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Abstract Multiple Sclerosis (MS) is a leading cause of lifelong disability in young
adults. The disease strikes individuals in their most productive years with incurable
and progressive course that results in development of fatigue and accumulation of
physical and cognitive disability. MS is characterized by autoimmune destruction of
the myelin and subsequent neurodegeneration. This chronic disease of the central
nervous system is likely triggered by environmental factors such as smoking, lack of
sun exposure/vitamin D deficiency and infection, in genetically predisposed indi-
viduals, the strongest influence coming from HLA-DRB1 variants within the HLA
class II locus. However, the mechanisms underlying susceptibility to MS are still
puzzling and specific clinical translations are lacking. Emerging evidence suggests
the implication of epigenetic mechanisms such as DNA methylation in the patho-
genesis of MS. In this chapter, we aimed to review findings from DNA methylation
studies in MS and discuss their clinical relevance. We first present a critical overview
of the outcomes of DNA methylation studies in immune cells and brain tissue from
MS patients. We then discuss emerging evidence supporting a role of DNA
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methylation in mediating the effect from the major genetic risk variant HLA-
DRB1*15:01 and environmental risk factors, smoking and vitamin D deficiency,
in MS. We also describe the potential of DNA methylation-based biomarkers and
therapies for precision medicine in MS. We expect that the encouraging findings
from DNA methylation studies in MS might open new avenues for a better under-
standing and treatment MS patients.

Keywords Multiple sclerosis · DNA methylation · Immune cells · Brain · HLA ·
Smoking · Vitamin D · Biomarkers · Therapy

1 Introduction

Multiple Sclerosis (MS) is a chronic inflammatory disease of the central nervous
system (CNS) characterized by autoimmune destruction of myelin and subsequent
neuronal death (Compston and Coles 2008). MS is the leading cause on non-traumatic
disability among young adults worldwide, affecting up to 200/100,000 individuals in
Northern populations with nearly 70% of patients being women (female to male ratio
ranging from 2:1 to 3:1) (Trojano et al. 2012; Bezzini and Battaglia 2017). At
diagnosis (between 20 and 40 years of age), the majority of MS patients (80–90%)
present with a relapsing-remitting (RRMS) form of disease characterized by repeated
and transient episodes of neurological symptoms (relapse) followed by complete or
partial recovery (remission) (Compston and Coles 2008). Current treatments are
effective only in the early inflammatory RRMS stage, but they target broadly the
immune system and pose serious safety concerns (Soelberg Sorensen 2017). Most
RRMS patients (80%) will eventually convert to a secondary progressive stage
(SPMS) with persistent neuronal loss and continuous accumulation of disability.
Additionally, in ~10% of cases, patients will manifest a primary progressive form of
MS (PPMS) already from onset.MS pathology is believed to be initiated by disruption
of the blood-brain-carrier (BBB) and infiltration of peripheral immune cells into the
CNS, resulting in confined areas of inflammatory demyelination and axonal injury,
called lesions or plaques, which continuously arise in the CNS (Compston and Coles
2008). Variation of clinical symptoms between patients and during disease course is
conditioned by anatomical localization and severity of the lesions and range from
sensory, motor and visual deficit to fatigue and cognitive impairment. Thus, MS is a
highly heterogeneous incurable chronic disease leading not only to personal debilita-
tion but also to considerable economic and societal burden (Brundin et al. 2017).

Even though the exact cause of MS remains unknown, disease likely results from
a complex interplay between genetic and environmental risk factors. The genetic
basis of MS was first demonstrated in familial studies with an overall recurrence risk
for monozygotic (MZ) twins of 18.2%, which significantly differs from the one for
dizygotic twins (4.2%) and siblings (2.7%), and an overall genetic heritability
estimated at 54% (O’Gorman et al. 2013). The first genetic association was
established in the 1970s with the Human Leukocyte Antigen (HLA) region on
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chromosome 6p21 (Jersild et al. 1975) and was later refined to the haplotype HLA-
DRB5*0101–HLA-DRB1*1501–HLA-DQA1*0102–HLA-DQB1*0602 (Fogdell
et al. 1995) encoding HLA class II molecules involved in regulation of immune
processes. Over the past decade, genome-wide association studies (GWAS)
conducted in large case-control cohorts have enabled the identification of single
nucleotide polymorphism (SNP) associated with the risk of developing disease at
the population level. These collective efforts have made a breakthrough in decoding
the genetic architecture of MS risk by identifying>200 MS-associated loci, with the
strongest influence coming from the aforementioned HLA-DRB1*15:01 variant (odd
ratio, OR~3) (International Multiple Sclerosis Genetics et al. 2011, 2013). Yet, the
functional interpretation of MS causal variants remains challenging as most of them
are located in non-coding regions of the genome (Farh et al. 2015). Furthermore, a
more complex pattern of inheritance is likely driven by parent-of-origin effects
where the risk depends on whether the allele is inherited from the mother or the
father (Ebers et al. 2004; Chao et al. 2009). Collectively, genetic data converge on a
polygenic model of the risk of developing MS, with one locus conferring moderate
effect and many loci of small effects. They further indicate that a limited part of the
disease heritability can be explained by genetic variants, with population-based
studies estimating significantly lower sibling relative risk compared to family studies
(O’Gorman et al. 2013; Westerlind et al. 2014). This gap suggests a ‘hidden’
heritability which, together with a yet-unexplained rise in incidence of MS during
the last decades, may be explained by non-genetic processes such as gene-
environment interactions. Accordingly, vast epidemiological data support a role of
environmental exposures and lifestyle habits in disease susceptibility. Compelling
body of evidence associates tobacco smoking, Epstein-Barr virus (EBV)-mediated
infectious mononucleosis, low vitamin D and sun exposure as well as obesity with
susceptibility to develop MS (Olsson et al. 2017). Other environmental and lifestyle
factors such as night shift work, seasonal change, alcohol and diet have also been
reported to affect MS risk and warrant replication (Olsson et al. 2017). Interestingly,
for most of the identified environmental factors such as sun exposure/vitamin D
deficiency, mononucleosis, night shift work or high BMI, the childhood-adolescence
period seems to represent a specific window of susceptibility in the risk to develop
MS (Olsson et al. 2017). Moreover, gene-environment interactions have been shown
to contribute to risk, as evidenced for interaction between smoking or EBV and
MS-associated HLA factors (Hedstrom et al. 2011; Xiao et al. 2015). Jointly, known
genetic and environmental factors and their interactions can explain a substantial
fraction of disease risk (van der Mei et al. 2016). Yet, the mechanisms underpinning
disease initiation and progression are poorly annotated and robust prognostic tools
and more specific and potent therapies are lacking, thus posing major challenges for
an efficient care of MS patients.

The low concordance rate of MS in MZ twins together with parent-of-origin
effects, ‘hidden’ heritability and long-term impact of environmental risk factors
suggest involvement of epigenetic mechanisms in disease pathogenesis. Epigenetics
refers to mitotically (and meiotically) heritable changes in gene expression that do
not entail variation in the DNA sequence. Epigenetic processes are therefore
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primarily of non-genetic origin and cell type-specific, with non-shared environmen-
tal influence accounting for most of the variance (Busche et al. 2015). Epigenetic
mechanisms refer to biochemical modifications of the genome, such as DNA
methylation and histone posttranslational modifications, and their regulatory effects
on chromatin dynamics and transcription. DNA methylation, the deposition of a
methyl group to cytosine, mostly in the context of a CpG dinucleotide, is by far the
most studied epigenetic modification in clinical studies of MS. Because DNA
methylation inhibits gene expression when associated to promoter region of genes,
hypermethylation in this region is considered as a mark of transcriptional repression.
De novo deposition and maintenance of methylation are orchestrated by DNA
methyltransferases DNMT3A/B and DNMT1, respectively, while active demethyl-
ation is catalyzed by members of the ten–eleven translocations (TETs) family of
enzymes. Notably, the implication of epigenetics in MS is further supported by the
identification of MS-associated genetic variation and transcriptional changes of
genes encoding members of the DNA methylation machinery (Calabrese et al.
2014; Andlauer et al. 2016; Fagone et al. 2016). Moreover, early dysregulation of
methionine metabolism (an essential metabolite in the methyl group transfer to
DNA) has been recently proposed to impact DNA methylation patterns in MS as
well (Singhal et al. 2018). Overall, DNA methylation dynamics is responsive to the
environment and can lead to stable and heritable but reversible changes in gene-
regulatory networks. Thus, DNA methylation studies represent a promising
approach for improved understanding of MS pathogenesis and therapeutic opportu-
nities. In this chapter, we will review the studies reporting DNA methylation
alterations in MS patients and discuss the clinical translations of these findings.

2 DNA Methylation Studies in MS

2.1 DNA Methylation in Peripheral Immune Cells

Findings from immunological, genetic and histopathological studies of patients with
MS have revealed a crucial role of immune cells in the pathogenesis of MS. The
strongest genetic influence comes from the HLA class II region, which encodes
essential molecules for antigen presentation by antigen presenting cells (APCs, such
as macrophages) and antigen recognition by pathogenic T helper (Th) cells. MS is
regarded as CD4+ Th cell-driven disease with predominant Th1- and Th17-mediated
proinflammatory processes. Accordingly, experimental autoimmune encephalomy-
elitis (EAE), an MS-like animal model, can be induced by passive transfer of
activated CNS antigen specific CD4+ T cells (Ben-Nun et al. 1981) and pharmaco-
logical treatment of RRMS patients with inhibitor of lymphocytes migration showed
efficacy in reducing inflammation and disease activity (Polman et al. 2006; Kappos
et al. 2010). In that context, DNA methylation studies in MS have aimed to explore
the molecular mechanisms underlying MS immunopathogenesis by profiling whole
blood, blood peripheral mononuclear cells (PBMCs) and sorted CD4+ and CD8+ T
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cells, the majority of them in case-control cohorts. Details about the cohorts and
main findings are described in Table 1.

Studies addressing global methylation exploit the fact that methylation measured
at repetitive elements, such as Alu repeats and long interspersed nucleotide elements
(LINE-1), jointly representing one third of the entire genome, can serve as a surrogate
of total genomic methyl cytosine. Increased global DNA methylation in blood cells
and sera has been reported in RRMSpatients compared to controls (Neven et al. 2016;
Pinto-Medel et al. 2017; Dunaeva et al. 2018). LINE-1 methylation further correlates
with either motor disability, measured as Expanded Disability Status Scale (EDSS)
status (Neven et al. 2016) or IFN-treatment duration (Pinto-Medel et al. 2017). Given
that loss of global methylation typically leads to chromosomal instability, loss of
imprinting and activation of transposable element, these data suggest an increased
genome stability in MS patients. However, such interpretation should be considered
with caution as global methylation methods do not reveal locus-specific changes.
This is important in light of the consequences of the locus-specific genome instability
on reactivation of specific endogenous retroviruses, which has been observed in MS
patients (Morris et al. 2018).

Gene-candidate approaches have examined DNA methylation at a priori selected
candidate genes involved in inflammatory processes and/or MS susceptibility. They
have focused on promoter regions and thus inferred the putative impact of the
observed changes on transcription. Results from promoter profiling of eight
neuroinflammatory genes in whole blood from RRMS patients and healthy donors
showed increased methylation levels at RUNX3, CDKN2A, SOCS1, and NEUROG1
genes implicated in neuroglial and T cell differentiation, most of them being reported
as dysregulated in MS patients (Sokratous et al. 2018). The negative regulator of
proinflammatory signaling SHP-1 gene displayed hypermethylation correlating with
reduced transcript levels in peripheral blood leukocytes from MS patients compared
to controls (Kumagai et al. 2012). Interestingly, studies have shown that T cells from
RRMS patients exhibit hypomethylation of CpGs in the two previously identified
MS risk loci, vitamin D receptor (VDR) and IL2 receptor (IL2RA) genes compared to
controls (Ayuso et al. 2017; Field et al. 2017). Lower methylation levels at these
regions correlate with MS-specific increased IL2RA and VDR expression in T cells
and blood leukocytes, respectively. Of note, IL2RA expression by CD4+ T cells has
been shown to be regulated by vitamin D, further supporting its relevance in MS
susceptibility (Berge et al. 2016). Finally, we have shown that CD4+ T cells from
RRMS patients exhibit hypomethylation of the VMP1/MIR21 locus compared to
SPMS patients and healthy controls. Lower methylation associated with upregulation
of the microRNA (miRNA) miR-21 and concomitant downregulation of its target
genes, important in cell apoptosis and proliferation, in CD4+ T cells (Ruhrmann et al.
2018). This data highlights an interplay between epigenetic mechanisms where DNA
methylation changes at restricted CpGs of a miRNA can lead to perturbed expression
of multiple genes involved in immune processes. Thus, even though most of these
studies are biased towards pre-selected candidates, they reveal functionally relevant
changes in methylation which could contribute to enhanced inflammation in MS. Of
special notice, similar changes of some candidate genes, such asRUNX3,NEUROG1,
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Table 1 DNA methylation studies in Multiple Sclerosis

Tissue Cohort (F/M) Meth Findingsa Reference

Global methylation approaches

WB 51 RRMS (38/13),
137 HC (73/37)

Pyroseq Global
hypermethylation (Alu,
LINE-1, SAT-α) in
MS. Correlation
between Alu, LINE-1
DNA methylation and
EDSS score but not MS
course.

