
Fumarates target the metabolic-epigenetic
interplay of brain-homing T cells in
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Cell-permeable formulations of metabolites, such as fumaric acid esters, have been used as highly effective immunomodulators in

patients with multiple sclerosis and yet their mechanism of action remains elusive. Since fumaric acid esters are metabolites, and

cell metabolism is highly intertwined with the epigenetic regulation of gene expression, we investigated whether this metabolic-

epigenetic interplay could be leveraged for therapeutic purposes. To this end we recruited 47 treatment-naı̈ve and 35 fumaric acid

ester-treated patients with multiple sclerosis, as well as 16 glatiramer acetate-treated patients as a non-metabolite treatment control.

Here we identify a significant immunomodulatory effect of fumaric acid esters on the expression of the brain-homing chemokine

receptor CCR6 in CD4 and CD8 T cells of patients with multiple sclerosis, which include T helper-17 and T cytotoxic-17 cells. We

report differences in DNA methylation of CD4 T cells isolated from untreated and treated patients with multiple sclerosis, using

the Illumina EPIC 850K BeadChip. We first demonstrate that Krebs cycle intermediates, such as fumaric acid esters, have a

significantly higher impact on epigenome-wide DNA methylation changes in CD4 T cells compared to amino-acid polymers

such as glatiramer acetate. We then define a fumaric acid ester treatment-specific hypermethylation effect on microRNA MIR-

21, which is critical for the differentiation of T helper-17 cells. This hypermethylation effect was attributed to the subpopulation of

T helper-17 cells using a decomposition analysis and was further validated in an independent prospective cohort of seven patients

before and after treatment with fumaric acid esters. In vitro treatment of CD4 and CD8 T cells with fumaric acid esters supported

a direct and dose-dependent effect on DNA methylation at the MIR-21 promoter. Finally, the upregulation of miR-21 transcripts

and CCR6 expression was inhibited if CD4 or CD8 T cells stimulated under T helper-17 or T cytotoxic-17 polarizing conditions

were treated with fumaric acid esters in vitro. These data collectively define a direct link between fumaric acid ester treatment and

hypermethylation of the MIR-21 locus in both CD4 and CD8 T cells and suggest that the immunomodulatory effect of fumaric

acid esters in multiple sclerosis is at least in part due to the epigenetic regulation of the brain-homing CCR6+ CD4 and CD8 T

cells.
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Introduction
Evolution has led cells to develop sophisticated mechanisms

that sense and integrate environmental cues into regulatory

signals of transcription, so that changes in metabolites or

hormones can be detected and adequately transduced to

adjust gene expression (Lu and Thompson, 2012). The epi-

genetic cellular machinery is central in this interaction with

the environment, and several metabolites have been shown

to be integral for regulating epigenetic changes in cells, such

as DNA methylation and demethylation (Lu and Thompson,

2012). In its extreme, metabolic and epigenetic reprogram-

ming has been identified as a hallmark of cancer cells (Wong

et al., 2017), but metabolic and epigenetic changes are seen

normally in many cells in response to changing cellular

states, such as proliferation or differentiation. T cells are

known to significantly change their metabolism depending

on their cellular state, with naı̈ve, memory and effector cells

using metabolic substrates differently to respond to their

anabolic or catabolic demands (Buck et al., 2015; Almeida

et al., 2016). Interestingly, apart from different metabolism,

naı̈ve and memory T cells also exhibit different levels of

DNA methylation (Schmidl et al., 2009; Sellars et al.,

2015; Durek et al., 2016). It remains unknown, however,

if this metabolic-epigenetic interplay could be leveraged for

therapeutic purposes in immune-mediated diseases.

DNA demethylation, the process by which methyl groups

are removed from methyl-cytosines, is central in this meta-

bolic-epigenetic interplay via the interaction between Krebs

cycle intermediates, such as alpha ketoglutarate, fumarate

and succinate, with DNA demethylases, such as Ten-eleven

Translocation (TET) enzymes (Christensen et al., 2011; Lu

and Thompson, 2012; Xiao et al., 2012; Sciacovelli et al.,

2016). Studies performed in fumarate-hydratase deficient

cancer cells show that the intracellular accumulation of fu-

marate causes DNA hypermethylation by inhibiting alpha

ketoglutarate-dependent dioxygenases and TET enzymes

(Xiao et al., 2012; Sciacovelli et al., 2016). This has also

been noted in cancer cells that are unable to catabolize

succinate or produce alpha-ketoglutarate due to mutations

in succinate dehydrogenase and isocitrate dehydrogenase

respectively (Christensen et al., 2011; Xiao et al., 2012).

Interestingly, DNA demethylation is also important for

T cell lineage determination, naı̈ve T cell activation and

memory T cell formation (Schmidl et al., 2009; Sellars et al.,

2015; Durek et al., 2016). Furthermore, TET-mediated active

DNA demethylation is a critical epigenetic mechanism for reg-

ulating CD4 T cell function (Ichiyama et al., 2015). Since

naı̈ve CD4 T cells are hypermethylated compared to

memory CD4 T cells (Schmidl et al., 2009; Sellars et al.,

2015; Durek et al., 2016), it is conceivable that active DNA

demethylation could be considered an immunomodulatory

target. This conceptual framework led us to study whether

the exogenous administration of fumaric acid esters (FAEs),

a cell-permeable formulation of a Krebs cycle metabolite, may

modulate DNA methylation in T cells of patients with multiple

sclerosis and explain the observed immunomodulatory effects.

The effectiveness of FAEs in multiple sclerosis has been

demonstrated in clinical trials (Fox et al., 2012; Gold et al.,

2012), but their mechanism of action remains controversial.

