects of high dose vitamin
D3 supplementation in a randomized controlled trial in relapsing
remitting multiple sclerosis patients receiving IFNbeta; the SOLARIUM
study. ] Neuroimmunol (2016) 300:47-56. doi:10.1016/j.jneuroim.2016.
09.018

Kimball S, Vieth R, Dosch H-M, Bar-Or A, Cheung R, Gagne D, et al.
Cholecalciferol plus calcium suppresses abnormal PBMC reactivity in
patients with multiple sclerosis. ] Clin Endocrinol Metab (2011) 96:2826-34.
doi:10.1210/jc.2011-0325

Golan D, Halhal B, Glass-Marmor L, Staun-Ram E, Rozenberg O, Lavi I,
et al. Vitamin D supplementation for patients with multiple sclerosis
treated with interferon-beta: a randomized controlled trial assessing the
effect on flu-like symptoms and immunomodulatory properties. BMC
Neurol (2013) 13:60. doi:10.1186/1471-2377-13-60

Rosjo E, Steffensen LH, Jorgensen L, Lindstrom JC, Saltyte Benth J,
Michelsen AE, et al. Vitamin D supplementation and systemic inflammation
in relapsing-remitting multiple sclerosis. J Neurol (2015) 262:2713-21.
doi:10.1007/s00415-015-7902-5

O’Connell K, Sulaimani ], Basdeo SA, Kinsella K, Jordan S, Kenny O, et al.
Effects of vitamin D3 in clinically isolated syndrome and healthy control
participants: a double-blind randomised controlled trial. Mult Scler ] Exp
Transl Clin (2017) 3:20-1. doi:10.1177/2055217317727296

Rolf L, Muris AH, Theunissen R, Hupperts R, Damoiseaux J, Smolders J.
Vitamin D3 supplementation and the IL-2/IL-2R pathway in multiple sclero-
sis:attenuation of progressive disturbances? ] Neuroimmunol (2017) 378:30-5.
doi:10.1016/j.jns.2017.04.017

Smolders J, Thewissen M, Peelen E, Menheere P, Tervaert JW, Damoiseaux J,
etal. Vitamin D status is positively correlated with regulatory T cell function
in patients with multiple sclerosis. PLoS One (2009) 4:¢6635. doi:10.1371/
journal.pone.0006635

Sotirchos ES, Bhargava P, Eckstein C, Van Haren K, Baynes M, Ntranos A,
et al. Safety and immunologic effects of high- vs low-dose cholecalciferol
in multiple sclerosis. Neurology (2016) 86:382-90. doi:10.1212/WNL.
0000000000002316

RosjoE, Lossius A, Abdelmagid N, Lindstrom JC, Kampman MT, Jorgensen L,
et al. Effect of high-dose vitamin D3 supplementation on antibody responses
against Epstein-Barr virus in relapsing-remitting multiple sclerosis. Mult
Scler (2017) 23:395-402. doi:10.1177/1352458516654310

Peelen E, Muris AH, Damoiseaux J, Knippenberg S, Broens K, Smolders J,
et al. GM-CSF production by CD4+ T cells in MS patients: regulation
by regulatory T cells and vitamin D. ] Neuroimmunol (2015) 280:36-42.
doi:10.1016/j.jneuroim.2015.02.007