Neven et al.
(2016)

Serum 24 untreated RRMS
(17/7), 24 HC (19/5)

BS-seq,
MSP

Cell-free circulating
DNA displays
hypermethylation of
L1PA2 sub-family of
LINE-1 fragments.

Dunaeva et al.
(2018)

Buffy coat 54 untreated RRMS
(36/18), 36 IFN-treated
RRMS (21/15), 25 HC
(14/11)

LINE-1
assay

Slight global
hypermethylation in
MS. Negative correla-
tion with duration of
IFNbeta treatment

Pinto-Medel
et al. (2017)

Candidate-gene DNA methylation approaches

WB 50 pairs of MZ twins
discordant in MS
(35/15)

MSP No difference of
MHC2TA pIV promoter
methylation between
discordant MZ twin
pairs.

Ramagopalan
et al. (2009)

WB Benign cohort:
48 RRMS (EDSS � 3).
Malignant cohort:
20 PPMS (EDSS > 6)

Pyroseq No difference at HLA-
DRB1*1501 and HLA-
DRB5 methylation in
benign vs. malignant
MS.

Handel et al.
(2010)

Buffy coat 7 PPMS, 50 RRMS,
12 SPMS (49/20),
19 HC (10/9)

Cloning
BS-seq

Hypermethylation of
SHP-1 promoter 2 in
MS vs. HC. No correla-
tion with MS clinical
parameters.

Kumagai et al.
(2012)

PBMCs 39 RRMS, 1 SPMS
(32/8), 40 HC (30/10)

EpiTyper,
dot blot

Downregulation of
TET2 and DNMT1 gene
expression in
MS. Hypermethylated
CpGs in TET2. Reduced
global 5hmC level and
slightly increased global
5mC in MS.

Calabrese
et al. (2014)

PBMCs 31 RRMS, 1 SPMS
(22/10), 30 HC (15/15)

Cloning
BS-seq

PADI2 hypomethylated
promoter correlation
with upregulated gene
in MS. No correlation
with clinical
parameters.

Calabrese
et al. (2012)

(continued)
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Table 1 (continued)

Tissue Cohort (F/M) Meth Findingsa Reference

T cells, PBL 23 RRMS (14/9),
12 HC (8/4)

Cloning
BS-seq

VDR alternative pro-
moter hypermethylation
in MS, no correlation
with clinical parame-
ters. VDR mRNA
upregulation in PBLs of
MS.

Ayuso et al.
(2017)

WB,
PBMCs,
NAWM

PBMCs: 28 RRMS,
10 HC, WB: 14 MS,
14 HC, NAWM: 8 MS,
6 HC

EpiTyper,
450K

No difference in IL2RA
methylation in PBMCs
and NAWM in MS
vs. HC. After mixed-
tissue deconvolution:
1 hypomethylated T
cell-specific DMP at
IL2RA promoter corre-
lating with increased
IL2RA expression in T
cells in MS vs. HC.

Field et al.
(2017)

CD4+ T DC: 12 RRMS (9/3),
8 SPMS (4/4), 12 HC
(8/4). VC: 30 RRMS
(22/8) 11 SPMS (8/3),
12 HC (5/7), 9 INDC
(7/2)

450K,
pyroseq

Hypomethylation of
VMP1/MIR21 locus in
RRMS (compared to
HC and SPMS) and
association with lower
miR-21 expression.

Ruhrmann
et al. (2018)

WB 66 RRMS (33 rel,
33 rem, 44/22), 33 HC
(22/11)

MS-
MLPA

Hypermethylation of
RUNX3, CDKN2A,
SOCS1, and NEUROG1
in MS vs. HC. No
difference inbetween
relapse vs. remission.

Sokratous
et al. (2018)

Genome-wide DNA methylation approaches

CD4+ T 2 RRMS, 1 SPMS pairs
of discordant MZ twins
(2/1)

RRBS Two common DMPs
(TMEM1, PEX14)
between two twin pairs.

Baranzini
et al. (2010)

CD4+ T,
CD8+ T

30 treated RRMS
(26/4), 28 HC (15/13)

450K CD4+: 74 DMPs
(35 genes) in RRMs
vs. HC: 19 HLA-DMPs,
55 non-HLA DMPs.
Correlation of HLA-
DRB1 DNA methyla-
tion with HLA-
DRB1*1501 haplotype.
CD8+: 79 non-MHC
DMPs (51 genes). No
overlap with CD4+ T
cells.

Graves et al.
(2014),
Maltby et al.
(2015)

(continued)
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Table 1 (continued)

Tissue Cohort (F/M) Meth Findingsa Reference

WB,
CD4+ T,
CD8+ T

16 RRMS (16/0),
14 HC (14/0)

450K No genome-wide
DMPs. Nominally sig-
nificant CpGs: predom-
inant hypermethylation
in CD8+ specifically.
Two common DMPs
(at TMEM48 and
APC2) in CD4+, CD8+

T cells and WB. No
difference between dif-
ferent disease duration.

Bos et al.
(2015)

PBMCs 14 RRMS (9/5),
8 PPMS (6/2), 8 HC
(6/2)

450K 136 DMPs between
RRMS, PPMS and HC:
30 DMPs (17 genes) in
RRMS vs. HC,
67 DMPs (25 genes) in
PPMS vs. HC and
51 DMPs (22 genes) in
PPMS vs. RRMS,
respectively. Most
PPMS-DMPs are
hypermethylated.

Kulakova
et al. (2016)

CD4+ T 28 untreated RRMS
(28/0), 22 HC (22/0)

450K 153 genes with DMRs:
HLA-DRB1
hypomethylated,
SNORD1A, SHTN1,
MZB1 and TNF
displayed DMRs at TSS
region.

Maltby et al.
(2017)

WB Selected cohort: 50 MS
(19 current, 9 past,
22 never-smoker, 50/0);
Broad cohort: 132 MS
(33 current, 34 past,
65 never-smoker,
90/42), 135 HC (34 cur-
rent, 31 past, 70 never-
smoker, 100/35).

450K,
pyroseq

Effect of smoking
dependent on smoking
load and time since
cessation. 58 DMPs
(29 genes) in current
vs. never-smokers with
MS, including
8 unreported DMPs.
Reversible changes with
time post cessation.
AHRR gene: correlation
with expression in
PBMCs. Effect of
smoking load interacts
with MS disease.

Marabita et al.
(2017)

WB,
CD4+ T,
CD8+ T,
CD14+,

WB: 140 MS (98/42),
139 HC (104/35);
CD14+: 23 MS (15/8),
13 HC (9/4), CD4+:
21 MS (14/7), 12 HC

450K,
pyroseq,
BS-seq,
RNAseq,
GWAS

Hypomethylation of
HLA-DRB1 exon
2 mediate genetic risk
from HLA-DRB1*15:01
and a novel protective

Kular et al.
(2018)

(continued)
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MIR21 or IL2RA, could be identified in genome-wide investigations of specific cell
types, described below (Bos et al. 2015).

The recent progress in genome-wide methylation analyses has advanced the field
beyond candidate gene approaches by enabling investigation of the methylome
landscape of patients. A seminal genome-wide study has investigated the CD4+ T
methylome of three MZ twin pairs discordant for MS and found only two common
DMPs between twin pairs, which is not unexpected given a small and heterogeneous
cohort (Baranzini et al. 2010). The development of array-based technologies such as
Infinium HumanMethylation BeadChip arrays has allowed cost- and time-effective
DNA methylation profiling of blood cells from case-control cohorts, the large
majority comparing RRMS patients with healthy controls. These epigenome-wide
association studies, referred to as EWAS, have revealed that epigenetic alterations
occur at multiple loci throughout the genome of immune cells, reporting detailed

Table 1 (continued)

Tissue Cohort (F/M) Meth Findingsa Reference

CD19+ B,
PBMCs

(8/4), CD8+: 15 MS
(6/9), 14 HC (9/5),
CD19+: 17 MS (9/8),
12 HC (6/6).

variant through change
of HLA-DRB1
expression.

CD4+ T 7 (4/3) baseline and
6 month after DMF
treatment

EPIC 974 DMPs after treat-
ment, 97%
hypermethylated

Maltby et al.
(2018)

CD8+ T,
CD4+ T

Combined cohorts
including samples from
(Bos et al. 2015; Maltby
et al. 2015, 2017):
CD4+: 94 RRMS
(94/0), 94 HC (94/0),
CD8+: 68 RRMS
(68/0), 57 HC (57/0)

450K,
EPIC

No genome-wide DMPs
in CD8+ but CpGs
hypermethylated in MS.
DMR: 2 intragenic
DMR in both CD4+ and
CD8+: HLA-DRB1
(hypomethylated),
SLFN12
(hypermethylated).
DMR in CD4+ only:
intergenic (MOG/
ZFP57 and downstream
SLFN12), NINJ2
(hypermethylated).
Correlation with
expression in WB.

Rhead et al.
(2018)

aOf note, described are findings deemed significant by the original study using originally reported
criteria for significance, which vary widely
WB whole blood, PBMCs peripheral blood mononuclear cells, PBL peripheral blood leukocytes,
MS Multiple Sclerosis, RRMS relapsing-remitting MS, SPMS secondary progressive MS, PPMS
primary progressive MS, HC healthy controls, INDC inflammatory neurological disease control,
F/M female/male number, EDSS expanded disability status scale, MZ monozygotic, DMF
dimethylfumarate, DMP differentially methylated position, DMR differentially methylated region,
GWAS genome-wide association study, RRBS reduced representation bisulfite sequencing, 450K
Infinium HumanMethylation450 BeadChip, pyroseq pyrosequencing, BS-seq bisulfite cloning-
sequencing, MSP methyl sensitive PCR, vs. versus
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mapping of differentially methylated single CpG positions (DMPs) or regions
(DMRs), their effect sizes (represented by Δβ-values) and directionality (Table 1).
However, EWAS conducted in Norwegian and Australian cohorts have yielded
various results to date, discrepancies that can be further reflected by the low overlap
between studies (Bos et al. 2015). Indeed, no common DMPs were observed
between the three existing studies focusing on CD4+ T cells from RRMS compared
to controls (Graves et al. 2014; Bos et al. 2015; Maltby et al. 2017). Overall, three
annotated genes, HLA-DRB1 and HLA-DRB6 genes from the MS risk HLA class II
locus as well as the RNA-editing ADARB2 gene, overlap between the studies,
although with different reported CpGs (Fig. 1a). Among common DMPs reported
by at least two studies, 12 of them displayed consistent changes (i.e. same direc-
tionality) (Fig. 1b). They map to immune genes, i.e. HLA class II genes (HLA-DRB1,
HLA-DRB5, HLA-DRB6), TGF-β induced gene TGFBI, as well as the ribosomal
kinase RPS6KA2 gene and the protein-ubiquitin ligase FBXO27 gene. In CD8+ T
cells, while only one intergenic DMP overlaps between the two existing studies (Bos
et al. 2015; Maltby et al. 2015), 17 common genes were found to exhibit at least one
differentially methylated CpG, although at different locations, in the two studies
(Fig. 1b). They are involved in phagocytosis (MEGF10, BAI1), cell proliferation
(CDKN1C, CAMTA1), cell migration (IGF2BP1, CDC42BPB), iron sequestering
(FTL) and xenobiotic metabolism (UGT1A10). Recently, joint analysis of the
combined Norwegian and Australian data (Bos et al. 2015; Maltby et al. 2015,
2017) reported five significant DMRs in CD4+ and CD8+ T cells from MS patients
compared to controls (Rhead et al. 2018). Two intragenic DMRs, that map HLA-
DRB1 and SLFN12 genes, were found hypomethylated and hypermethylated,
respectively in RRMS patients compared to controls in both CD4+ and CD8+ T
cells, while an intergenic DMR located between MOG and ZFP57 genes was
specific to CD4+ T cells. Additionally, two DMRs in NINJ2 gene and downstream
SLFN12 locus were identified in CD4+ T cells only when comparing treatment-
naïve MS patients and controls. Methylation differences at HLA-DRB1, NINJ2 and
SLFN12 genes associated with changes in expression in whole blood from MS
patients compared to controls.