To this end, we recruited patients with multiple sclerosis who

were treatment-naı̈ve or treated with either FAEs or glatiramer

acetate (GA) and studied their immunophenotypic profile and

epigenome-wide DNA methylation levels. We used the

Illumina Infinium MethylationEPIC BeadChip to interrogate

the epigenome of CD4 cells sorted from untreated and treated

patients. By applying stringent statistical and effect size criteria,

and accounting for the cellular heterogeneity between patient

groups with two different methods, we uncovered a FAE treat-

ment-specific hypermethylating effect in CD4 T cells. These

findings were then validated in an independent prospective

cohort of FAE-treated patients with multiple sclerosis and

the mechanistic aspect was further addressed in vitro on sti-

mulated human CD4 and CD8 T cells. Based on our findings

we suggest a novel mechanism of immunomodulation in mul-

tiple sclerosis, which uses the metabolic-epigenetic interplay in

brain-homing CCR6+ CD4 and CD8 T cells and distinguishes

FAEs from other available multiple sclerosis therapeutics.

Materials and methods

Study design and clinical
characteristics

This research was approved by the Institutional Review Board
(IRB) and informed consent was obtained for all subjects

648 | BRAIN 2019: 142; 647–661 A. Ntranos et al.



according to the Declaration of Helsinki. Diagnosis of relap-
sing remitting multiple sclerosis was made by McDonald 2010
criteria (Polman et al., 2011). Participants were naı̈ve to any
multiple sclerosis disease-modifying therapy or treated with
either GA or FAEs and had stable disease for at least 3
months. Detailed inclusion and exclusion criteria are in
Supplementary Fig. 1.

Immunophenotyping

Whole blood was collected at study enrolment and was pro-
cessed within 3 h by the Mount Sinai’s Human Immune
Monitoring Core. Cells were stained with a pre-optimized
T-cell antibody cocktail (Supplementary Table 2) and analysed
on a BD LSR Fortessa. FlowJo (Treestar Inc, San Carlos, CA)
was used for post-acquisition analysis (Supplementary Fig. 2).

DNA methylation analysis

DNA from positively isolated CD4 T cells from each sample
was bisulfite-treated and methylation levels were measured at
~850 000 CpG sites by using the Infinium MethylationEPIC
BeadChip array. As we have described previously (Huynh
et al., 2014; Watson et al., 2016), our analysis was focused
on genomic regions rather than individual CpG sites as regu-
latory DNA modifications generally involve multiple consecu-
tive CpGs. To identify differentially methylated regions
between treated and untreated patients, we used a linear re-
gression model to identify the contribution of treatment status
in DNA methylation changes after controlling for age, gender,
race, disease duration, the total CD4 T cell percentage as well
as the percentage of CCR6�CCR4+, CCR6+CCR4+,
CCR6+CCR4� CD4 T cells in each sample from the discovery
cohort. Since CCR4 and CCR6 are expressed mainly in
memory CD4 T cells (Fagin et al., 2012a) and highly correlate
with the total number of memory CD4 T cells (Pearson, n = 5,
r=0.9833, P = 0.0026) (Supplementary Fig. 4), our above ana-
lysis would be able to control for potential naı̈ve/memory im-
balances of our samples (details in the Supplementary
material). Data analysis was performed in R Studio by utilizing
the R packages ChAMP (Tian et al., 2017) for data prepro-
cessing and normalization, LIMMA for linear regression
(Ritchie et al., 2015), bumphunter for the 1 kb sliding
window function (Jaffe et al., 2012) and DMRCATE for the
P-value combination with the Stouffer method (Peters et al.,
2015).

Decomposition of DNA methylation
values

To determine the contribution of each cell type to the DNA
methylation changes observed at the MIR-21 locus in our ana-
lysis, we decomposed the measured b-values of the CpG sites
in that locus to each cell type by using a constrained least
squares regression model that used the cell type proportions
from our immunophenotyping analysis and the measured
b-values to infer the cell type specific b-values. To obtain a
P-value for each cell type, we determined the treatment-naı̈ve
distribution of these decomposed b-values by bootstrapping
residuals from the treatment-naı̈ve decomposition model and
then compared them with the decomposed b-values from

FAE-treated patients using the cumulative distribution function
(details in the Supplementary material). Data analysis was
performed in python 2.7 by using the packages scipy 0.19.0
(for constrained least squares: scipy.optimize.lsq_linear),
numpy 1.13.1 and pandas 0.20.2

Isolation and in vitro culture of naı̈ve
and memory CD4 T cells

Peripheral blood mononuclear cells (PBMCs) were collected
from healthy donors by the Mount Sinai’s Human Immune
Monitoring Core and stored in liquid nitrogen until further
use. Naı̈ve CD45RO�CCR7+ CD4+ or CD45RO�CCR7+
CD8+ T cells and memory CD45RO+ CD4+ T cells were iso-
lated on a BD FACSAria Fusion. CD4 T cells were then cul-
tured for 3 days (for DNA methylation and RNA studies) or 6
days (for protein expression by flow cytometry) in X-VIVOTM

15 media (Lonza) and stimulated with antiCD3/CD28 coated
beads (Dynabeads, ThermoFisher). Th17 or T cytotoxic-17 po-
larization was performed with 12.5 ng/ml IL-1b, 25 ng/ml IL-6,
25 ng/ml IL-23, 1 ng/ml TGFbeta (Peprotech) and 1mg/ml anti-
IL4 (Invitrogen). CD8 T cells were activated and cultured for 3
days for all analyses in X-VIVOTM 15 media also supplemented
with 1 ng/ml IL7 and 10 ng/ml IL15 (Peprotech) (Montes et al.,
2005; Ghassemi et al., 2016). MMF (Sigma) 20mM or 50mM
was added twice daily for 3 days and once daily from Day 3 to
Day 5. Viability was measured with eBioscience Fixable
Viability Dye eFluor� 780. Genomic DNA or total RNA
(including microRNA) was isolated with AllPrepTM DNA/
RNA micro kit (Qiagen) and miRNeasy mini kit (Qiagen) re-
spectively. Flow cytometry was performed after staining cells
with anti-CCR6-BV421 (BD), anti-SMAD7-FITC (SantaCruz).
Cells were fixed and permeabilized with the Foxp3/
Transcription Factor Staining Buffer Set (ThermoFisher).