Muris

Frontiers in Immunology | www.frontiersin.org

11

March 2018 | Volume 9 | Article 477


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1074/jbc.M110.163790
https://doi.org/10.1074/jbc.M110.163790
https://doi.org/10.4049/jimmunol.0803217
https://doi.org/10.4049/jimmunol.0803217
https://doi.org/10.1002/eji.201242370
https://doi.org/10.1002/art.25043
https://doi.org/10.1002/art.25043
https://doi.org/10.1128/MCB.05020-11
https://doi.org/10.1016/j.molimm.2014.10.008
https://doi.org/10.1371/annotation/6da7b65e-dda2-467d-bcb3-82d5669f6bc6
https://doi.org/10.1093/brain/awp033
https://doi.org/10.1093/brain/awp033
https://doi.org/10.5493/wjem.v4.i3.27
https://doi.org/10.1182/blood-2012-06-436212
https://doi.org/10.1093/hmg/ddt529
https://doi.org/10.1038/gene.2016.12
https://doi.org/10.3389/fimmu.2017.00425
https://doi.org/10.2310/JIM.0b013e31821b8755
https://doi.org/10.4049/jimmunol.1200786
https://doi.org/10.1016/j.jsbmb.2018.01.002
https://doi.org/10.1002/eji.201040632
https://doi.org/10.1093/intimm/dxr045
https://doi.org/10.1093/jn/130.11.2648
https://doi.org/10.1186/1471-2172-8-5
https://doi.org/10.1016/j.abb.2006.12.011
https://doi.org/10.4049/jimmunol.1101519
https://doi.org/10.1002/eji.200324532
https://doi.org/10.1016/j.jsbmb.2015.09.016
https://doi.org/10.1016/S0165-5728(02)00396-X
https://doi.org/10.1016/S0165-5728(02)00396-X
https://doi.org/10.1016/j.jneuroim.2015.01.005
https://doi.org/10.1016/j.jneuroim.2015.01.005
https://doi.org/10.1016/j.jneuroim.2016.09.018
https://doi.org/10.1016/j.jneuroim.2016.09.018
https://doi.org/10.1210/jc.2011-0325
https://doi.org/10.1186/1471-2377-13-60
https://doi.org/10.1007/s00415-015-7902-5
https://doi.org/10.1177/2055217317727296
https://doi.org/10.1016/j.jns.2017.04.017
https://doi.org/10.1371/journal.pone.0006635
https://doi.org/10.1371/journal.pone.0006635
https://doi.org/10.1212/WNL.
0000000000002316
https://doi.org/10.1212/WNL.
0000000000002316
https://doi.org/10.1177/1352458516654310
https://doi.org/10.1016/j.jneuroim.2015.02.007

Luetal

Vitamin D in MS

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Mosayebi G, Ghazavi A, Ghasami K, Jand Y, Kokhaei P. Therapeutic effect of
vitamin D3 in multiple sclerosis patients. Immunol Invest (2011) 40:627-39.
doi:10.3109/08820139.2011.573041

Ziemssen T, Hillert J, Butzkueven H. The importance of collecting struc-
tured clinical information on multiple sclerosis. BMC Med (2016) 14:81.
do0i:10.1186/512916-016-0627-1

Baeke F, Korf H, Overbergh L, Van Etten E, Verstuyf A, Gysemans C,
et al. Human T lymphocytes are direct targets of 1,25-dihydroxyvitamin
D3 in the immune system. ] Steroid Biochem Mol Biol (2010) 121:221-7.
doi:10.1016/j.jsbmb.2010.03.037

Kongsbak M, Von Essen MR, Boding L, Levring TB, Schjerling P, Lauritsen JP,
et al. Vitamin D up-regulates the vitamin D receptor by protecting it from
proteasomal degradation in human CD4+ T cells. PLoS One (2014) 9:€96695.
doi:10.1371/journal.pone.0096695

Kongsbak M, Von Essen MR, Levring TB, Schjerling P, Woetmann A,
Odum N, et al. Vitamin D-binding protein controls T cell responses to
vitamin D. BMC Immunol (2014) 15:35. doi:10.1186/512865-014-0035-2
Ooi JH, Mcdaniel KL, Weaver V, Cantorna MT. Murine CD8+ T cells but not
macrophages express the vitamin D la-hydroxylase. ] Nutr Biochem (2014)
25:58-65. doi:10.1016/j.jnutbio.2013.09.003

Chen S, Sims GP, Chen XX, Gu YY, Chen S, Lipsky PE. Modulatory effects of
1,25-dihydroxyvitamin D3 on human B cell differentiation. J Immunol (2007)
179:1634. doi:10.4049/jimmunol.179.3.1634

Heine G, Niesner U, Chang HD, Steinmeyer A, Ziigel U, Zuberbier T, et al. 1,
25-Dihydroxyvitamin D3 promotes IL-10 production in human B cells. Eur
J Immunol (2008) 38:2210-8. d0i:10.1002/¢ji.200838216

Fritsche J, Mondal K, Ehrnsperger A, Andreesen R, Kreutz M. Regulation
of 25-hydroxyvitamin D3-1 alpha-hydroxylase and production of 1
alpha,25-dihydroxyvitamin D3 by human dendritic cells. Blood (2003)
102:3314-6. doi:10.1182/blood-2002-11-3521

Gottfried E, Rehli M, Hahn J, Holler E, Andreesen R, Kreutz M. Monocyte-
derived cells express CYP27A1 and convert vitamin D3 into its active
metabolite. Biochem Biophys Res Commun (2006) 349:209-13. doi:10.1016/j.
bbrc.2006.08.034

Sigmundsdottir H, Pan ], Debes GE Alt C, Habtezion A, Soler D, et al.
DCs metabolize sunlight-induced vitamin D3 to “program” T cell attraction
to the epidermal chemokine CCL27. Nat Immunol (2007) 8:285. d0i:10.1038/
nil433