Despite disparities between studies (see explanations in Sect. 2.3), interesting find-
ings point to two MS-related features. Predominant genome-wide hypermethylation
could be observed in CD8+ T cells, specifically (i.e. not CD4+ T cells), from RRMS
patients compared to controls (Bos et al. 2015; Rhead et al. 2018), in PBMCs from
PPMS patients, specifically, compared to RRMS patients and healthy controls
(Kulakova et al. 2016) and in CD4+ T cell from MS patients after pharmacological
treatment with theMS-drug dimethylfumarate (Maltby et al. 2018). One can speculate
that dysregulation of DNAmethylation machinery, such as DNMT and TET enzymes
could have such a global impact on DNAmethylation. Moreover, we and others have
found striking hypomethylation of the HLA-DRB1 gene (Graves et al. 2014; Maltby
et al. 2017; Kular et al. 2018; Rhead et al. 2018), the relevance of such altered
methylation at the major MS risk locus will be further described in Sect. 3.1 of this
chapter.
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Fig. 1 Overlap between DNA methylation studies in immune cell type-specific in MS. (a) Venn-
diagram illustrating the number of differentially methylated genes between MS patients and healthy
controls in studies profiling CD4+ (left panel) and CD8+ (right panel) T cells. The names of
overlapping genes between all cell type-specific studies appear below the diagram. (b) Heatmap
of differentially methylated CpGs between MS patients and healthy controls reported in at least two
studies profiling CD4+ (left) and CD8+ (right) T cells. The color gradient represents the direction of
change (Δβ-value), with blue and red being hypomethylated (�) and hypermethylated (+), respec-
tively, in MS patients compared to controls. Studies 1, 2, 3 and 4 correspond to CD4+ (Graves et al.
2014), CD4+ and CD8+ (Bos et al. 2015), CD4+ (Maltby et al. 2017) and CD8+ (Maltby et al. 2015),
respectively. Note that comparisons were conducted on the reported DMPs with varying signifi-
cance thresholds: genome-wide significance (False Discovery rate or Benjamini-Hochberg-adjusted
p-value <0.05, Δβ � � 0.1) in studies 1, 3 and 4 and nominal significance (p-value <0.05) for
study 2
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2.2 DNA Methylation in Post-Mortem Brain

Neuroimaging and histopathological studies of the CNS white matter in MS patients
have distinguished a variety of lesion types differing in the degree of leukocytes
infiltration, demyelination, remyelination and neuro-axonal injury. Importantly,
areas from the seemingly unaffected normal appearing white matter (NAWM)
frequently manifest diffuse pathology along with focal abnormalities even in the
absence of infiltrating leukocytes (Barnett and Prineas 2004; Henderson et al. 2009;
van Horssen et al. 2012; Burm et al. 2016). NAWM lack of integrity has been further
associated with neurological disability (Dineen et al. 2009; Francis et al. 2014;
Meijer et al. 2016). Additionally, recent evidence suggests that neurodegenerative
processes might start earlier in life (Chard et al. 2002; Hagstrom et al. 2017;
Tortorella et al. 2018), without prior demyelination (DeLuca et al. 2006) and in
the grey matter as well (Geurts and Barkhof 2008; Calabrese et al. 2010). Overall,
brain atrophy is the strongest predictor of disability, its impact becoming apparent
later in life when the neurological reserves are likely exhausted from long-standing
compensatory mechanisms. Due to the limited accessibility of the target organ in
MS, the molecular mechanisms underlying the neuropathology of MS remain
elusive. Given that DNA methylation is chemically stable, studies have so far relied
on observation in post-mortem brain tissue, composed of mixed cell populations.

The first study examining DNAmethylation in the MS brain was a candidate gene
study of PADI2 encoding a citrunillating enzyme. This study was motivated by the
observation of elevated citrunillated myelin basic protein (MBP) in NAWM of MS
patients, which is suggested to contribute to myelin destabilization in MS. The
authors found hypomethylation of PADI2 promoter, which associated with increased
levels of PADI2 enzyme and citrunillated MBP in NAWM from 12 MS patients
compared to white matter samples from 19 non-MS controls, i.e. non-neurological
controls and patients with other neurological diseases (Mastronardi et al. 2007).
Altogether, epigenetic dysregulation of PADI2 enzyme might participate, at least in
part, in aberrant citrunillation of MBP and subsequent myelin breakdown. Interest-
ingly, hypomethylation and upregulation of PADI2 gene could also be observed in
peripheral blood from MS patients compared to controls, suggesting that some
changes occurring in the brain can be detected in blood (Calabrese et al. 2012).

However, alteration of PADI2 gene could not be identified in recent genome-wide
DNA methylation studies comparing MS-NAWM versus (vs.) control white matter
(Huynh et al. 2014) or demyelinated vs. myelinated hippocampi from MS patients
(Chomyk et al. 2017) (Table 2). Epigenome-wide profiling of NAWM from MS
patients instead revealed numerous, albeit subtle, changes clustering on 539 DMRs
throughout the genome (Huynh et al. 2014). Interestingly, hypomethylated CpGs
occurredpredominantlywithinpromoters, i.e. transcriptionstartingsit (TSS)�2000bp,
and were depleted from gene bodies (intron, exon), the latter being enriched in
hypermethylated CpGs. Gene ontology annotation of DMR-related genes further
showed that hypomethylated DMRs affected genes associated with immune responses
while hypermethylated DMRs are enriched in genes involved in general cell functions
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and oligodendrocyte-related processes. Some of the changes could be further associ-
ated with gene expression differences from RNA-seq data inMSNAWMcompared to
control samples. Of note, the transcriptional changes did not necessarily anti-correlate
with DMR direction of change, probably due to differences in DMR location and
cellular origin in bulk tissue.

A recent study has investigated DNA methylation changes following hippocampus
demyelination inMS (Chomyket al. 2017). Comparison of demyelinated vs.myelinated
hippocampi from MS patients led to the identification of 144 hypomethylated and
hypermethylated DMPs with large changes (Δβ > 20%). These changes coincide
with differential expression of DNAmethylation enzymatic machinery, with significant
upregulation of methylating enzymes (DNMT1, DNMT3A/B) concomitant with
downregulation of demethylating TET enzymes in the MS hippocampus following
demyelination. This finding together with the predominant detection of DNMTs and
TETs proteins in hippocampal neurons compared to other cell types, imply that
methylation patterns likely differ in a locus- and, importantly, cell type-specific
manner, which might not be reflected in bulk tissue analysis. In line with this, the
75 genes harboring DMPs had been previously reported to be expressed by multiple
brain cell types, i.e. microglia, oligodendrocyte, astrocytes and neurons, with how-
ever, an overrepresentation of astrocytic- and neuronal-specific genes. Nevertheless,
changes occurring at promoter-related sequences (TSS1500, 16 genes) could further

Table 2 Genome-wide DNA methylation studies in post-mortem brain tissue from MS patients

Reference Huynh et al. (2014) Chomyk et al. (2017)

Brain
tissue

Frontal lobe Hippocampus

Analysis MS-NAWM vs. NNC MS-demyelinated vs. MS-myelinated

Cohort
(F/M)

DC: 28 NAWM-MS (3 RRMS,
17 SPMS, 7 PPMS, 17 /11), 19 NNC
(7/12); VC: 10 MS (SPMS, 7/3), 20 NNC
(14/6)

8 myelinated MS (6 SPMS, 2 PPMS,
5/3),
7 demyelinated MS (6 SPMS, 1 PPMS,
5/2)

Method 450K, EpiTyper, RNA-seq 450K, ELISA, IHC, RT-qPCR

Findings – 220 hypomethylated DMRs (1235
CpGs)
– 319 hypermethylated DMRs (1292
CpGs)
– at oligodendrocyte-specific genes
(BCL2L2, HAGHL, NDRG1, CTSZ,
LGMN).
– correlation with expression change of a
fraction of corresponding genes.

– 144 DMPs (75 genes)
– 62 hypermethylated DMPs
– 82 hypomethylated DMPs
– at astrocytic and neuronal genes
– Promoter (TSS)-DMPs at AKNA,
EBPL, HERC6, SFRP1, NHLH2,
PLCH1, TMEM132B and
WDR81 correlated with expression
changes.

MS Multiple Sclerosis, RRMS relapsing-remitting MS, SPMS secondary progressive MS, PPMS
primary progressive MS, NNC non-neurological disease control, F/M female/male number, NAWM
normal appearing white matter, DC discovery cohort, VC validation cohort, DMP differentially
methylated position, DMR differentially methylated region, 450K Infinium HumanMethylation450
BeadChip, TSS transcription starting site, IHC immunohistochemistry, TSS transcription starting
site, vs. versus
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associate with anti-correlated transcriptional changes of the corresponding genes
(Table 2), most of them being involved in immune or neuronal processes.

These genome-wide characterizations in blood immune cells and bulk post-
mortem brain tissue of MS patients unravel DNA methylation changes at genes
involved in immune and nervous processes and set the stage for future studies in
larger and more homogenous cohorts.

2.3 Methodological Considerations in Clinical DNA
Methylation Studies

We will here review several biases that might impair proper interpretation of DNA
methylation changes, particularly in the clinical context.

2.3.1 Cohort and Sample Heterogeneity

The varying results between studies examining blood immune cells in MS under-
scores the context-dependent nature of epigenetic marks where DNA methylation is
highly sensitive to sample and cohort heterogeneity. Therefore, cohort characteris-
tics, such as genetic background, disease course and sub-type, age and sex, largely
influence the outcome of the analyses. A variety of other confounders associated to
treatment history, lifestyle habits or environmental exposures such as smoking likely
affect the methylome and could account for some of the signal detected in DNA
methylation studies as well.

Cell type-specificity of DNA methylation represents another challenge in data
interpretation, as different cell proportions from mixed blood and brain tissue might
drive the observed DNA methylation changes and therefore mask ‘true’ changes.
Accordingly, DNA methylation changes in cell types sorted from the same case-
control cohorts display little overlap (Graves et al. 2014; Bos et al. 2015; Maltby
et al. 2015). Undoubtedly, cell type sorting prior to analysis offers the most optimal
strategy to account for tissue heterogeneity. This approach is feasible in blood
samples but it is confined only to the most abundant cell types and cell sorting is
rather limited in post-mortem brain tissue, due to reliance on only a restricted number
of cell type-specific nuclear antibodies (Yeung et al. 2014). Therefore, in most brain
studies, spatial and cellular heterogeneity is therefore lost. In that context, progress in
emerging fields such as single-cell methylomics (Smallwood et al. 2014) together
with in situ DNA methylation analysis (Shiura et al. 2014) and spatial ‘omics’ (Stahl
et al. 2016) will eventually provide useful tools to complement bulk methylome by
mapping a molecular atlas at a single-cell level. Alternatively, analytical strategies
correcting for confounders could aid in deciphering biologically relevant DNA
methylation signals, as exemplified in two aforementioned studies in which account-
ing for age and blood cell proportions strengthened or even enabled the identification

194 L. Kular and M. Jagodic



of theMIR21 and IL2RA loci, respectively, in CD4+ T cells from MS patients (Field
et al. 2017; Ruhrmann et al. 2018). It is noteworthy that the current lack of reference
methylomes from distinct human brain cell types hinders the use of reference-based
cellular deconvolution from brain tissue-generated data, contrasting with its com-
mon use in blood DNA methylation analysis (Titus et al. 2017). This challenge can
be partly overcome by the use of unsupervised methods base on reference-free
algorithms (Titus et al. 2017). Additionally, further work is needed in order to
characterize changes in other immune cell types than CD4+ and CD8+ T cells,
e.g. APCs such as monocytes and B cells which are believed to play pivotal roles
in MS. This is supported by the considerable benefit RRMS patients gained after
treatment with monoclonal antibody depleting B cells (Hauser et al. 2008). Finally,
additional heterogeneity come from sub-cell types from immune (e.g. Th1, Th17,
Th2, Treg CD4+ T cells) and nervous (e.g. excitatory glutamatergic vs. inhibitory
GABAergic neurons) cell populations, which are known to exert different functions.
Optimization of genome-wide methylation profiling for sample with low input will
undeniably aid in capturing this variety of changes occurring in MS. Altogether,
these issues highlight the need to take into account cell and cohort heterogeneity in
EWAS design prior to and during downstream analysis.