EpiTYPER MassArray� analysis

DNA methylation analysis of ex vivo and in vitro stimulated
cells was performed with EpiTYPERTM MassARRAY� system
(Agena Bioscience) as previously described (Moyon et al., 2016)
at the Epigenetics Core facility at the CUNY Advanced Science
Research Center (ASRC). Briefly, genomic DNA was bisulfite-
treated with Methylamp One-Step DNA Modification Kit
(EpiGentek) and HotStarTaq� DNA Polymerase kit (Qiagen)
was used in a touchdown PCR reaction to amplify the MIR-
21 promoter and regular PCR reaction to amplify the TNF
promoter (primers in the Supplementary material). All samples
were run in agarose gels to confirm the presence of a single
band before running them on EpiTYPERTM MassARRAY�.

Quantitative PCR analysis

Quantitative (q)PCR for miR-21-5p, miR-21-3p, SNORD44,
SNORD48 and RNU6 was performed by using the qscript
miRNA cDNA synthesis kit (Quantabio). qPCR for CCR6,
SMAD7, HPRT1, B2M and ACTB was performed by using
the qscript cDNA synthesis kit (Quantabio) and PerfeCTa
SYBR� Green Supermix, Low ROX (Quantabio). All
microRNA primers were obtained from Quantabio miRNA
assays. Primers for CCR6, SMAD7, HPRT1, B2M and
ACTB were purchased from IDT PrimeTime qPCR Assays.
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qPCR was run and analysed at the Epigenetics Core facility at
the CUNY Advanced Science Research Center (ASRC).

Statistical analyses

Immunophenotyping data were analysed with R Studio and
Age, Gender and Race were identified as important covariates
by stepwise regression and were controlled for in a linear re-
gression model. Disease duration was also added in our linear
regression model as it was significantly different between treat-
ment naı̈ve and treated patient groups. GraphPad Prism 7
(GraphPad Software, La Jolla, CA) was used for ANOVA
and two-tailed t-test with or without Welch correction for
the in vitro data analysis. Goodness of fit was determined by
R2 and F-test. P-values50.05 were considered significant.

Data availability

The data have been deposited in NCBI’s Gene Expression
Omnibus (Edgar, 2002) and are accessible through GEO
Series accession number GSE112596 (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE112596). The R or python
scripts are available upon request.

Results

Patient population and study design

We recruited 47 treatment-naı̈ve patients with relapsing-

remitting multiple sclerosis, 35 FAE-treated patients and

16 GA-treated patients as our discovery cohort

(Supplementary Table 1). Whole blood was immunopheno-

typed and DNA from isolated CD4 T cells was used for the

epigenome wide studies using the Illumina Infinium

MethylationEPIC BeadChip. For our immunophenotyping

analysis we measured the percentage of CD3, CD4 and

CD8 T cells, as well as the chemokine receptors CCR6

and CCR4 in CD4 and CD8 T cells. CCR6 is important

for T cell trafficking to the gut and brain (Reboldi et al.,

2009; Wang et al., 2009), and CCR4 has been implicated

in T cell trafficking to the skin (Campbell et al., 2007).

Furthermore, CCR4 in combination with CCR6 could

define T helper 17 (Th17) cells (CCR6+CCR4+) (Dunay

et al., 2016), which have been implicated in multiple scler-

osis pathogenesis (Tzartos et al., 2008), as well as Th2 cells

(CCR6�CCR4+) (Rivino et al., 2004). CCR6+CCR4� and

CCR6�CCR4� CD4 T cells are less well-defined but in-

clude Th1-like Th17 cells (Th1Th17) and naı̈ve CD4

T cells, respectively (Fagin et al., 2012b; Van Langelaar

et al., 2018) (Supplementary Fig. 2). Th1 cells were not

measured as CXCR3 was not included in the panel.

CCR6+ CD8 T cells represent early effector memory cyto-

toxic T cells that include T cytotoxic-17 (Tc17) cells

(Kondo et al., 2007, 2009; Liang et al., 2015). The three

patient groups were similar in demographic and disease

characteristics except disease duration, which was shorter

in treatment-naı̈ve than treated patients [ANOVA;

F(2,95) = 15.65, P5 0.0001] (Supplementary Table 1).

GA-treated patients also had a longer treatment duration

compared to FAE-treated patients [Welch’s t-test;

t(15.337) =�2.9171, P = 0.0104] (Supplementary Table 1).

We also recruited eight patients with multiple sclerosis as

our validation cohort, from whom we prospectively col-

lected CD4 T cells prior to treatment and then after an

average of 10.5 months of therapy with FAEs. One baseline

sample did not pass quality control and thus we used the

remaining seven paired samples for our pair-wise epigen-

ome-wide DNA methylation analysis (see ‘Materials and

methods’ section) with the Illumina Infinium

MethylationEPIC BeadChip (Supplementary Fig. 1).