Széles L, Keresztes G, Torocsik D, Balajthy Z, Krenacs L, Pdliska S,
et al. 1,25-Dihydroxyvitamin D3 is an autonomous regulator of the
transcriptional changes leading to a tolerogenic dendritic cell phenotype.
J Immunol (2009) 182:2074. doi:10.4049/jimmunol.0803345

Smolders J, Moen SM, Damoiseaux J, Huitinga I, Holmoy T. Vitamin D in the
healthy and inflamed central nervous system: access and function. J Neurol
Sci (2011) 311:37-43. doi:10.1016/j.jns.2011.07.033

Smolders J, Schuurman KG, Van Strien ME, Melief ], Hendrickx D, Hol EM,
et al. Expression of vitamin D receptor and metabolizing enzymes in
multiple sclerosis-affected brain tissue. | Neuropathol Exp Neurol (2013)
72:91-105. doi:10.1097/NEN.0b013e31827f4fcc

Ramasamy A, Trabzuni D, Forabosco P, Smith C, Walker R, Dillman A, et al.
Genetic evidence for a pathogenic role for the vitamin D3 metabolizing
enzyme CYP24Al in multiple sclerosis. Mult Scler Relat Disord (2014)
3:211-9. doi:10.1016/j.msard.2013.08.009

Joseph RW, Bayraktar UD, Kim TK, John LSS, Popat U, Khalili J, et al. Vitamin
D receptor upregulation in alloreactive human T cells. Hum Immunol (2012)
73:693-8. doi:10.1016/j.humimm.2012.04.019

Vidal M, Ramana CV, Dusso AS. Statl-vitamin D receptor interactions
antagonize 1,25-dihydroxyvitamin D transcriptional activity and enhance
Statl-mediated transcription. Mol Cell Biol (2002) 22:2777-87. doi:10.1128/
MCB.22.8.2777-2787.2002

Edfeldt K, Liu PT, Chun R, Fabri M, Schenk M, Wheelwright M, et al. T-cell
cytokines differentially control human monocyte antimicrobial responses
by regulating vitamin D metabolism. Proc Natl Acad Sci U S A (2010)
107:22593-8. d0i:10.1073/pnas.1011624108

Ohyama Y, Ozono K, Uchida M, Yoshimura M, Shinki T, Suda T, et al.
Functional assessment of two vitamin D-responsive elements in the rat
25-hydroxyvitamin D3 24-hydroxylase gene. ] Biol Chem (1996) 271:30381-5.
doi:10.1074/jbc.271.48.30381

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Murayama A, Takeyama K, Kitanaka S, Kodera Y, Kawaguchi Y, Hosoya T,
et al. Positive and negative regulations of the renal 25-hydroxyvitamin
D3 lalpha-hydroxylase gene by parathyroid hormone, calcitonin, and
lalpha,25(OH)2D3 in intact animals. Endocrinology (1999) 140:2224-31.
doi:10.1210/endo.140.5.6691

Kim S, Shevde NK, Pike JW. 1,25-Dihydroxyvitamin D3 stimulates cyclic
vitamin D receptor/retinoid X receptor DNA-binding, co-activator recruit-
ment, and histone acetylation in intact osteoblasts. ] Bone Miner Res (2005)
20:305-17. doi:10.1359/JBMR.041112

Zella LA, Meyer MB, Nerenz RD, Lee SM, Martowicz ML, Pike JW.
Multifunctional enhancers regulate mouse and human vitamin D recep-
tor gene transcription. Mol Endocrinol (2010) 24:128-47. doi:10.1210/
me.2009-0140

Seth-Vollenweider T, Joshi S, Dhawan P, Sif S, Christakos S. Novel
mechanism of negative regulation of 1,25-dihydroxyvitamin D3-induced
25-hydroxyvitamin D3 24-hydroxylase (Cyp24al) transcription: epigenetic
modification involving cross-talk between protein-arginine methyltrans-
ferase 5 and the SWI/SNF complex. ] Biol Chem (2014) 289:33958-70.
doi:10.1074/jbc.M114.583302

Saccone D, Asani F, Bornman L. Regulation of the vitamin D receptor
gene by environment, genetics and epigenetics. Gene (2015) 561:171-80.
doi:10.1016/j.gene.2015.02.024

Housley W], Fernandez SD, Vera K, Murikinati SR, Grutzendler J,
Cuerdon N, et al. Genetic variants associated with autoimmunity drive NFkB
signaling and responses to inflammatory stimuli. Sci Transl Med (2015)
7:291ra293. doi:10.1126/scitranslmed.aaa9223