2.3.2 Methodological Challenges

Genome-wide technologies have facilitated EWAS analysis by promising unbiased
‘hypothesis-free’ approach to comprehensively characterize variations associated to
complex diseases. Among the technologies available, the utilization of cost-effective
array platforms such as Infinium HumanMethylation BeadChips represents the
best compromise for DNA methylation analysis in clinical samples. Despite their
extensive use, methylation arrays pose several limitations (Barker et al. 2018), some
being inherent to the technology itself, other to the commonly employed bisulfite
(BS) treatment of DNA prior to sample hybridization. Indeed, even though these
so-called “genome-wide” Illumina 450K and EPIC arrays cover ~99% of the Refseq
genes together with some well-known intergenic regulatory regions, they target each
gene with few probes and overall annotate only a fraction, i.e. 1.7% and 3%,
respectively, of the total CpGs present in the genome. An additional bias in array-
based methods is the role of SNPs in the pre-design probe locations (Chen et al.
2013), causing differences in binding to certain alleles for a given gene. Moreover,
the most widely-used DNA methylation studies (array included) rely on the bisulfite
(BS) treatment of genomic DNA, which converts unmethylated cytosines to thy-
mine, leaving methylated cytosine unchanged. Signals from each base are subse-
quently used to estimate the proportion of methylated vs. unmethylated CpGs. Yet,
by changing most cytosines at non-CpG sites, BS conversion drastically reduces the
complexity of the genome to three bases, therefore hampering proper exploration of
highly polymorphic loci. This is of particular importance in the HLA region since it
is a highly polymorphic region with a complex pattern of linkage disequilibrium and
the high similarity between the proximal HLA class II genes. The challenge to study
such locus can be illustrated by our effort to validate BS array-generated DMR at
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HLA-DRB1 using multiple methods (detailed in Sect. 3.1.1 of this chapter) (Kular
et al. 2018). Additionally, conventional BS-based arrays do not allow distinction of
true CpG methylation (5mC) from its antagonist CpG hydroxymethylation (5hmC),
nor do they cover sufficient probes targeting non-CpGs, both non-canonical modi-
fications being highly prevalent in the human brain, especially neurons. The impact
of mixed 5mC/5hmC signals in post-mortem brain samples could be technically
circumvented by the use of BS and oxidative BS side-by-side treatments prior to
hybridization on the array (Stewart et al. 2015). Besides technical limitations,
heterogeneity in analytical approaches, computational pipelines and statistical
approaches play an evident role in the reported outcome. As seen earlier, studies
have invariably favored either DMP or DMR analysis, reporting significant changes
at nominal or adjusted P-value (with or without Δβ cutoff) and using different
normalization strategies, thus making comparison between studies challenging.

2.3.3 Biological Relevance

Inferring the functional consequence of methylation changes is still very demanding
given our partial knowledge of the impact of such changes. Data interpretation likely
builds on an integrative model incorporating a variety of parameters such as the
location (promoter, intragenic, intergenic), the nature (single vs. contiguous CpGs)
and the amplitude of change. Importantly, DNA methylation acts in concert with
histone posttranslational modifications and chromatin conformational regulators,
these interactions shaping gene regulation in responses to internal (genetic) and
external (environmental) influences. Therefore superimposing information from
additional molecular layers, ideally transcriptional and organizational, appears crucial
for proper data interpretation. These can be derived from publicly available databases
integrating genetic architecture of the human epigenome and transcriptome, such as
ENCODE, Roadmap and Blueprint epigenomes (Bujold et al. 2016), Genotype-
Tissue Expression (GTEx) (Gamazon et al. 2018) or the brain-specific xQTL
(Ng et al. 2017) platforms.

The biological relevance of epigenetics in complex human diseases such as MS is
further complicated by the difficulty to infer causality between epigenetic marks and
pathological processes. Further work is necessary to define the nature of the inter-
actions between the genome, methylome and exposome. Indeed, DNA methylation
can be triggered by genetic, environmental and stochastic cues and impact proper
functioning of virtually all immune or CNS cell types implicated in MS. As such,
DNA methylation could be a cause or consequence of disease, act independently or
in mediation of risk factors. To address this issue, the use of analytical strategies,
namely causal inference testing and Mendelian randomization (described in the next
section) or methodological approaches such as longitudinal cohorts, could undeni-
ably aid in elucidating the epigenetic contribution in MS disease. At the tissue and
cellular level, the use of emerging methodologies such as CRISPR-dCas9-based
epigenome-editing (Pulecio et al. 2017) (described in Sect. 3.3.2 of this chapter) in
combination with adequate experimental design in animal and cellular models will
certainly assist in the quest for biological relevance of identified epigenetic changes.
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3 Exploiting DNA Methylation for a Better Understanding
and Treatment of MS Patients

GWAS have revealed that the genetic architecture of MS is polygenic and related to
more than 200 common variants. The identification of various environmental risk
factors further increases the complexity of the risk for developing MS. Similarly,
EWAS are continuously increasing the catalog of putatively relevant candidate loci
associating with the disease. A key challenge now is to place the identified variants,
exposures and methylation alterations in the context of pathological mechanisms.
This further underscores the need for investigation of causal alleles in the relevant
tissue/cell type and under specific environmental conditions. In that context, since
DNA methylation integrates signals from both genetic and environmental influ-
ences, it can be regarded to act at different levels of genetic predisposition to disease:
in an additive manner, in synergy or as a mediator of genetic risk (Fig. 2). In this
section, we will describe the potential roles of DNA methylation in mediating risk
for MS.

3.1 DNA Methylation as a Mediator of Genetic Risk in MS

3.1.1 DNA Methylation Mediates Risk from the Major MS Risk
HLA-DRB1*15:01

Integrated approaches combining the multiple layers of the interplay between
genetic and epigenetic factors in gene regulation have shown that, overall, a sub-
stantial fraction of the methylome is controlled by the DNA sequence (Liu et al.
2014; Chen et al. 2016). This dependence, referred to as methylation quantitative
trait locus (meQTL), can occur by local SNPs disrupting the CpG site or by proximal
or distal SNPs affecting epigenetic status in cis or trans, respectively, through long-
range physical and functional interactions. Therefore, a genetic-epigenetic paradigm
appears instrumental to understand how risk variants could shape individuals into
susceptibility for MS. Importantly, DNA methylation changes at the major MS risk
gene, HLA-DRB1, have been consistently identified in blood immune cells and seem
to partially dependent on carriage of the riskHLA-DRB1*15:01 variant (Graves et al.
2014). We have investigated whether DNA methylation mediates effect of genetic
variation in MS by integrating genome-wide genotype data with epigenome-wide
data in case-control cohorts (Kular et al. 2018). A summary of the results is depicted
in Fig. 3. Using Illumina 450K arrays for methylation profiling in CD14+ monocytes
sorted from blood of MS patients and healthy controls, we found that monocytes
of the risk HLA-DRB1*15:01 carriers display a considerably lower methylation
at 19 CpGs of a DMR encompassing the exon 2 of the HLA-DRB1 gene (Fig. 3a).
Validation of HLA-DRB1-specific DNA methylation changes using
BS-pyrosequencing confirmed hypomethylation in HLA-DRB1*15:01 carriers,
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which could be further correlated with higher HLA-DRB1 expression in monocytes
from risk carriers compared to heterozygotes and non-carriers. We next tested
whether the HLA-DRB1*15:01 variant specifically, i.e. compared to other HLA-
DRB1 alleles, drives the observed differences using allele-specific DNA methylation
and expression analyses. Single-strand BS-DNA cloning and sequencing of a frag-
ment encompassing the DMR sequence in homozygous HLA-DRB1*15:01 individ-
uals confirmed the unmethylated status of more than 52 CpGs harboring exon 2 of
the gene in HLA-DRB1*15:01. The use of methyl-sensitive restriction enzyme
followed by allele-specific qPCR, which alleviates biases induced by BS conversion
and pre-designed probes from commercial arrays, established HLA-DRB1*15:01 as
the sole hypomethylated variant compared to the most common HLA-DRB1 alleles.
We next functionally tested whether intragenic methylation change at HLA-DRB1
can actively impact gene expression or rather be consequence of transcriptional
activity in the locus, as reported for other genes (Mendizabal et al. 2017; Neri et al.
2017). Results revealed that PBMCs treated with a demethylating agent exhibit
increased HLA-DRB1 expression and the HLA-DRB1 DMR sequence displays
methylation-sensitive enhancer properties using an in-vitro reporter system. Taken
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G G
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Additive cause for disease Synergy with genetic risk

Mediator of genetic risk ‘Independent’ of cause

e.g. environmental risk
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Multiple Sclerosis

Fig. 2 Potential roles of DNA methylation in MS. Interplay between DNA methylation (M),
genetic risk (G) and environmental risk exposure in phenotypic outcome (Y), depicted by blue,
red and yellow wheels, respectively. DNAmethylation can act in addition, in synergy, as a mediator
of genetic risk or be seemingly ‘independent’ of any cause. The latter occur for example if DNA
methylation changes are driven by cohort or sample confounders (e.g. age, sex or treatment history,
cell proportions)
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together, these findings strongly suggest that DNA methylation in HLA-DRB1 can
mediate the risk of MS. To formally test this hypothesis we performed genome-wide
mediation analysis using a large case-control cohort with genotype and methylation
data and applied Causal Inference Test (CIT) to establish the mediation (Fig. 3b).
CIT analysis identified 50 genetic variants that predispose for MS through methyl-
ation changes, primarily in the same HLA-DRB1 exon 2 region identified in mono-
cytes. We then addressed the functional impact of genetically-controlled methylation
at exon 2 of HLA-DRB1 on transcription by carrying out two-sample Mendelian
Randomization (MR) and MR-Egger’s regression. Findings corroborated a causal
relationship between methylation at the HLA-DRB1 DMR and HLA-DRB1 gene
expression, with MR-Steiger test validating this directionality (Fig. 3c). Finally,
association analyses in four large cohorts (14,259 cases and 171,347 controls),
conditioning for all known MS variants in the HLA locus, confirmed that the main
effect comes from HLA-DRB1*15:01 (Fig. 3d), as observed in monocytes, but also
identified a novel protective MS variant (rs9267649) counteracting the effect of
HLA-DRB1*15:01 on methylation and expression.

This study highlights the importance of integrating multi-layered data to explore
the molecular mechanisms underlying risk variants and to further identify new
disease-modifying variants that might escape detection by conventional genetic
studies. It also raises the novel hypothesis that methylation-mediated regulation of
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expression of the HLA class II molecules, in addition to conformational changes of
the protein, mediates the risk of MS. The HLA class II molecules present specific
antigens, mainly derived from extracellular pathogens, on the surface of APCs. To
do so, HLA-DRB1-encoded molecules are constantly being synthetized and remain
ready to accept peptides, only translocation to the surface requiring peptide binding.
In line with this, higher HLA-DRB1 transcript levels observed in risk carriers would
increase the probability of them binding to the peptide and presenting it in higher
amounts on the surface. In the context of MS pathogenesis, this is most likely the
case for specific APCs presenting MS autoantigenic peptide(s). The exposed pep-
tides are then recognized by CD4+ T lymphocytes, leading to a complex cascade of
specific immune responses driving autoimmunity against CNS myelin. In this
conceptual framework, it is tempting to speculate about the potential of DNA
methylation as a mediator of cellular plasticity in MS.