CCR6+ CD4 and CD8 T cell
reduction is the most prominent
immunomodulatory effect of FAE
therapy

Immunophenotyping of 47 treatment-naı̈ve, 35 FAE and 16

GA-treated patients with relapsing-remitting multiple sclerosis

(Supplementary Table 1 and Supplementary Fig. 1) revealed

that FAE treatment was significantly associated with a lower

percentage of total CD3, CD4 and CD8 T cells in the FAE

group compared to untreated patients with multiple sclerosis

(Fig. 1). This finding was consistent with the previously

described lymphopenic effect of FAEs (Longbrake et al.,

2015; Fox et al., 2016; Gross et al., 2016; Ghadiri et al.,

2017; Wu et al., 2017) [linear regression controlling for age,

gender, race and disease duration; CD3 t(76) =�3.407,

P = 0.00105; CD4 t(76) =�3.032, P = 0.00332; CD8 t(76) =

�2.874, P = 0.00525, respectively]. We also identified a

highly significant immunomodulatory effect of FAEs on

CCR6+ CD4 and CD8 T cells. Both total CCR6+ CD4

and CD8 T cells were significantly lower in the FAE group

compared to treatment naı̈ve or GA-treated patients [linear

regression; CCR6+ CD4: t(76) =�6.788, P5 0.00001 and

t(45) =�3.819, P = 0.000407, respectively; CCR6+ CD8:

t(76) =�3.354, P = 0.00125 and t(44) =�2.461, P = 0.0178,

respectively] (Fig. 2A and B). CCR6+CCR4+ CD4 T cells

(Th17) and CCR6+CCR4� CD4 T cells (Th1Th17), were

also significantly lower in the FAE group compared to treat-

ment naı̈ve multiple sclerosis patients [linear regression; Th17

t(76) =�5.964, P = 7.27 � 10�8; Th1Th17 t(76) =�5.285,

P = 1.16 � 10�6] (Fig. 2A). A milder reduction of CCR6�

CCR4+ CD4 T cell (Th2) frequency was observed in the

FAE treatment group compared to controls [linear regression;

Th2 t(76) =�2.870, P = 0.00532] (Supplementary Fig. 5).

FAE therapy was also associated with higher proportion of

CD4 T cells that were double-negative for these chemokine

receptors (CCR6�CCR4�), which comprise mostly naı̈ve

CD4 T cells [linear regression; t(76) = 6.171, P = 3.05 �

10�8] (Supplementary Fig. 5). CCR6+CCR4� and CCR6+

CCR4+ CD8 T cells were both significantly lower in FAE-

treated patients compared to treatment naı̈ve patients [linear

regression; CCR6+CCR4� t(76) =�3.249, P = 0.00172;

CCR6+CCR4+ t(76) =�2.024, P = 0.0465]. FAE therapy did
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Figure 2 CCR6+ CD4 and CD8 T cell reduction is a novel immunomodulatory effect of FAE therapy. Whole blood from 47 treatment-

naı̈ve, 35 FAE and 16 GA treated multiple sclerosis (MS) patients was analysed by FACS. (A) FAE treatment was associated with significantly reduced

percentage of total CCR6+ CD4 T cells compared to both treatment naı̈ve and GA-treated patients, whereas GA had no effect. FAE therapy also

reduced both CCR6+CCR4+ (Th17) and CCR6+CCR4� (Th1Th17) CD4 T cells. GA was only associated with reduced percentage of CCR6+CCR4+

(Th17) CD4 T cells, but with a trend towards a smaller magnitude compared to FAEs. (B) FAE therapy was also associated with significantly reduced

CCR6+ CD8 T cells compared to both treatment naı̈ve and GA-treated patients, whereas GA had no effect. (C) The total CD4 T cell percentage and

CCR6+ CD4 percentage as well as (D) the total CD8 T cell percentage and CCR6+ CD8 percentage of each FAE-treated patient (n = 35) was plotted

together with their corresponding histogram of distribution. The percentage of these cell types did not significantly correlate with each other. NS = not

significant (P4 0.05). The lines in the box plot represent the quartiles of the dataset and the whiskers show the rest of the distribution, except for

‘outliers’ that were determined by a function of the interquartile range based on the package seaborn in python.

Figure 1 The FAE-induced lymphopenic effect. Whole blood from 47 treatment-naı̈ve, 35 FAE and 16 GA treated multiple sclerosis (MS)

patients was analysed by FACS. FAE treatment was associated with significantly reduced percentage of total CD3, CD4 and CD8 T cells [linear

regression controlling for age, gender, race and disease duration; t(76) =�3.407, P = 0.00105; t(76) =�3.032, P = 0.00332; t(76) =�2.874,

P = 0.00525, respectively]. GA was not associated with changes in these T cell populations. NS = not-significant (P4 0.05). The lines in the box

plot represent the quartiles of the dataset and the whiskers show the rest of the distribution, except for ‘outliers’ that were determined by a

function of the inter-quartile range based on the package seaborn in python.
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not change CCR6�CCR4+ CD8 T cells (P4 0.05) but was

associated with increased proportion of CCR6�CCR4� CD8

T cells, similarly to the effect on CD4 T cells [linear regres-

sion; t(76) = 3.068, P = 0.00299] (Supplementary Fig. 6).