Hartmann FJ, Khademi M, Aram J, Ammann S, Kockum I, Constantinescu C,
et al. Multiple sclerosis-associated IL2ZRA polymorphism controls GM-CSF
production in human TH cells. Nat Commun (2014) 5:1-10. doi:10.1038/
ncomms6056

Couturier N, Bucciarelli E, Nurtdinov RN, Debouverie M, Lebrun-Frenay C,
Defer G, et al. Tyrosine kinase 2 variant influences T lymphocyte polarization
and multiple sclerosis susceptibility. Brain (2011) 134:693-703. doi:10.1093/
brain/awr010

McKay FC, Gatt PN, Fewings N, Parnell GP, Schibeci SD, Basuki MAI,
et al. The low EOMES/TBX21 molecular phenotype in multiple sclerosis
reflects CD56+ cell dysregulation and is affected by immunomodulatory
therapies. Clin Immunol (2016) 163:96-107. doi:10.1016/j.clim.2015.
12.015

Fewings NL, Gatt PN, Mckay FC, Parnell GP, Schibeci SD, Edwards J, et al.
The autoimmune risk gene ZMIZ1 is a vitamin D responsive marker of a
molecular phenotype of multiple sclerosis. ] Autoimmun (2017) 78:57-69.
doi:10.1016/j.jaut.2016.12.006

Alcina A, Fedetz M, Fernandez O, Saiz A, Izquierdo G, Lucas M, et al.
Identification of a functional variant in the KIF5A-CYP27B1-METTL1-
FAM119B locus associated with multiple sclerosis. ] Med Genet (2013)
50:25-33. doi:10.1136/jmedgenet-2012-101085

Karaky M, Alcina A, Fedetz M, Barrionuevo C, Potenciano V, Delgado C,
et al. The multiple sclerosis-associated regulatory variant rs10877013 affects
expression of CYP27B1 and VDR under inflammatory or vitamin D stimuli.
Mult Scler (2016) 22(8):999-1006. doi:10.1177/1352458515610208

Gandhi KS, Mckay FC, Cox M, Riveros C, Armstrong N, Heard RN, et al.
The multiple sclerosis whole blood mRNA transcriptome and genetic asso-
ciations indicate dysregulation of specific T cell pathways in pathogenesis.
Hum Mol Genet (2010) 19:2134-43. d0i:10.1093/hmg/ddq090

Handel AE, Handunnetthi L, Berlanga AJ, Watson CT, Morahan JM,
Ramagopalan SV. The effect of single nucleotide polymorphisms from
genome wide association studies in multiple sclerosis on gene expression.
PLoS One (2010) 5:¢10142. doi:10.1371/journal.pone.0010142

Derrien T, Johnson R, Bussotti G, Tanzer A, Djebali S, Tilgner H, et al. The
GENCODE v7 catalog of human long noncoding RNAs: analysis of their
gene structure, evolution, and expression. Genome Res (2012) 22:1775-89.
doi:10.1101/gr.132159.111

Li W, Notani D, Rosenfeld MG. Enhancers as non-coding RNA transcrip-
tion units: recent insights and future perspectives. Nat Rev Genet (2016)
17:207-23. doi:10.1038/nrg.2016.4

Nagpal S, Na S, Rathnachalam R. Noncalcemic actions of vitamin D receptor
ligands. Endocr Rev (2005) 26:662-87. doi:10.1210/er.2004-0002