3.1.2 DNA Methylation as a Mediator of Cellular Plasticity in MS?

Normal body functions during development and homeostasis and its aberrant
expression in the case of disease involve changes in phenotypic plasticity. In this
context, ‘susceptibility’ genes may in reality act as ‘plasticity’ genes, rendering some
individuals more responsive than others to external (stochastic, environmental)
factors (Belsky et al. 2009). This notion applied to development was already
suggested by C. Waddington, pioneer in epigenetics, as for him, it should be possible
to alter the degree of flexibility-inflexibility by selecting appropriate genotypes
(Waddington 1959). Important work conducted in animal models of phenotypic
plasticity in the context of genetic homogeneity has further evidenced the existence
of a third source of phenotypic variability, neither genetic nor environmental, by
demonstrating the contribution of DNA methylation changes in the varying pheno-
types, even in parthenogenetic species upon environmental stability (Kucharski et al.
2008; Vogt et al. 2008). These studies are consistent with observations from MZ
twin studies (Kaminsky et al. 2009) and collectively imply that epigenetic processes
are likely pervasive guarantors of plasticity, from organismal to cellular and molec-
ular levels. An altered epigenetic plasticity and chromatin dynamics could conceiv-
ably underpin pathogenic processes as well, as illustrated by altered DNA
methylation variability in cancer (Hansen et al. 2011), aging (Cheung et al. 2018)
or autoimmune diseases such as Rheumatoid Arthritis (Webster et al. 2018).
Undoubtedly, low or high plasticity at specific genes are both likely to alter cellular
phenotype in a locus-, cell type- and context-dependent manner, thus conferring
adaptive or maladaptive response under specific circumstances. Whether genome-
wide DNA methylation variability is affected in Multiple Sclerosis remains an open
question warranting further investigation. Nevertheless, a shift from a risk model to a
plasticity paradigm might aid in capturing the complexity underlying disease sus-
ceptibility at the individual level. Accordingly, genetic inheritance of risk fromHLA-
DRB1*15:01 might rely not only on transmission of the impact of genetic variation
on structural specificity of HLA-DRB1 protein for MS autoantigen, but also on
transmission of certain plasticity.

200 L. Kular and M. Jagodic



From an evolutionary perspective, exposure to pathogens is believed to be one of
the strongest selective forces in human evolution, largely contributing to the remark-
able genetic diversity found in the HLA locus. This phenomenon can be regarded as
part of the classical genetic assimilation of an adaptive acquired trait. Interestingly, a
recent study has found that, unlike other common HLA genes (e.g. HLA-DQB1),
HLA-DRB1 locus does not display any biologically meaningful pathogen group-
specific bias (Pierini and Lenz 2018), indicating that specific HLA-DRB1 alleles
might have been selected by specific pathogens. Additionally, HLA-DR molecules
have been associated to presentation of intracellular endogenous antigens as well,
such as following autophagy of intracellular component (Munz 2016) or in the case
of viral infection (Martin and Carrington 2005), including MS risk EBV infection
(Paludan et al. 2005). Altogether, these findings suggest that the typical ‘divergent
allele advantage’ in this locus (translating to a better chance for efficient
immunosurveillance due to sequence diversity between alleles in heterozygous
individuals) has probably not played a substantial role inHLA-DRB1 allele selection,
this locus has likely evolved under advantageous selection by specific pathogens.

In line with this, the remarkable sequence variation of HLA-DRB1 gene mirroring
the extended pathogen recognition repertoire maps to the HLA peptide-binding
groove encoded by exon 2 of HLA-DRB1 gene. It is noteworthy that the very same
locus also harbors the identified hypomethylated DMR mediating risk via enhanced
HLA-DRB*15:01 gene expression. One can hypothesize that by buffering the molec-
ular stochasticity and subsequent intrinsic noise at the DNAmethylation (Smallwood
et al. 2014) and transcriptional level (Elowitz et al. 2002; Chang et al. 2008; Kellogg
and Tay 2015), HLA-DRB1*15:01 variant is poised to a latent activation state. This
suggests that the additional source of plasticity conferred by HLA-DRB1*15:01
through DNA hypomethylation at exon 2 has been selectively favored over the
years, probably due its potential to drive efficient immune response. At the cellular
level in MS disease, because HLA-DRB1*15:01 mean expression appears constitu-
tively set at a high level, this plasticity might however elicit maladaptive responses
upon stochastic events observed in MS-dependent context, such as autoantigen
peptide encounter. This further supports the match-mismatch hypothesis underlying
adaptive and maladaptive response in the case of a mismatch between one’s predicted
versus actual environment. Further work will be essential to decipher whether
epigenetic-mediated cellular plasticity plays a role in autoimmune processes in MS.

3.2 DNA Methylation as a Mediator of Environmental Risk
Factors

More than 10 environmental exposures or lifestyle habits have been suggested to
increase susceptibility to MS. However, few studies have put focus on the mecha-
nisms underlying these effects. Recent evidence indicates that DNA methylation
could play a role in mediating the effect of two of the most established risk factors,
cigarette smoking and lack of sun exposure/vitamin D, in disease pathogenesis. The
main findings are illustrated in Fig. 4.
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Fig. 4 DNA methylation as a mediator of environmental risk in MS. (a). DNA methylation
changes underlying cigarette smoking in blood samples from case-control cohort with individuals
categorized regarding the time post smoking cessation: within 5 years (W5Y) smoker (dark red),
beyond 5 years (B5Y) smoker (orange) or never smoker (light blue). Altered CpGs implicate known
smoking-related loci as well as novel loci in MS patients, with the smoking load having an
enhanced impact in patients compared to controls. (b). DNA methylation changes mediating
protective effect of vitamin D in CD4+ T cells from juvenile rats vitamin D-supplemented or
-deprived in an animal MS model, experimental autoimmune encephalomyelitis (EAE). Genome-
wide changes correlate with dysregulation of microRNA (miRNAs) and their target genes, con-
comitant with differential phenotypes of CD4+ T cells and protection against EAE in vitamin
D-supplemented rats
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3.2.1 DNA Methylation and Smoking in MS

Both active and passive smoking have been associated with increased risk, progres-
sion and disability in MS (Olsson et al. 2017). Pathogenic mechanisms underpinning
smoke exposure likely involve lung irritation and inflammation rather than systemic
nicotine exposure itself (Hedstrom et al. 2009, 2013a, b). In line with this, unspecific
lung irritation due to other toxic compounds has been reported to increase disease
severity (Bergamaschi et al. 2018; Jeanjean et al. 2018). Local immune responses
resulting from lung irritation would trigger peripheral immune dysregulation and
further promote autoimmune reactions. Both duration and intensity of smoking
increase MS risk independently, and unlike other MS risk factor, the effect is not
associated to a particular age of exposure (Hedstrom et al. 2009). Interestingly, the
impact of smoking is reversible as it remains up to 5 years after cessation and is
nullified a decade after cessation (Hedstrom et al. 2013a, b). Studies have examined
interaction between the strongest genetic risk, i.e. carriage of the risk allele HLA-
DRB1*15:01 and absence of the protective HLA-A*02 allele, and cigarette smoking.
Results showed that both active and passive smokers, carrying bothHLA risk factors,
display considerably increased risk to develop MS compared to non-smokers,
e.g. nearly 14-fold for active smoker compared to a fivefold increase in
non-smokers (Hedstrom et al. 2011, 2014). More recently, NAT1 gene involved in
metabolism of smoke compounds emerged as a putative genetic modifier of tobacco
smoke exposure in MS susceptibility (Briggs et al. 2014). However, even though
several hypotheses implicate impact of pro-inflammatory processes occurring
locally in the lungs, the underlying mechanisms supporting gene-environment
interactions in MS immunopathogenesis are still elusive.

We recently explored the impact of smoking on blood DNA methylation profiles
in cohorts of MS patients by comparing individuals among MS risk categories: less
than 5 years after cessation (within 5 year (W5Y)-smokers), more than 5 years after
cessation (beyond 5 years (B5Y)-past smokers) and never smokers (NS) (Marabita
et al. 2017). Expectedly, comparison of methylome signatures in MS patients
revealed that the majority of differences could be observed between W5Y-smokers
and NS groups. A large fraction (84%) of the 58 identified DMPs (mapping 38 loci)
were found hypomethylated after smoking, most of them corresponding to CpGs
known to be affected by smoking in healthy individuals (Gao et al. 2015). In addition
to these established loci, eight potentially novel smoking-associated DMPs were
found in the context of MS. Overall, the identified DMPs locate in regulatory regions
of genes that have been implicated in MS and/or EAE pathogenesis (Fig. 4a).
Importantly, hypomethylation of CpGs of AHRR gene could be associated with
increased AHRR expression in PBMCs from smoker compared to non-smoker MS
patients. The aryl-hydrocarbon receptor (AHR) repressor AHRR gene was first
described to encode a competitive repressor of AHR activity involved in xenobiotic
detoxification, e.g. under smoke exposure, and was later implicated as a negative
regulator of inflammation and aberrant proliferation. One possible interpretation
would speculate that the observed hypomethylation and upregulation of AHRR
gene in smokers could reflect compensatory mechanisms to AHR-mediated toxicity
of compounds from cigarette smoke. Another interpretation links AHRR
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dysregulation to a specific cell type involved in MS pathogenesis, where increased
AHRR levels might contribute to impaired homeostasis in smokers. In support of this
hypothesis, smoking-related DMPs found in MS patients were enriched in hemato-
poietic stem and progenitor cells (HSPC)-specific regulatory regions. Interestingly, a
response to Natalizumab treatment in MS patients has been associated with HSPC
mobilization (Mattoscio et al. 2015).

Of note, the identified DNA methylation changes appear more pronounced in a
cohort considered to be at high risk, i.e. composed of only MS female patients with
both MS genetic risk (HLA-DRB1*15:01+, HLA-A2�/�) and higher smoking load,
suggesting a modifying effect of any of these variables at the DNA methylation
level. A putative interaction between genetic risk and smoking-related DNA meth-
ylation change is consistent with the increased risk observed in HLA-DRB1*15:01+

MS smokers mentioned above. This hypothesis is further supported by the signifi-
cant effect that the intensity of smoking has on DNA methylation in W5Y-smoker as
well. Moreover, the effect of smoking is reversible, as methylation levels reached the
ones observed in MS patients who have quit smoking more than 5 years prior to
blood sampling or who have never smoked. Jointly, these findings are in accordance
with observations from epidemiological studies on the impact of smoking in
MS. Interestingly, while the disease status (RRMS, SPMS) did not have a significant
impact on DNA methylation, the presence of MS disease per se exacerbated the
effect of smoking load, inflating the extent of hypomethylation. This novel finding
about a modifier effect of disease on the impact of smoking intensity is of high
relevance both for clinicians and MS patients.

3.2.2 Vitamin D and DNA Methylation in MS

The first evidence of the effect of environmental factor in MS susceptibility arose
from the observation of latitude-gradient effect on MS prevalence (Koch-Henriksen
and Sorensen 2010; Simpson et al. 2011). The effect was later attributed to lack of
sun exposure, low vitamin D levels or a combination of both, as the major source of
vitamin D originates from skin exposure to UV-radiation and to a lesser extent from
dietary intake. Additionally, polymorphism in genes involved vitamin D metabolism
such as the MS risk CYP27B1 locus (Sundqvist et al. 2010) have been associated to
vitamin D levels as well (Bahrami et al. 2018). The age of exposure was refined
to childhood/adolescence, with migration studies showing that moving to country of
high latitude before adolescence, and not at adulthood, is likely responsible for
greater individual risk to develop MS (Gale and Martyn 1995). In line with this,
low vitamin D levels detected before the age of 20 years old associate with increased
MS risk (Munger et al. 2006) and vitamin D levels in adolescent, but not adult, rats
affect EAE incidence and course via immunomodulatory actions (Adzemovic et al.
2013). These findings jointly support recommendation for prophylactic vitamin
supplementation of adolescents in prevention of MS risk. Overall, lack of sun
exposure and/or hypovitaminosis D were shown to affect MS susceptibility, disease
activity, disability and progression (Olsson et al. 2017). Interestingly, a vitamin
D-dependent regulation of HLA-DRB1*15:01 variant involving functional
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interaction at vitamin D response element (VDRE), has been reported in-vitro
(Ramagopalan et al. 2009). Evidence of a long-term impact of vitamin D/lack of
sun exposure, remaining after the period of exposure, further reinforces the hypoth-
esis of a role of epigenetics in mediating the effect. Even though the interaction
between vitamin D cognate receptor VDR and transcription factors and histone
posttranslational modifiers is well established (Lu et al. 2018), the impact of vitamin
D on DNA methylation is less documented.