GA did not significantly change CD3, CD4 or CD8 T cell

percentages compared to controls (P4 0.05 for all) (Fig. 1),

but it was associated with a mildly reduced percentage of

Th17 cells compared to treatment naı̈ve multiple sclerosis

patients [linear regression; t(57) =�2.024, P = 0.04763]

(Fig. 2A). Total CCR6+ or Th1Th17 cell percentages did

not significantly change in GA-treated compared to untreated

multiple sclerosis patients (P4 0.05) (Fig. 2A). GA also had a

minimal effect on the CCR6 and CCR4 expression of CD8 T

cells and was associated with only a mild reduction of

CCR6–CCR4+ CD8 T cells [linear regression;

t(56) =�2.070, P = 0.0431] (Supplementary Fig. 6).

Therefore, while both immunomodulatory therapies reduced

Th17 cells, FAE treatment showed a trend towards a greater

effect compared to GA [linear regression; t(45) =�1.856,

P = 0.07] and was also uniquely associated with a stronger

reduction of Th1Th17 cells [linear regression; t(45) =�3.926,

P = 0.000294], thereby affecting CCR6+ CD4 T cells more

broadly (Fig. 2A). FAE treatment was also uniquely asso-

ciated with a significant reduction in CCR6+ CD8 T cells

compared to GA-treated patients (Fig. 2B), including

CCR6+CCR4� CD8 T cells (Supplementary Fig. 6).

This immunomodulatory effect of FAEs on CCR6 cells did

not correlate with their overall lymphopenic effect, as mea-

sured by total CD4 and CD8 T cell percentage. Low CCR6+

CD4 or CD8 percentage did not explain the presence of low

total CD4 or CD8 percentage in the FAE-treatment group,

and these cell counts did not correlate with each other

(Pearson partial correlation controlling for age, gender and

race; CD4: r = 0.039, P = 0.8318, CD8: r =�0.17, P = 0.3387)

(Fig. 2C and D). It has been proposed that the lymphopenic

effect of FAEs is consequent to its preferential cytotoxicity of

memory T cells, which does not correlate with clinical re-

sponse and relapse reduction (Fox et al., 2016; Ghadiri

et al., 2017). Our results provide a potential alternative ex-

planation by suggesting the existence of an additional immu-

nomodulatory effect of FAE treatment, which is independent

from a generalized reduction of memory T cells, and prefer-

entially targets CCR6+ CD4 and CD8 T cells.

FAE treatment hypermethylates the
MIR-21 locus in CD4 T cells of
patients with multiple sclerosis

To investigate the mechanism of this immunomodulatory

effect of FAE treatment, we conducted an epigenome-wide

DNA methylation analysis of CD4 T cells obtained from

the same discovery cohort of patients with multiple sclerosis

by using the Illumina Infinium MethylationEPIC BeadChip.

Methylation values for ~850 000 individual CpG sites in each

sample were measured as b-values, which represent the ratio

of signal intensities between methylated and unmethylated

alleles in each sample. As regulatory modifications of DNA

methylation generally involve multiple consecutive CpGs, we

focused our differential DNA methylation analysis on gen-

omic regions, rather than focusing on isolated changes in in-

dividual CpGs, as we have previously described (Huynh

et al., 2014; Watson et al., 2016). To this end, we first ob-

tained site-specific P-values by using a linear regression model

to identify the contribution of treatment status in DNA

methylation changes after controlling for age, gender, race,

disease duration and the measured cell proportions from

our immunophenotyping analysis. This allowed us to account

for cellular heterogeneity of samples, including potential

naı̈ve/memory CD4 T cell imbalances. We then used a 1 kb

sliding window to define genomic regions with closely located

CpG sites, and combined the previously obtained site-specific

P-values from each region with the Stouffer’s method

(Whitlock, 2005). This was followed by the Bonferroni cor-

rection for multiple hypothesis testing. Based on this analysis

we identified that FAE treatment was associated with 228

hypermethylated and only 13 hypomethylated differentially

methylated regions (DMRs) compared to untreated patients

with multiple sclerosis. On the other hand, GA treatment was

associated with only 26 DMRs, 24 of which were hyper-

methylated compared to untreated patients with multiple

sclerosis. This suggests that Krebs cycle intermediates (e.g.

FAEs) have a significantly higher impact on epigenome-wide

DNA methylation changes in CD4 T cells compared to

amino-acid polymers such as GA.

To increase the specificity of our previously identified

DMRs for FAE therapy, we only kept DMRs that are dif-

ferentially methylated in the analysis between FAE-treated

versus untreated multiple sclerosis patients (adjusted

P-value5 0.01) but are not differentially methylated in

the comparison between GA-treated and untreated patients

with multiple sclerosis (adjusted P-value4 0.05). Based on

this analysis, we uncovered 202 hypermethylated DMRs

(containing 1545 CpGs) and only 13 hypomethylated

DMRs (containing 158 CpGs) that were uniquely changed

in FAE-treated patients with multiple sclerosis. We then

compared the CpG distribution of these hypermethylated

and hypomethylated DMRs to that of the CpG distribution

in the Illumina Infinium MethylationEPIC BeadChip

(Fig. 3A and B) based on their relation to CpG islands

(shores = regions 0–2 kb from CpG islands, shelves = regions

2–4 kb from CpG islands, open sea = regions of CpGs that

do not have a specific designation) and transcriptional start

sites. We noted that hypermethylated DMRs from FAE-

treated patients were preferentially located in open sea

CpGs rather than CpG islands and a significant proportion

of them were spanning promoter regions, as defined by

2 kb before and after transcriptional start sites. The DNA

methylation differences detected in the genome of CD4 cells

from FAE-treated and untreated multiple sclerosis patients

were widely distributed in the genome as shown in the

graphical circular representation of the genome (Fig. 3C).