Frontiers in Immunology | www.frontiersin.org

12

March 2018 | Volume 9 | Article 477


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.3109/08820139.2011.573041
https://doi.org/10.1186/s12916-016-0627-1
https://doi.org/10.1016/j.jsbmb.2010.03.037
https://doi.org/10.1371/journal.pone.0096695
https://doi.org/10.1186/s12865-014-0035-2
https://doi.org/10.1016/j.jnutbio.2013.09.003
https://doi.org/10.4049/jimmunol.179.3.1634
https://doi.org/10.1002/eji.200838216
https://doi.org/10.1182/blood-2002-11-3521
https://doi.org/10.1016/j.bbrc.2006.08.034
https://doi.org/10.1016/j.bbrc.2006.08.034
https://doi.org/10.1038/ni1433
https://doi.org/10.1038/ni1433
https://doi.org/10.4049/jimmunol.0803345
https://doi.org/10.1016/j.jns.2011.07.033
https://doi.org/10.1097/NEN.0b013e31827f4fcc
https://doi.org/10.1016/j.msard.2013.08.009
https://doi.org/10.1016/j.humimm.2012.04.019
https://doi.org/10.1128/MCB.22.8.2777-2787.2002
https://doi.org/10.1128/MCB.22.8.2777-2787.2002
https://doi.org/10.1073/pnas.1011624108
https://doi.org/10.1074/jbc.271.48.30381
https://doi.org/10.1210/endo.140.5.6691
https://doi.org/10.1359/JBMR.041112
https://doi.org/10.1210/me.2009-0140
https://doi.org/10.1210/me.2009-0140
https://doi.org/10.1074/jbc.M114.583302
https://doi.org/10.1016/j.gene.2015.02.024
https://doi.org/10.1126/scitranslmed.aaa9223
https://doi.org/10.1038/ncomms6056
https://doi.org/10.1038/ncomms6056
https://doi.org/10.1093/brain/awr010
https://doi.org/10.1093/brain/awr010
https://doi.org/10.1016/j.clim.2015.
12.015
https://doi.org/10.1016/j.clim.2015.
12.015
https://doi.org/10.1016/j.jaut.2016.12.006
https://doi.org/10.1136/jmedgenet-2012-101085
https://doi.org/10.1177/1352458515610208
https://doi.org/10.1093/hmg/ddq090
https://doi.org/10.1371/journal.pone.0010142
https://doi.org/10.1101/gr.132159.111
https://doi.org/10.1038/nrg.2016.4
https://doi.org/10.1210/er.2004-0002

Luetal

Vitamin D in MS

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Pike JW, Meyer MB, Bishop KA. Regulation of target gene expression by the
vitamin D receptor - an update on mechanisms. Rev Endocr Metab Disord
(2012) 13:45-55. doi:10.1007/s11154-011-9198-9

Haussler MR, Whitfield GK, Kaneko I, Haussler CA, Hsieh D, Hsieh JC,
et al. Molecular mechanisms of vitamin D action. Calcif Tissue Int (2013)
92:77-98. doi:10.1007/500223-012-9619-0

Ramagopalan SV, Heger A, Berlanga AJ, Maugeri NJ, Lincoln MR, Burrell A,
et al. A ChIP-seq defined genome-wide map of vitamin D receptor binding:
associations with disease and evolution. Genome Res (2010) 20:1352-60.
doi:10.1101/gr.107920.110

Disanto G, Sandve GK, Berlanga-Taylor AJ, Ragnedda G, Morahan JM,
Watson CT, et al. Vitamin D receptor binding, chromatin states and associa-
tion with multiple sclerosis. Hum Mol Genet (2012) 21:3575-86. d0i:10.1093/
hmg/dds189

Singh PK, Van Den Berg PR, Long MD, Vreugdenhil A, Grieshober L,
Ochs-Balcom HM, et al. Integration of VDR genome wide binding and
GWAS genetic variation data reveals co-occurrence of VDR and NF-kappaB
binding that is linked to immune phenotypes. BMC Genomics (2017) 18:132.
doi:10.1186/s12864-017-3481-4

Heikkinen S, Vaisanen S, Pehkonen P, Seuter S, Benes V, Carlberg C.
Nuclear hormone lalpha,25-dihydroxyvitamin D3 elicits a genome-wide
shift in the locations of VDR chromatin occupancy. Nucleic Acids Res (2011)
39:9181-93. doi:10.1093/nar/gkr654

Tuoresmiki P, Vdisdnen S, Neme A, Heikkinen S, Carlberg C. Patterns of
genome-wide VDR locations. PLoS One (2014) 9:€96105. doi:10.1371/
journal.pone.0096105

Neme A, Seuter S, Carlberg C. Selective regulation of biological processes
by vitamin D based on the spatio-temporal cistrome of its receptor. Biochim
Biophys Acta (2017) 1860:952-61. doi:10.1016/j.bbagrm.2017.07.002

Seuter S, Neme A, Carlberg C. ETS transcription factor family member
GABPA contributes to vitamin D receptor target gene regulation. J Steroid
Biochem Mol Biol (2018) 177:46-52. doi:10.1016/j.jsbmb.2017.08.006
Ciofani M, Madar A, Galan C, Sellars M, Mace K, Pauli F, et al. A validated
regulatory network for Th17 cell specification. Cell (2012) 151:289-303.
doi:10.1016/j.cell.2012.09.016

Seuter S, Neme A, Carlberg C. Epigenomic PU.1-VDR crosstalk modulates
vitamin D signaling. Biochim Biophys Acta (2017) 1860:405-15. doi:10.1016/j.
bbagrm.2017.02.005