Using several ‘omic’ approaches in rodents, we recently investigated the mech-
anisms underlying the protective effect of vitamin D supplementation, compared to
deprivation, on EAE in juvenile rats (Zeitelhofer et al. 2017). Genome-wide DNA
methylation profiling of CD4+ T cells displayed subtle but widespread methylation
changes upon vitamin D supplementation compared to deprivation. Notably, the vast
majority of DMRs were found hypomethylated, probably due to reduced expression
levels of all DNMTs in these cells. Moreover, a large fraction of the identified DMRs
affected the expression of corresponding genes, which were suggested to be prox-
imal mediators of VDR signaling. Among them, hypomethylation and concomitant
upregulation of small non-coding RNAs was associated to subsequent modulation of
their target genes (Fig. 4b). Expectedly, altered genes were enriched in pathways
related to T cell activation and differentiation. Accordingly, CD4+ T cells presented
with reduced ability to differentiate into Th1 and Th17 cells, to proliferate and
importantly, to exert encephalitogenic effect. This study thus provides functional
evidence that vitamin D affects the pathogenic potential of CD4+ T cells directly via
DNA methylation changes. Results contrast with findings from another study where
global methylation in CD4+ T cells, assessed at LINE-1 sequence, was found
increased in EAE adult mice following vitamin D treatment (Moore et al. 2018).
This effect was associated with increased methyltransferase BHMT1 gene involved
in methionine epigenetic metabolism and with a transition from encephalitogenic
CD4+ T cell to regulatory Treg cell population. The differences between studies can
be explained by the large disparities in experimental conditions or by differential
mechanisms of vitamin D in euchromatin and heterochromatin compartments.
Limited studies have reported association between DNA methylation changes and
vitamin D status in humans (Bahrami et al. 2018) and future research is needed to
confirm these findings in MS.

Altogether these data support the relevance of studying DNA methylation in
understanding the interaction between the exposome and the genome, and how this
interaction may thus affect risk to develop MS.

3.3 DNAMethylation as Biomarker and Putative Therapeutic
Target

Despite advance in identifying the molecular mechanisms underpinning MS disease
and progress in development of potent immunomodulatory drugs for early stages of
disease, no treatment cure disease, leaving MS patients with constant progression of
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disability. Moreover, valid biomarkers are still lacking for disease phenotyping and
prediction of treatment response and disease progression. In this context, the
remarkable properties of stability and reversibility of DNAmethylation offer unprec-
edented perspective for improved biomarker and therapies.

3.3.1 DNA Methylation as Biomarker

Monitoring and prognostic methods in MS are primarily based on neuroimaging
methods such as Magnetic Resonance Imaging (MRI) detecting brain burden,
i.e. atrophy and lesional damage which correlate with long-term disability. On the
other hand, the use of biomolecular biomarkers such as DNA methylation has the
potential to reflect ongoing rather than delayed events occurring in the brain of MS
patients. Correlation of some DNA methylation changes between post-mortem brain
and peripheral blood, as observed for PADI2 gene (Calabrese et al. 2012, 2014),
advocates the use of DNA methylation as supplementary information compared to
existing molecular biomarkers. In line with this, profiling of DNA methylation in
cell-free blood samples has been shown to accurately capture cell type-specific
signature of dying cells from peripheral organ, such as oligodendrocyte degeneration
in RRMS patients (Lehmann-Werman et al. 2016). Additionally, the use of locus-
specific DNA methylation patterns in CD4+ T cells, such as IL17A and FOXP3
genes, allows for accurate estimation of Th lineage commitment and imbalance, thus
representing interesting phenotyping tool (Janson et al. 2011). Methylation patterns
of cell-free plasma DNA have been shown to potentially serve as a discriminatory
biomarker of relapse vs. remission for RRMS patients (Liggett et al. 2010). Finally,
novel approaches based on droplet/digital assay (Yu et al. 2018) or the generation
of methylation biosignatures from multiplexed DNA methylation profiles might
represent new strategies for early, specific and quantitative detection of DNA
methylation-based biomarkers in MS patients.

3.3.2 DNA Methylation as Therapeutic Target

The plastic nature of DNA methylation marks makes them attractive target for phar-
macological therapy. The impact of DNMT inhibitors such as 5-aza-20deoxycytabine
(5-aza, known as decitabine) has been investigated in the context of EAE. Decitabine,
an FDA-approved hypomethylating agent, is a chemical analog of cytidine that
incorporates into replicating DNA where it irreversibly blocks DNMT1 activity and
leads to loss of methylation in a cell division-dependent manner. Several studies have
demonstrated protective effect of 5-aza treatment in EAE and consistently associated
protection with a direct effect on Th1 and Th17 pathogenic cells (Chan et al. 2014;
Mangano et al. 2014; Wang et al. 2017). Both prophylactic and therapeutic adminis-
tration of 5-aza resulted in amelioration of EAE clinical score and histological hall-
marks, i.e. reduced lymphocyte infiltration in the CNS and demyelination.
Interestingly, differential effects were observed depending on the dose and duration
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of 5-aza treatment, with a chronically administered low 5-aza dose promoting polar-
ization of T cells into a beneficial Treg phenotype (Chan et al. 2014; Mangano et al.
2014) while high acute 5-aza treatment acting primarily on T effector (Teff) cell
proliferation (Wang et al. 2017). Indeed, low doses of 5-aza result in higher number
of circulating and infiltrating Treg cells, concomitant with decrease of Th1 and Th17
pathogenic T cell populations. Thymic Treg display enhanced immunosuppressive
activity, inhibiting proliferation and lowering the activation potential of Teff cells
(Chan et al. 2014). These effects were attributed to predominant hypomethylation of
Treg-specific loci such as the FOXP3 gene (Mangano et al. 2014). In contrast, the
infiltrating Treg compartment was unchanged when treating animal with higher 5-aza
dose (Wang et al. 2017), this acute administration could instead inhibit activation of the
CNS-resident macrophage/microglia and proliferation of encephalitogenic T cells.
Unexpectedly, inhibition of T cell proliferation was further shown to be mediated by
a TET2 action on cell cycle-related genes.While 5-aza treatment of CD4+ T cells leads
to increased TET2 and TET3 and reduced TET1 expression, knock-down of TET2,
specifically, can partially abrogate 5-aza effect on proliferation by restoring the
expression of key cell cycle inhibitors (p15, p16 and p21 genes) to basal level. TET2
mediation of 5-aza effect operated through direct binding of TET2 to the promoters of
these genes (Wang et al. 2017). Thus, 5-aza can favor promoter demethylation not only
by inhibiting DNMT1 but also by promoting TET expression in certain cell types. It
seems however that the use of global epigeneticmodifiers such asDNMT inhibitors for
clinical purpose is limited, such global manipulation eliciting broad effects on the
methylome. Additionally, as previouslymentioned, 5-aza action relies on cell division,
thereby restricting its impacts on proliferating cells only, as observed for immune cells,
and can exert serious neurotoxic effect (Wang et al. 2013). These deleterious effects
therefore hamper its potential for chronic neurodegenerative diseases such as MS.

Novel approaches based on targeted-epigenetic therapy are expected to overcome
the global effect of DNMT inhibitors. Such epigenome-editing strategies aim at
correcting deleterious DNA methylation changes while leaving homeostatic marks
unaltered and would therefore set the stage toward precision and personalized medi-
cine. Among the epigenome editing tools available in animal experimentation, the
recently developed CRISPR-dCas9 system appears a promising strategy for targeted
epigenetic therapy (Pulecio et al. 2017). CRISPR-dCas9 design builds on the ability of
the CRISPR-based system to induce stable locus-specific changes in DNA methyla-
tion (Klann et al. 2017). A short single guide RNA (sgRNA) is used to deliver a
catalytically inactive Cas9 (dCas9) fused to the catalytic domain of methyltransferase
(Dnmt3a) or demethylase (Tet1) to modulate methylation at a specific locus without
modifying the DNA sequence. To this aim, a chimera comprising catalytic domains of
Dnmt3a and Dnmt3l has been shown to induce more robust degree of methylation
compared to Dnmt3a alone (Stepper et al. 2017). Additionally, it has been recently
proposed that fusing Dnmt3a-Dnmt3l with the Krüppel-associated box repressor
domain (or other repressors) can achieve stable loss of expression that is resistant to
external activation stimuli (Amabile et al. 2016). Conversely, CRISPR-dCas9 con-
struct tethering Tet1 catalytic domain, successfully used for targeted demethylation of
specific loci, can be utilized to demethylate genes and release them from repression, as
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demonstrated in-vivo (Liu et al. 2016). Therefore, the attractiveness of targeted
epigenetic therapy would rely on its locus-specific, long-lasting, albeit reversible,
action, thereby possibly limiting continuous or repeated administration in patients.
However, the therapeutic potential of CRISPR-dCas9 epimodifier system is still at
early pre-clinical stage of development and additional concerns related to toxicity and
safety, with possible off-targets and poor tissue-specificity, warrant further investiga-
tion. In that regards, novel molecular design and delivery approaches, e.g. using
natural or synthetic carrier nanoparticles (Lu et al. 2014) to either pathogenic immune
cells or nervous cell types, would provide complementary tools for specific delivery
and efficiency of the epimodifier system.

4 Conclusion and Future Perspectives

Multiple Sclerosis is a clinically heterogeneous disease that affects young individuals
and results in progressive debilitating disability. Neurologists face daily challenges in
the care of MS patients, not the least with variable efficacy and side effects of MS
medications and unpredictable disease progression. The MS paradigm proposes that
environmental exposures operate on susceptible genetic background to cause disease.
The potential of DNA methylation studies to aid in better understanding and treating
disease relies on its remarkable properties of sensitivity, stability and reversibility. A
growing body of evidence from EWAS supports alteration of DNA methylation
levels at specific loci of the genome involved in immune and nervous processes in
affected patients compared to controls. However, methylome characterization in MS
is still in its infancy and thus warrant further investigation in order to overcome
current challenges related to cohort and samples heterogeneity, methodological
limitations and biological interpretation of the data. Nevertheless, emerging findings
suggest that DNA methylation could mediate genetic and environmental risk in MS
and further support DNA methylation as a mediator of phenotypic plasticity driving
disease development and progression. In addition, DNA methylation may provide
potential biomarkers for phenotypic profiling and prognosis of MS patients. Future
perspectives also include the use of DNA methylation as therapeutic targets based on
targeted-epigenetic therapy. Overall, DNA methylation could serve as a molecular
substratum for precision medicine and personalized care of MS patients. Future
research incorporating advanced epigenetic methods in large and homogeneous
cohorts appears essential to further integrate encouraging scientific findings to a
clinical perspective.