Among the largest genomic loci identified (CpG number

>10), the region with the greatest differential methylation
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was a hypermethylated region that contained 12 CpG sites

and spanned the promoter of microRNA 21 (MIR-21), a

microRNA that has been reported to be critical for Th17

differentiation and CCR6 expression in mouse models of

multiple sclerosis (Murugaiyan et al., 2015) (Fig. 3D).

To validate our findings in an independent cohort, we

prospectively followed seven patients before and after

FAE treatment (Supplementary Table 1). The prospective

design of this cohort allowed us to do a pair-wise analysis

of DNA methylation changes before and after FAE therapy

at the whole epigenome level. We obtained site specific P-

values by using a pair-wise linear regression model to iden-

tify the contribution of FAE treatment in DNA methylation

changes and used our 1 kb sliding window approach to

define DMRs as described above. Given that DNA methy-

lation can be influenced by many different factors across

patients, this design and sample size allowed us to identify

the genomic region with the most consistent and greatest

methylation change in each patient after treatment with

FAEs and provided sufficient power to detect a significant

difference at the MIR-21 locus (Supplementary material).

This analysis validated the significant hypermethylation of

the MIR-21 locus in CD4 T cells after FAE therapy (ad-

justed combined P5 0.01). The other hypermethylated re-

gions from our discovery cohort analysis did not survive

the Bonferroni correction in this pair-wise analysis

(Fig. 3E). This does not exclude a potential effect of

FAEs on the other hypermethylated regions from our

Figure 3 Epigenome-wide DNA methylation analysis reveals MIR-21 as the top hypermethylated region in CD4 T cells from

FAE-treated patients. CD4 T cell DNA from 47 treatment-naı̈ve, 35 FAE-treated and 16 GA-treated multiple sclerosis patients was analysed

by using the Infinium MethylationEPIC BeadChip array. To identify differentially methylated regions between treated and untreated patients, we

utilized a linear regression model at each individual CpG site to identify the contribution of treatment status in DNA methylation changes after

controlling for age, gender, race, disease duration, the total CD4 T cell percentage as well as the percentage of CCR6�CCR4+, CCR6+CCR4+

and CCR6+CCR4� CD4 T cells in each sample. We then used a 1-kb sliding window to define genomic regions with closely located CpG sites,

and then combined each CpG specific P-value from our previous linear regression model within a single region with the Stouffer’s method. This

was followed by the Bonferroni correction for multiple hypothesis testing. DMRs were defined as regions with more than four CpG sites that have

an absolute median b-value change > 0.02 and an adjusted combined P-value of 5 0.01. Based on this analysis we uncovered 202 hypermethylated

DMRs (containing 1545 CpGs) and only 13 hypomethylated DMRs (containing 158 CpGs) in FAE-treated patients compared to controls. (A and

B) The CpGs distribution of these hypermethylated (hyperCpGs) and hypomethylated (hypoCpGs) DMRs was compared to that of the CpG

distribution in the Illumina Infinium MethylationEPIC BeadChip (allCpGs). (C) Circos plot showing (from inside out); innermost first circle:

chromosomal colors, numbers and size; second circle: a scatter plot with each point representing the genomic location and mean change in

b-value of hypomethylated (in blue) and hypermethylated (in red) CpG sites; third circle: dark red perpendicular lines represent the genomic

location of significantly hypermethylated DMRs; fourth circle: dark red scatter plot with each point representing the genomic location and mean

beta change of significantly hypermethylated DMRs spanning more than 10 CpGs; outermost fifth circle: contains the names of genes whose

promoters are located in these large DMRs (MIR-21 is shown in red). (D) Manhattan plot of the discovery cohort analysis showing mean beta

change of significantly hypermethylated DMRs spanning more than 10 CpGs, where MIR-21 was the top differentially methylated locus.

(E) Manhattan plot from the pair-wise longitudinal analysis showing that MIR-21 was the hypermethylated DMR with the most consistent and

greatest methylation change in the validation cohort.
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discovery cohort but rather reinforces the consistency and

effect size of MIR-21 hypermethylation by FAEs.

The MIR-21 locus is significantly
hypermethylated in Th17 cells of
FAE-treated patients

To determine the contribution of each cell type to the DNA

methylation changes observed at the MIR-21 locus, we

decomposed the b-values in that locus to the cell types that

we identified from our immunophenotyping analysis of our

discovery cohort (Supplementary Fig. 7). Given that the mea-

sured b-value of each sample is a linear combination of the b-

values of each cell type and their proportions in the sample,

we used a constrained least squares regression model to de-

termine the methylation value of each cell type at each CpG

site. Using this b-value decomposition analysis, we attributed

the MIR-21 methylation change only to the Th17 cells of

FAE-treated patients. Interestingly, FAE therapy hypermethy-

lated most CpG sites spanning the MIR-21 promoter of Th17

cells, but it did not affect the other CD4 T cell subtypes

(Fig. 4A and B). As Th17 cells do not include naı̈ve T cells,

this change could not have been due to potential naı̈ve/

memory imbalances in our samples, but rather suggests that

FAEs directly affect MIR-21 methylation in Th17 cells.

FAEs directly modulate DNA
methylation at the MIR-21
promoter in a specific and
dose-dependent manner

To investigate whether FAEs directly modulate DNA methy-

lation levels at the MIR-21 locus in CD4 or CD8 T cells, we

isolated naı̈ve (CCR7+ CD45RO�) and memory

(CD45RO+) CD4 T cells or naı̈ve (CCR7+ CD45RO�)

CD8 T cells from human peripheral blood mononuclear

cells by fluorescence-activated cell sorting (FACS). We

then analysed their DNA methylation at the MIR-21 pro-

moter directly after isolation ex vivo, as well as after 3 days

of activation with antiCD3/CD28 beads and culture with or

without FAEs in vitro. From the two available FAEs, mono-

methyl-fumarate (MMF) and dimethyl-fumarate (DMF), we

chose to use MMF in our in vitro experiments because it is

the FAE with the greatest bioavailability and in vivo rele-

vance (Mrowietz et al., 2017). Finally, to assess the specifi-

city of FAE’s effect, we analysed DNA methylation at the

promoter of TNF, a cytokine that is essential for immune

function against several pathogens.