Handel AE, Sandve GK, Disanto G, Berlanga-Taylor AJ, Gallone G, Hanwell H,
etal. Vitamin D receptor ChIP-seq in primary CD4+ cells: relationship to serum
25-hydroxyvitamin D levels and autoimmune disease. BMC Med (2013) 11:
163. doi:10.1186/1741-7015-11-163

Neme A, Seuter S, Carlberg C. Vitamin D-dependent chromatin association
of CTCF in human monocytes. Biochim Biophys Acta (2016) 1859:1380-8.
doi:10.1016/j.bbagrm.2016.08.008

Meyer MB, Goetsch PD, Pike JW. VDR/RXR and TCF4/beta-catenin
cistromes in colonic cells of colorectal tumor origin: impact on c-FOS and
¢-MYC gene expression. Mol Endocrinol (2012) 26:37-51. doi:10.1210/
me.2011-1109

Chen H, Lin R]J, Schiltz RL, Chakravarti D, Nash A, Nagy L, et al. Nuclear
receptor coactivator ACTR is a novel histone acetyltransferase and forms
a multimeric activation complex with P/CAF and CBP/p300. Cell (1997)
90:569-80. doi:10.1016/S0092-8674(00)80516-4

Meyer MB, Pike JW. Corepressors (NCoR and SMRT) as well as coactiva-
tors are recruited to positively regulated la,25-dihydroxyvitamin D(3)-
responsive genes. J Steroid Biochem Mol Biol (2013) 136:120-4. d0i:10.1016/j.
jsbmb.2012.08.006

Zella LA, Kim S, Shevde NK, Pike JW. Enhancers located within two introns
of the vitamin D receptor gene mediate transcriptional autoregulation by
1,25-dihydroxyvitamin D3. Mol Endocrinol (2006) 20:1231-47. doi:10.1210/
me.2006-0015

Meyer MB, Benkusky NA, Lee CH, Pike JW. Genomic determinants of
gene regulation by 1,25-dihydroxyvitamin D3 during osteoblast-lineage
cell differentiation. ] Biol Chem (2014) 289:19539-54. doi:10.1074/jbc.
M114.578104

Meyer MB, Benkusky NA, Pike JW. 1,25-Dihydroxyvitamin D3
induced histone profiles guide discovery of VDR action sites. ] Steroid
Biochem Mol Biol (2014) 144(Pt A):19-21. doi:10.1016/j.jsbmb.2013.
09.005

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

De Jager PL, Jia X, Wang J, De Bakker PI, Ottoboni L, Aggarwal NT, et al.
Meta-analysis of genome scans and replication identify CD6, IRF8 and
TNFRSF1A as new multiple sclerosis susceptibility loci. Nat Genet (2009)
41:776-82. doi:10.1038/ng.401

Tee WW, Reinberg D. Chromatin features and the epigenetic regulation of
pluripotency states in ESCs. Development (2014) 141:2376-90. doi:10.1242/
dev.096982

Kanno Y, Vahedi G, Hirahara K, Singleton K, O’Shea JJ. Transcriptional
and epigenetic control of T helper cell specification: molecular mecha-
nisms underlying commitment and plasticity. Annu Rev Immunol (2012)
30:707-31. doi:10.1146/annurev-immunol-020711-075058

Rivera CM, Ren B. Mapping human epigenomes. Cell (2013) 155:39-55.
doi:10.1016/j.cell.2013.09.011

Chapuy B, Mckeown MR, Lin CY, Monti S, Roemer MG, Qi J, et al
Discovery and characterization of super-enhancer-associated dependencies
in diffuse large B cell lymphoma. Cancer Cell (2013) 24:777-90. doi:10.1016/j.
ccr.2013.11.003

Davie K, Jacobs ], Atkins M, Potier D, Christiaens V, Halder G, et al.
Discovery of transcription factors and regulatory regions driving in vivo
tumor development by ATAC-seq and FAIRE-seq open chromatin profiling.
PLoS Genet (2015) 11:¢1004994. doi:10.1371/journal.pgen.1004994

Hnisz D, Schuijers J, Lin CY, Weintraub AS, Abraham BJ, Lee TI, et al.
Convergence of developmental and oncogenic signaling pathways at
transcriptional super-enhancers. Mol Cell (2015) 58:362-70. doi:10.1016/j.
molcel.2015.02.014

Li Q, Seo JH, Stranger B, Mckenna A, Peer I, Laframboise T, et al. Integrative
eQTL-based analyses reveal the biology of breast cancer risk loci. Cell (2013)
152:633-41. doi:10.1016/j.cell.2012.12.034