References

Adzemovic MZ, Zeitelhofer M, Hochmeister S et al (2013) Efficacy of vitamin D in treating
multiple sclerosis-like neuroinflammation depends on developmental stage. Exp Neurol
249:39–48

208 L. Kular and M. Jagodic



Amabile A, Migliara A, Capasso P et al (2016) Inheritable silencing of endogenous genes by hit-
and-run targeted epigenetic editing. Cell 167(1):219–232.e14

Andlauer TF, Buck D, Antony G et al (2016) Novel multiple sclerosis susceptibility loci implicated
in epigenetic regulation. Sci Adv 2:e1501678

Ayuso T, Aznar P, Soriano L et al (2017) Vitamin D receptor gene is epigenetically altered and
transcriptionally up-regulated in multiple sclerosis. PLoS One 12:e0174726

Bahrami A, Sadeghnia HR, Tabatabaeizadeh SA et al (2018) Genetic and epigenetic factors
influencing vitamin D status. J Cell Physiol 233:4033–4043

Baranzini SE, Mudge J, van Velkinburgh JC et al (2010) Genome, epigenome and RNA sequences
of monozygotic twins discordant for multiple sclerosis. Nature 464:1351–1356

Barker ED, Roberts S, Walton E (2018) Hidden hypotheses in ‘hypothesis-free’ genome-wide
epigenetic associations. Curr Opin Psychol 27:13–17

Barnett MH, Prineas JW (2004) Relapsing and remitting multiple sclerosis: pathology of the newly
forming lesion. Ann Neurol 55:458–468

Belsky J, Jonassaint C, Pluess M et al (2009) Vulnerability genes or plasticity genes? Mol
Psychiatry 14:746–754

Ben-Nun A, Wekerle H, Cohen IR (1981) The rapid isolation of clonable antigen-specific T
lymphocyte lines capable of mediating autoimmune encephalomyelitis. Eur J Immunol
11:195–199

Bergamaschi R, Cortese A, Pichiecchio A et al (2018) Air pollution is associated to the multiple
sclerosis inflammatory activity as measured by brain MRI. Mult Scler 24:1578–1584

Berge T, Leikfoss IS, Brorson IS et al (2016) The multiple sclerosis susceptibility genes TAGAP
and IL2RA are regulated by vitamin D in CD4+ T cells. Genes Immun 17:118–127

Bezzini D, Battaglia MA (2017) Multiple sclerosis epidemiology in Europe. Adv Exp Med Biol
958:141–159

Bos SD, Page CM, Andreassen BK et al (2015) Genome-wide DNA methylation profiles indicate
CD8+ T cell hypermethylation in multiple sclerosis. PLoS One 10:e0117403

Briggs FB, Acuna B, Shen L et al (2014) Smoking and risk of multiple sclerosis: evidence of
modification by NAT1 variants. Epidemiology 25:605–614

Brundin L, Kobelt G, Berg J et al (2017) New insights into the burden and costs of multiple sclerosis
in Europe: results for Sweden. Mult Scler 23:179–191

Bujold D, Morais DAL, Gauthier C et al (2016) The international human epigenome consortium
data portal. Cell Syst 3:496–499.e2

Burm SM, Peferoen LA, Zuiderwijk-Sick EA et al (2016) Expression of IL-1beta in rhesus EAE
and MS lesions is mainly induced in the CNS itself. J Neuroinflammation 13:138

Busche S, Shao X, Caron M et al (2015) Population whole-genome bisulfite sequencing across two
tissues highlights the environment as the principal source of human methylome variation.
Genome Biol 16:290

Calabrese M, Filippi M, Gallo P (2010) Cortical lesions in multiple sclerosis. Nat Rev Neurol
6:438–444

Calabrese R, Zampieri M, Mechelli R et al (2012) Methylation-dependent PAD2 upregulation in
multiple sclerosis peripheral blood. Mult Scler 18:299–304

Calabrese R, Valentini E, Ciccarone F et al (2014) TET2 gene expression and
5-hydroxymethylcytosine level in multiple sclerosis peripheral blood cells. Biochim Biophys
Acta 1842:1130–1136

Chan MW, Chang CB, Tung CH et al (2014) Low-dose 5-aza-20-deoxycytidine pretreatment
inhibits experimental autoimmune encephalomyelitis by induction of regulatory T cells. Mol
Med 20:248–256

Chang HH, Hemberg M, Barahona M et al (2008) Transcriptome-wide noise controls lineage
choice in mammalian progenitor cells. Nature 453:544–547

Chao MJ, Ramagopalan SV, Herrera BM et al (2009) Epigenetics in multiple sclerosis suscepti-
bility: difference in transgenerational risk localizes to the major histocompatibility complex.
Hum Mol Genet 18:261–266

DNA Methylation in Multiple Sclerosis 209



Chard DT, Griffin CM, Parker GJ et al (2002) Brain atrophy in clinically early relapsing-remitting
multiple sclerosis. Brain 125:327–337

Chen YA, Lemire M, Choufani S et al (2013) Discovery of cross-reactive probes and polymorphic
CpGs in the Illumina Infinium HumanMethylation450 microarray. Epigenetics 8:203–209

Chen L, Ge B, Casale FP et al (2016) Genetic drivers of epigenetic and transcriptional variation in
human immune cells. Cell 167:1398–1414.e24

Cheung P, Vallania F, Warsinske HC et al (2018) Single-cell chromatin modification profiling
reveals increased epigenetic variations with aging. Cell 173:1385–1397e.14

Chomyk AM, Volsko C, Tripathi A et al (2017) DNA methylation in demyelinated multiple
sclerosis hippocampus. Sci Rep 7:8696

Compston A, Coles A (2008) Multiple sclerosis. Lancet 372:1502–1517
DeLuca GC, Williams K, Evangelou N et al (2006) The contribution of demyelination to axonal

loss in multiple sclerosis. Brain 129:1507–1516
Dineen RA, Vilisaar J, Hlinka J et al (2009) Disconnection as a mechanism for cognitive dysfunc-

tion in multiple sclerosis. Brain 132:239–249
Dunaeva M, Derksen M, Pruijn GJM (2018) LINE-1 hypermethylation in serum cell-free DNA of

relapsing remitting multiple sclerosis patients. Mol Neurobiol 55:4681–4688
Ebers GC, Sadovnick AD, Dyment DA et al (2004) Parent-of-origin effect in multiple sclerosis:

observations in half-siblings. Lancet 363:1773–1774
Elowitz MB, Levine AJ, Siggia ED et al (2002) Stochastic gene expression in a single cell. Science

297:1183–1186
Fagone P, Mangano K, Di Marco R et al (2016) Expression of DNAmethylation genes in secondary

progressive multiple sclerosis. J Neuroimmunol 290:66–69
Farh KK, Marson A, Zhu J et al (2015) Genetic and epigenetic fine mapping of causal autoimmune

disease variants. Nature 518:337–343
Field J, Fox A, Jordan MA et al (2017) Interleukin-2 receptor-alpha proximal promoter

hypomethylation is associated with multiple sclerosis. Genes Immun 18:59–66
Fogdell A, Hillert J, Sachs C et al (1995) The multiple sclerosis- and narcolepsy-associated HLA

class II haplotype includes the DRB5*0101 allele. Tissue Antigens 46:333–336
Francis PL, Chia TL, Jakubovic R et al (2014) Extensive white matter dysfunction in cognitively

impaired patients with secondary-progressive multiple sclerosis. AJNR Am J Neuroradiol
35:1910–1915

Gale CR, Martyn CN (1995) Migrant studies in multiple sclerosis. Prog Neurobiol 47:425–448
Gamazon ER, Segre AV, van de Bunt M et al (2018) Using an atlas of gene regulation across

44 human tissues to inform complex disease- and trait-associated variation. Nat Genet
50:956–967

Gao X, Jia M, Zhang Y et al (2015) DNA methylation changes of whole blood cells in response to
active smoking exposure in adults: a systematic review of DNA methylation studies. Clin
Epigenetics 7:113

Geurts JJ, Barkhof F (2008) Grey matter pathology in multiple sclerosis. Lancet Neurol 7:841–851
Graves MC, Benton M, Lea RA et al (2014) Methylation differences at the HLA-DRB1 locus in

CD4+ T-cells are associated with multiple sclerosis. Mult Scler 20:1033–1041
Hagstrom IT, Schneider R, Bellenberg B et al (2017) Relevance of early cervical cord volume loss

in the disease evolution of clinically isolated syndrome and early multiple sclerosis: a 2-year
follow-up study. J Neurol 264:1402–1412

Handel AE, De Luca GC, Morahan J et al (2010) No evidence for an effect of DNA methylation on
multiple sclerosis severity at HLA-DRB1*15 or HLA-DRB5. J Neuroimmunol 223:120–123

Hansen KD, TimpW, Bravo HC et al (2011) Increased methylation variation in epigenetic domains
across cancer types. Nat Genet 43:768–775

Hauser SL, Waubant E, Arnold DL et al (2008) B-cell depletion with rituximab in relapsing-
remitting multiple sclerosis. N Engl J Med 358:676–688

Hedstrom AK, Baarnhielm M, Olsson T et al (2009) Tobacco smoking, but not Swedish snuff use,
increases the risk of multiple sclerosis. Neurology 73:696–701

210 L. Kular and M. Jagodic



Hedstrom AK, Sundqvist E, Baarnhielm M et al (2011) Smoking and two human leukocyte antigen
genes interact to increase the risk for multiple sclerosis. Brain 134:653–664

Hedstrom AK, Hillert J, Olsson T et al (2013a) Nicotine might have a protective effect in the
etiology of multiple sclerosis. Mult Scler 19:1009–1013

Hedstrom AK, Hillert J, Olsson T et al (2013b) Smoking and multiple sclerosis susceptibility. Eur J
Epidemiol 28:867–874

Hedstrom AK, Bomfim IL, Barcellos LF et al (2014) Interaction between passive smoking and two
HLA genes with regard to multiple sclerosis risk. Int J Epidemiol 43:1791–1798

Henderson AP, Barnett MH, Parratt JD et al (2009) Multiple sclerosis: distribution of inflammatory
cells in newly forming lesions. Ann Neurol 66:739–753

Huynh JL, Garg P, Thin TH et al (2014) Epigenome-wide differences in pathology-free regions of
multiple sclerosis-affected brains. Nat Neurosci 17:121–130

International Multiple Sclerosis Genetics C, Wellcome Trust Case Control C, Sawcer S et al (2011)
Genetic risk and a primary role for cell-mediated immune mechanisms in multiple sclerosis.
Nature 476:214–219

International Multiple Sclerosis Genetics C, Beecham AH, Patsopoulos NA et al (2013) Analysis of
immune-related loci identifies 48 new susceptibility variants for multiple sclerosis. Nat Genet
45:1353–1360

Janson PC, Linton LB, Bergman EA et al (2011) Profiling of CD4+ T cells with epigenetic immune
lineage analysis. J Immunol 186:92–102

Jeanjean M, Bind MA, Roux J et al (2018) Ozone, NO2 and PM10 are associated with the
occurrence of multiple sclerosis relapses. Evidence from seasonal multi-pollutant analyses.
Environ Res 163:43–52

Jersild C, Dupont B, Fog T et al (1975) Histocompatibility determinants in multiple sclerosis.
Transplant Rev 22:148–163

Kaminsky ZA, Tang T, Wang SC et al (2009) DNA methylation profiles in monozygotic and
dizygotic twins. Nat Genet 41:240–245

Kappos L, Radue EW, O’Connor P et al (2010) A placebo-controlled trial of oral fingolimod in
relapsing multiple sclerosis. N Engl J Med 362:387–401

Kellogg RA, Tay S (2015) Noise facilitates transcriptional control under dynamic inputs. Cell
160:381–392

Klann TS, Black JB, Chellappan M et al (2017) CRISPR-Cas9 epigenome editing enables high-
throughput screening for functional regulatory elements in the human genome. Nat Biotechnol
35:561–568

Koch-Henriksen N, Sorensen PS (2010) The changing demographic pattern of multiple sclerosis
epidemiology. Lancet Neurol 9:520–532

Kucharski R, Maleszka J, Foret S et al (2008) Nutritional control of reproductive status in
honeybees via DNA methylation. Science 319:1827–1830

Kulakova OG, Kabilov MR, Danilova LV et al (2016) Whole-genome DNA methylation analysis
of peripheral blood mononuclear cells in multiple sclerosis patients with different disease
courses. Acta Nat 8:103–110

Kular L, Liu Y, Ruhrmann S et al (2018) DNAmethylation as a mediator of HLA-DRB1*15:01 and
a protective variant in multiple sclerosis. Nat Commun 9:2397

Kumagai C, Kalman B, Middleton FA et al (2012) Increased promoter methylation of the immune
regulatory gene SHP-1 in leukocytes of multiple sclerosis subjects. J Neuroimmunol 246:51–57

Lehmann-Werman R, Neiman D, Zemmour H et al (2016) Identification of tissue-specific cell death
using methylation patterns of circulating DNA. Proc Natl Acad Sci U S A 113:E1826–E1834

Liggett T, Melnikov A, Tilwalli S et al (2010) Methylation patterns of cell-free plasma DNA in
relapsing-remitting multiple sclerosis. J Neurol Sci 290:16–21