EpiTYPERTM MassARRAY� DNA methylation analysis

of the MIR-21 promoter in DNA isolated from ex vivo

human naı̈ve and memory CD4 T cells revealed that it

was hypermethylated in naı̈ve compared to memory CD4

T cells, whose methylation values were lower than 0.1 [two-

way ANOVA; n = 3, F(1,16) = 225.1; P5 0.0001]

(Supplementary Fig. 8A). After activation and culture of

naı̈ve CD4 T cells with FAEs (20mM MMF or 50mM

MMF) or vehicle for 3 days, the promoter of MIR-21

was hypermethylated in the FAE group compared to vehicle

in a dose dependent manner, with the highest difference

observed in the 50mM group [two-way ANOVA; naı̈ve

n = 4, F(2,36) = 5.53, P = 0.008]. Of note, the methylation

level in the high FAE dose group (50 mM MMF) was un-

changed and remained at the same pre-culture baseline level,

contrary to vehicle-treated cells that showed a demethylated

promoter compared to their baseline (Fig. 5A). Memory

CD4 T cells, on the other hand, did not exhibit any

change in their methylation level at the MIR-21 promoter

and remained with DNA methylation levels that were simi-

lar to their pre-culture baseline [two-way ANOVA memory

n = 3 F(2,23) = 1.661, P = 0.212] (Fig. 5A). Furthermore, the

hypermethylating effect of FAE treatment at the MIR-21

promoter was even greater when naı̈ve CD4 T cells were

activated and cultured under Th17 conditions [two-way

ANOVA n = 3, F(1,16) = 39.58, P50.0001] (Fig. 5C).

Finally, FAEs were also able to inhibit the demethylation

of the MIR-21 promoter in naı̈ve CD8 T cells that were

activated with antiCD3/CD8 beads and cultured with or

without FAE (50mM MMF) for 3 days in vitro (Fig. 5D)

[two-way ANOVA; n = 4, F(1,24) = 50.52, P5 0.0001].

These results demonstrate that FAE treatment has a direct

effect on MIR-21 demethylation during activation of naı̈ve

CD4 and CD8 T cells.

We then asked whether the effect of FAE treatment on

DNA methylation was selective for the MIR-21 locus and

analysed methylation of the TNF promoter in DNA isolated

from naı̈ve and memory CD4 T cells treated either with

vehicle or with FAE (50mM MMF). Consistent with the

previously described role of DNA methylation during

immune cell differentiation, EpiTYPERTM MassARRAY�

analysis of the TNF promoter revealed significant differences

in methylation levels of ex vivo naı̈ve compared to memory

CD4 T cells [two-way ANOVA; n = 3, F(1,16) = 812.5,

P5 0.0001] (Supplementary Fig. 8B). However, no differ-

ences were detected between the FAE-treated and untreated

group of either naı̈ve or memory CD4 T cells [two-way

ANOVA naı̈ve n = 4, F(1,24) = 0.616, P = 0.4402; memory

n = 3, F(1,16) = 1.179, P = 0.2937] (Fig. 5B). These results

suggest that FAE treatment in vitro does not impact DNA

demethylation broadly and non-specifically, but on the con-

trary FAE’s hypermethylation effects are targeted to the

MIR-21 locus whereas other genomic regions, such as the

TNF promoter, are being demethylated normally.

FAEs prevent the upregulation
of miR-21 under Th17 polarizing
conditions and reduce CCR6
production

Since MIR-21 was highly methylated in Th17 cells of FAE-

treated patients and this microRNA had been previously

found to be important for Th17 differentiation in mice
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Figure 4 MIR-21 is hypermethylated specifically in Th17 cells from FAE-treated patients. Given that the measured b-value of each

sample is a linear combination of the b-values of each cell type and their respective proportions in the sample, decomposition of the b-values of

the CpG sites in the MIR-21 locus was done by using a constrained least squares regression model that used the measured b-values as the

dependent variable and the FACS-obtained proportions of the cell types as the independent variables. The coefficients of this model then

represent the average methylation value for each cell type at a given CpG site. (A) Based on this analysis, CCR6+CCR4+ CD4 T cells (Th17)

exhibited a hypermethylated MIR-21 locus in FAE-treated patients compared to treatment naı̈ves. Both CCR6-CCR4+ (Th2) and CCR6+CCR4-

(Th1Th17) CD4 T cells had MIR-21 locus with almost zero methylation values, whereas CCR6-CCR4- (Naı̈ve) CD4 T cells exhibited average

methylation values without any significant difference between treated and untreated patients. (B) The distribution of these cell-type specific

methylation values was obtained by bootstrapping the residuals of our constrained least squares regression model. The cumulative distribution

function of the average methylation value of the MIR-21 DMR from treatment naı̈ve patients is shown in blue. The cumulative distribution function

of the MIR-21 DMR from FAE-treated patients is shown in orange. Each point on the cumulative distribution function represents the probability