Lee MN, Ye C, Villani AC, Raj T, Li W, Eisenhaure TM, et al. Common genetic
variants modulate pathogen-sensing responses in human dendritic cells.
Science (2014) 343:1246980. doi:10.1126/science.1246980

Corradin O, Saiakhova A, Akhtar-Zaidi B, Myeroff L, Willis J, Cowper-
Sal Lari R, et al. Combinatorial effects of multiple enhancer variants in
linkage disequilibrium dictate levels of gene expression to confer sus-
ceptibility to common traits. Genome Res (2014) 24:1-13. doi:10.1101/
gr.164079.113

Corradin O, Scacheri PC. Enhancer variants: evaluating functions in com-
mon disease. Genome Med (2014) 6:85. d0i:10.1186/s13073-014-0085-3
Loven ], Hoke HA, Lin CY, Lau A, Orlando DA, Vakoc CR, et al. Selective
inhibition of tumor oncogenes by disruption of super-enhancers. Cell (2013)
153:320-34. doi:10.1016/j.cell.2013.03.036

Farh KK, Marson A, Zhu J, Kleinewietfeld M, Housley WJ, Beik S, et al.
Genetic and epigenetic fine mapping of causal autoimmune disease variants.
Nature (2015) 518:337-43. doi:10.1038/nature13835

Pasquali L, Gaulton KJ, Rodriguez-Segui SA, Mularoni L, Miguel-Escalada I,
Akerman I, et al. Pancreatic islet enhancer clusters enriched in type 2
diabetes risk-associated variants. Nat Genet (2014) 46:136-43. d0i:10.1038/
ng.2870

Vahedi G, Takahashi H, Nakayamada S, Sun HW, Sartorelli V, Kanno Y, et al.
STATSs shape the active enhancer landscape of T cell populations. Cell (2012)
151:981-93. doi:10.1016/j.cell.2012.09.044

Isoda T, Moore AJ, He Z, Chandra V, Aida M, Denholtz M, et al. Non-coding
transcription instructs chromatin folding and compartmentalization to
dictate enhancer-promoter communication and T cell fate. Cell (2017)
171:103-119.e118. doi:10.1016/j.cell.2017.09.001

Calo E, Wysocka J. Modification of enhancer chromatin: what, how, and
why? Mol Cell (2013) 49:825-37. doi:10.1016/j.molcel.2013.01.038

Bojcsuk D, Nagy G, Balint BL. Inducible super-enhancers are organized
based on canonical signal-specific transcription factor binding elements.
Nucleic Acids Res (2017) 45:3693-706. doi:10.1093/nar/gkw1283

Heinz S, Romanoski CE, Benner C, Allison KA, Kaikkonen MU, Orozco LD,
et al. Effect of natural genetic variation on enhancer selection and function.
Nature (2013) 503:487-92. doi:10.1038/nature12615

Mullen AC, Orlando DA, Newman JJ, Loven J, Kumar RM, Bilodeau S, et al.
Master transcription factors determine cell-type-specific responses to TGF-
beta signaling. Cell (2011) 147:565-76. doi:10.1016/j.cell.2011.08.050

Shih HY, Sciume G, Poholek AC, Vahedi G, Hirahara K, Villarino AV, et al.
Transcriptional and epigenetic networks of helper T and innate lymphoid
cells. Immunol Rev (2014) 261:23-49. doi:10.1111/imr.12208