Liu Y, Li X, Aryee MJ et al (2014) GeMes, clusters of DNA methylation under genetic control, can
inform genetic and epigenetic analysis of disease. Am J Hum Genet 94:485–495

Liu XS, Wu H, Ji X et al (2016) Editing DNA methylation in the mammalian genome. Cell 167
(233–247):e217

DNA Methylation in Multiple Sclerosis 211



Lu CT, Zhao YZ, Wong HL et al (2014) Current approaches to enhance CNS delivery of drugs
across the brain barriers. Int J Nanomedicine 9:2241–2257

Lu M, Taylor BV, Korner H (2018) Genomic effects of the vitamin D receptor: potentially the link
between vitamin D, immune cells, and multiple sclerosis. Front Immunol 9:477

Maltby VE, Graves MC, Lea RA et al (2015) Genome-wide DNA methylation profiling of CD8+ T
cells shows a distinct epigenetic signature to CD4+ T cells in multiple sclerosis patients. Clin
Epigenetics 7:118

Maltby VE, Lea RA, Sanders KA et al (2017) Differential methylation at MHC in CD4(+) T cells is
associated with multiple sclerosis independently of HLA-DRB1. Clin Epigenetics 9:71

Maltby VE, Lea RA, Ribbons KA et al (2018) DNAmethylation changes in CD4(+) T cells isolated
from multiple sclerosis patients on dimethyl fumarate. Mult Scler J Exp Transl Clin
4:2055217318787826

Mangano K, Fagone P, Bendtzen K et al (2014) Hypomethylating agent 5-aza-20-deoxycytidine
(DAC) ameliorates multiple sclerosis in mouse models. J Cell Physiol 229:1918–1925

Marabita F, Almgren M, Sjoholm LK et al (2017) Smoking induces DNA methylation changes in
multiple sclerosis patients with exposure-response relationship. Sci Rep 7:14589

Martin MP, Carrington M (2005) Immunogenetics of viral infections. Curr Opin Immunol
17:510–516

Mastronardi FG, Noor A, Wood DD et al (2007) Peptidyl argininedeiminase 2 CpG island in
multiple sclerosis white matter is hypomethylated. J Neurosci Res 85:2006–2016

Mattoscio M, Nicholas R, Sormani MP et al (2015) Hematopoietic mobilization: potential bio-
marker of response to natalizumab in multiple sclerosis. Neurology 84:1473–1482

Meijer KA, Muhlert N, Cercignani M et al (2016) White matter tract abnormalities are associated
with cognitive dysfunction in secondary progressive multiple sclerosis. Mult Scler
22:1429–1437

Mendizabal I, Zeng J, Keller TE et al (2017) Body-hypomethylated human genes harbor extensive
intragenic transcriptional activity and are prone to cancer-associated dysregulation. Nucleic
Acids Res 45:4390–4400

Moore JR, Hubler SL, Nelson CD et al (2018) 1,25-dihydroxyvitamin D3 increases the methionine
cycle, CD4(+) T cell DNA methylation and Helios(+)Foxp3(+) T regulatory cells to reverse
autoimmune neurodegenerative disease. J Neuroimmunol 324:100–114

Morris G, Maes M, Murdjeva M et al (2018) Do human endogenous retroviruses contribute to
multiple sclerosis, and if so, how? Mol Neurobiol:1–16. https://doi.org/10.1007/s12035-018-
1255-x

Munger KL, Levin LI, Hollis BW et al (2006) Serum 25-hydroxyvitamin D levels and risk of
multiple sclerosis. JAMA 296:2832–2838

Munz C (2016) Autophagy beyond intracellular MHC class II antigen presentation. Trends
Immunol 37:755–763

Neri F, Rapelli S, Krepelova A et al (2017) Intragenic DNA methylation prevents spurious
transcription initiation. Nature 543:72–77

Neven KY, Piola M, Angelici L et al (2016) Repetitive element hypermethylation in multiple
sclerosis patients. BMC Genet 17:84

Ng B, White CC, Klein HU et al (2017) An xQTL map integrates the genetic architecture of the
human brain’s transcriptome and epigenome. Nat Neurosci 20:1418–1426

O’Gorman C, Lin R, Stankovich J et al (2013) Modelling genetic susceptibility to multiple sclerosis
with family data. Neuroepidemiology 40:1–12

Olsson T, Barcellos LF, Alfredsson L (2017) Interactions between genetic, lifestyle and environ-
mental risk factors for multiple sclerosis. Nat Rev Neurol 13:25–36

Paludan C, Schmid D, Landthaler M et al (2005) Endogenous MHC class II processing of a viral
nuclear antigen after autophagy. Science 307:593–596

Pierini F, Lenz TL (2018) Divergent allele advantage at human MHC genes: signatures of past and
ongoing selection. Mol Biol Evol 35(9):2145–2158. https://doi.org/10.1093/molbev/msy116

212 L. Kular and M. Jagodic

https://doi.org/10.1007/s12035-018-1255-x
https://doi.org/10.1007/s12035-018-1255-x
https://doi.org/10.1093/molbev/msy116


Pinto-Medel MJ, Oliver-Martos B, Urbaneja-Romero P et al (2017) Global methylation correlates
with clinical status in multiple sclerosis patients in the first year of IFNbeta treatment. Sci Rep
7:8727

Polman CH, O’Connor PW, Havrdova E et al (2006) A randomized, placebo-controlled trial of
natalizumab for relapsing multiple sclerosis. N Engl J Med 354:899–910

Pulecio J, Verma N, Mejia-Ramirez E et al (2017) CRISPR/Cas9-based engineering of the
epigenome. Cell Stem Cell 21:431–447

Ramagopalan SV, Maugeri NJ, Handunnetthi L et al (2009) Expression of the multiple sclerosis-
associated MHC class II allele HLA-DRB1*1501 is regulated by vitamin D. PLoS Genet 5:
e1000369

Rhead B, Brorson IS, Berge T et al (2018) Increased DNA methylation of SLFN12 in CD4+ and
CD8+ T cells from multiple sclerosis patients. PLoS One 13:e0206511

Ruhrmann S, Ewing E, Piket E et al (2018) Hypermethylation of MIR21 in CD4+ T cells from
patients with relapsing-remitting multiple sclerosis associates with lower miRNA-21 levels and
concomitant up-regulation of its target genes. Mult Scler 24:1288–1300

Shiura H, Okamoto A, Sasaki H et al (2014) Whole-mount MeFISH: a novel technique for
simultaneous visualization of specific DNA methylation and protein/RNA expression. PLoS
One 9:e95750

Simpson S Jr, Blizzard L, Otahal P et al (2011) Latitude is significantly associated with the
prevalence of multiple sclerosis: a meta-analysis. J Neurol Neurosurg Psychiatry 82:1132–1141

Singhal NK, Freeman E, Arning E et al (2018) Dysregulation of methionine metabolism in multiple
sclerosis. Neurochem Int 112:1–4

Smallwood SA, Lee HJ, Angermueller C et al (2014) Single-cell genome-wide bisulfite sequencing
for assessing epigenetic heterogeneity. Nat Methods 11:817–820

Soelberg Sorensen P (2017) Safety concerns and risk management of multiple sclerosis therapies.
Acta Neurol Scand 136:168–186

Sokratous M, Dardiotis E, Bellou E et al (2018) CpG island methylation patterns in relapsing-
remitting multiple sclerosis. J Mol Neurosci 64:478–484

Stahl PL, Salmen F, Vickovic S et al (2016) Visualization and analysis of gene expression in tissue
sections by spatial transcriptomics. Science 353:78–82

Stepper P, Kungulovski G, Jurkowska RZ et al (2017) Efficient targeted DNA methylation with
chimeric dCas9-Dnmt3a-Dnmt3L methyltransferase. Nucleic Acids Res 45:1703–1713

Stewart SK, Morris TJ, Guilhamon P et al (2015) oxBS-450K: a method for analysing
hydroxymethylation using 450K BeadChips. Methods 72:9–15

Sundqvist E, Baarnhielm M, Alfredsson L et al (2010) Confirmation of association between
multiple sclerosis and CYP27B1. Eur J Hum Genet 18:1349–1352

Titus AJ, Gallimore RM, Salas LA et al (2017) Cell-type deconvolution from DNA methylation: a
review of recent applications. Hum Mol Genet 26:R216–R224

Tortorella C, Direnzo V, Ruggieri M et al (2018) Cerebrospinal fluid neurofilament light levels
mark grey matter volume in clinically isolated syndrome suggestive of multiple sclerosis. Mult
Scler 24:1039–1045

Trojano M, Lucchese G, Graziano G et al (2012) Geographical variations in sex ratio trends over
time in multiple sclerosis. PLoS One 7:e48078

van der Mei I, Lucas RM, Taylor BV et al (2016) Population attributable fractions and joint effects
of key risk factors for multiple sclerosis. Mult Scler 22:461–469

van Horssen J, Singh S, van der Pol S et al (2012) Clusters of activated microglia in normal-
appearing white matter show signs of innate immune activation. J Neuroinflammation 9:156

Vogt G, Huber M, Thiemann M et al (2008) Production of different phenotypes from the same
genotype in the same environment by developmental variation. J Exp Biol 211:510–523

Waddington CH (1959) Canalization of development and genetic assimilation of acquired charac-
ters. Nature 183:1654–1655

DNA Methylation in Multiple Sclerosis 213



Wang Y, Wang X, Li R et al (2013) A DNA methyltransferase inhibitor, 5-aza-20-deoxycytidine,
exacerbates neurotoxicity and upregulates Parkinson’s disease-related genes in dopaminergic
neurons. CNS Neurosci Ther 19:183–190

Wang X, Wang J, Yu Y et al (2017) Decitabine inhibits T cell proliferation via a novel TET2-
dependent mechanism and exerts potent protective effect in mouse auto- and allo-immunity
models. Oncotarget 8:56802–56815

Webster AP, Plant D, Ecker S et al (2018) Increased DNA methylation variability in rheumatoid
arthritis-discordant monozygotic twins. Genome Med 10:64

Westerlind H, Ramanujam R, Uvehag D et al (2014) Modest familial risks for multiple sclerosis: a
registry-based study of the population of Sweden. Brain 137:770–778

Xiao D, Ye X, Zhang N et al (2015) A meta-analysis of interaction between Epstein-Barr virus and
HLA-DRB1*1501 on risk of multiple sclerosis. Sci Rep 5:18083

Yeung MS, Zdunek S, Bergmann O et al (2014) Dynamics of oligodendrocyte generation and
myelination in the human brain. Cell 159:766–774

Yu M, Heinzerling TJ, Grady WM (2018) DNA methylation analysis using droplet digital PCR.
Methods Mol Biol 1768:363–383

Zeitelhofer M, Adzemovic MZ, Gomez-Cabrero D et al (2017) Functional genomics analysis of
vitamin D effects on CD4+ T cells in vivo in experimental autoimmune encephalomyelitis. Proc
Natl Acad Sci U S A 114:E1678–E1687

214 L. Kular and M. Jagodic


	DNA Methylation in Multiple Sclerosis
	1 Introduction
	2 DNA Methylation Studies in MS
	2.1 DNA Methylation in Peripheral Immune Cells
	2.2 DNA Methylation in Post-Mortem Brain
	2.3 Methodological Considerations in Clinical DNA Methylation Studies
	2.3.1 Cohort and Sample Heterogeneity
	2.3.2 Methodological Challenges
	2.3.3 Biological Relevance


	3 Exploiting DNA Methylation for a Better Understanding and Treatment of MS Patients
	3.1 DNA Methylation as a Mediator of Genetic Risk in MS
	3.1.1 DNA Methylation Mediates Risk from the Major MS Risk HLA-DRB1*15:01
	3.1.2 DNA Methylation as a Mediator of Cellular Plasticity in MS?

	3.2 DNA Methylation as a Mediator of Environmental Risk Factors
	3.2.1 DNA Methylation and Smoking in MS
	3.2.2 Vitamin D and DNA Methylation in MS

	3.3 DNA Methylation as Biomarker and Putative Therapeutic Target
	3.3.1 DNA Methylation as Biomarker
	3.3.2 DNA Methylation as Therapeutic Target


	4 Conclusion and Future Perspectives
	References