Frontiers in Immunology | www.frontiersin.org

March 2018 | Volume 9 | Article 477


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1007/s11154-011-9198-9
https://doi.org/10.1007/s00223-012-9619-0
https://doi.org/10.1101/gr.107920.110
https://doi.org/10.1093/hmg/dds189
https://doi.org/10.1093/hmg/dds189
https://doi.org/10.1186/s12864-017-3481-4
https://doi.org/10.1093/nar/gkr654
https://doi.org/10.1371/journal.pone.0096105
https://doi.org/10.1371/journal.pone.0096105
https://doi.org/10.1016/j.bbagrm.2017.07.002
https://doi.org/10.1016/j.jsbmb.2017.08.006
https://doi.org/10.1016/j.cell.2012.09.016
https://doi.org/10.1016/j.bbagrm.2017.02.005
https://doi.org/10.1016/j.bbagrm.2017.02.005
https://doi.org/10.1186/1741-7015-11-163
https://doi.org/10.1016/j.bbagrm.2016.08.008
https://doi.org/10.1210/me.2011-1109
https://doi.org/10.1210/me.2011-1109
https://doi.org/10.1016/S0092-8674(00)80516-4
https://doi.org/10.1016/j.jsbmb.2012.08.006
https://doi.org/10.1016/j.jsbmb.2012.08.006
https://doi.org/10.1210/me.2006-0015
https://doi.org/10.1210/me.2006-0015
https://doi.org/10.1074/jbc.M114.578104
https://doi.org/10.1074/jbc.M114.578104
https://doi.org/10.1016/j.jsbmb.2013.09.005
https://doi.org/10.1016/j.jsbmb.2013.09.005
https://doi.org/10.1038/ng.401
https://doi.org/10.1242/dev.096982
https://doi.org/10.1242/dev.096982
https://doi.org/10.1146/annurev-immunol-020711-075058
https://doi.org/10.1016/j.cell.2013.09.011
https://doi.org/10.1016/j.ccr.2013.11.003
https://doi.org/10.1016/j.ccr.2013.11.003
https://doi.org/10.1371/journal.pgen.1004994
https://doi.org/10.1016/j.molcel.2015.02.014
https://doi.org/10.1016/j.molcel.2015.02.014
https://doi.org/10.1016/j.cell.2012.12.034
https://doi.org/10.1126/science.1246980
https://doi.org/10.1101/gr.164079.113
https://doi.org/10.1101/gr.164079.113
https://doi.org/10.1186/s13073-014-0085-3
https://doi.org/10.1016/j.cell.2013.03.036
https://doi.org/10.1038/nature13835
https://doi.org/10.1038/ng.2870
https://doi.org/10.1038/ng.2870
https://doi.org/10.1016/j.cell.2012.09.044
https://doi.org/10.1016/j.cell.2017.09.001
https://doi.org/10.1016/j.molcel.2013.01.038
https://doi.org/10.1093/nar/gkw1283
https://doi.org/10.1038/nature12615
https://doi.org/10.1016/j.cell.2011.08.050
https://doi.org/10.1111/imr.12208

Luetal

Vitamin D in MS

154.

155.

156.

157.

Samstein RM, Arvey A, Josefowicz SZ, Peng X, Reynolds A, Sandstrom R,
et al. Foxp3 exploits a pre-existent enhancer landscape for regulatory T cell
lineage specification. Cell (2012) 151:153-66. doi:10.1016/j.cell.2012.
06.053

Villarino AV, Kanno Y, Ferdinand JR, O’Shea JJ. Mechanisms of Jak/STAT
signaling in immunity and disease. J Immunol (2015) 194:21-7. doi:10.4049/
jimmunol.1401867

Mukasa R, Balasubramani A, Lee YK, Whitley SK, Weaver BT, Shibata Y,
et al. Epigenetic instability of cytokine and transcription factor gene loci
underlies plasticity of the T helper 17 cell lineage. Immunity (2010) 32:616-27.
doi:10.1016/j.immuni.2010.04.016

Saramaki A, Diermeier S, Kellner R, Laitinen H, Vaisanen S, Carlberg C.
Cyclical chromatin looping and transcription factor association on the
regulatory regions of the p21 (CDKNIA) gene in response to lalpha,25-

dihydroxyvitamin D3. ] Biol Chem (2009) 284:8073-82. doi:10.1074/jbc.
M808090200

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Lu, Taylor and Korner. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use, distribu-
tion or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

14

March 2018 | Volume 9 | Article 477


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.cell.2012.
06.053
https://doi.org/10.1016/j.cell.2012.
06.053
https://doi.org/10.4049/jimmunol.1401867
https://doi.org/10.4049/jimmunol.1401867
https://doi.org/10.1016/j.immuni.2010.04.016
https://doi.org/10.1074/jbc.M808090200
https://doi.org/10.1074/jbc.M808090200
http://creativecommons.org/licenses/by/4.0/

	Genomic Effects of the Vitamin D Receptor: Potentially the Link between Vitamin D, Immune Cells, and Multiple Sclerosis
	Introduction
	The Influence of Vitamin D and its Complex Metabolism on MS
	Immunological Effects Underlying the Role of Vitamin D As an Environmental Factor for MS
	Potential Mechanism of Vitamin D-Associated Metabolic Enzymes in MS

	Regulatory Mechanism of VDR in MS
	VDR Binding to Chromatin and 
Its Association with MS
	The Interaction between VDR and TFs/Coregulators
	Engaging VDR Binding Region and Enhancers
	The Association of Nuclear VDR Binding and MS

	Potential Mechanisms of VDR Involvement in the Determination of MS-Associated Cell Fate
	Identification of Enhancer and SE Elements
	The Hierarchical and Chronological Order of VDR and Other TFs Binding to Key Enhancers during Cell Differentiation


	Conclusion and Perspectives
	Author Contributions
	Funding
	References