(y-axis) that a given cell type has a methylation value below a certain b-value (x-axis). The dotted line represents the average methylation value of

the MIR-21 locus in each cell type that was obtained from fitting the model in all FAE-treated patients. The P-value, as the probability of obtaining a

methylation value from treatment naı̈ve patients that is higher than FAE-treated patients, was obtained from the cumulative distribution function

of the treatment naı̈ve distribution from each cell type. *P5 0.05.
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(Murugaiyan et al., 2015), we hypothesized that its expression

levels could be impacted in FAE-treated human Th17 cells. To

this end, we treated naı̈ve human CD4 T cells with either

FAEs (50mM MMF) or vehicle, under Th17 polarizing con-

ditions and measured the expression of both mature miR-21

transcripts, miR-21-5p and miR-21-3p. We then compared

these levels to miR-21 expression under no polarizing condi-

tions (Th0). As expected, Th17 polarization resulted in higher

miR-21 expression compared to no polarization [two-tailed

t-test; miR-21-5p n = 4, t(6) = 3.015 P = 0.0235; miR-21-3p

n = 3, t(4) = 5.966, P = 0.004] (Fig. 6A). FAE treatment resulted

in reduced expression of both mature transcripts of miR-21 in

CD4 T cells under Th17 polarizing conditions in vitro (two-

tailed t-test, miR-21-5p, n = 4, t(6) = 2.860, P = 0.0288; miR-

21-3p, n = 3, t(4) = 6.671, P = 0.0026] (Fig. 6A). miR-21 ex-

pression in FAE-treated CD4 T cells under Th17 polarizing

conditions was in fact similar to the miR-21 level in Th0 CD4

T cells [two-tailed t-test; miR-21-5p t(6) = 0.8399 P = 0.4332;

miR-21-3p t(4) = 1.282, P = 0.2691] (Fig. 6A), thereby suggest-

ing that FAEs were able to block the effect of Th17 polariza-

tion on miR-21 expression. Of note, CD4 T cell viability was

not affected by this in vitro treatment schedule [n = 3; two-

tailed t-test, t(4) = 0.5954, P = 0.5836] (Supplementary Fig. 9).

Furthermore, we measured the expression of SMAD7, a pre-

viously-identified miR-21 target in CD4 T cells that serves as

an inhibitor of the TGF-beta signalling pathway and Th17

differentiation (Yan et al., 2009; Murugaiyan et al., 2015).

We found that FAE treatment of naı̈ve CD4 T cells under

Th17 polarizing conditions increased SMAD7 transcript

levels [Welch’s t-test, n = 4, t(3) = 6.231, P = 0.0083] as well

as the percentage of SMAD7+ CD4 T cells [two-tailed t-test,

n = 3, t(4) = 3.445, P = 0.0262] compared to vehicle, which is in

accordance with the down regulation of miR-21 in these cells

(Fig. 6B). Finally, FAEs were able to reduce the expression of

CCR6 measured by qPCR [Welch’s t-test, n = 4, t(3) = 10.89,

P = 0.0017] as well as the percentage of CCR6+ CD4 T cells

measured by flow cytometry [two-tailed t-test, n = 3,

t(4) = 4.094, P = 0.0149] (Fig. 6C).

FAEs exerted a similar effect on CD8 T cells that were

activated under Tc17 polarizing conditions, which exhibited

reduced miR-21-3p transcript levels compared to vehicle,

however miR-21-5p was unchanged [Welch’s t-test, miR-

21-5p t(2) = 1.372, P = 0.3037; miR-21-3p t(2) = 5.754,

P = 0.0289] (Fig. 7A). Furthermore, FAE treatment was

Figure 5 FAEs inhibit DNA demethylation at the MIR-21 promoter in a specific and dose-dependent manner. Naı̈ve

(CD45RO�CCR7+) and memory (CD45RO+) CD4 T cells were isolated from human PBMCs by FACS. The baseline DNA methylation levels of

naı̈ve (Naı̈veBL) and memory CD4 T cells (MemoryBL) at the (A) MIR-21 and (B) TNF promoters were measured ex vivo by EpiTYPERTM

MassARRAY�. Naı̈ve and memory CD4 T cells were also cultured with or without MMF at the specified concentration and stimulated with anti-

CD3 and anti-CD28 coated beads for 3 days either without polarization or under Th17 polarizing conditions, after which DNA methylation levels

at the (A) MIR-21 and (B) TNF promoters were measured by EpiTYPERTM MassARRAY�. (A) MMF was able to inhibit DNA demethylation of the

MIR-21 promoter in naı̈ve CD4 T cells, but not in memory CD4 T cells, in a dose dependent manner. (B) DNA methylation at the TNF promoter

was not significantly changed by MMF in either naı̈ve or memory CD4 T cells. (C) MMF had an even greater hypermethylating effect on the MIR-21

locus of naı̈ve CD4 T cells that were stimulated under Th17 polarizing conditions. (D) MMF was also able to inhibit the demethylation of the MIR-

21 promoter of naı̈ve (CD45RO�CCR7+) CD8 T cells after 3 days of activation with anti-CD3 and anti-CD28 coated beads in vitro under Tc17

polarizing conditions. MMF20 = 20 mM of MMF; MMF50 = 50 mM of MMF; Veh = vehicle.
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able to upregulate SMAD7, which can also be targeted by

miR-21-3p, suggesting that the change in mature miR-21

transcripts by FAEs has a functional effect in CD8 T cells

as well [Welch’s t-test, n = 4, t(3) = 12.61, P = 0.0011]

(Fig. 7B). FAEs also increased the percentage of SMAD7+

CD8 T cells [two-tailed t-test, n = 2, t(2) = 4.444, P = 0.0471],

as well as reduced the expression of CCR6 transcripts

[Welch’s t-test, n = 4, t(3) = 8.128, P = 0.0039] and lowered

the percentage of CCR6+ CD8 T cells [two-tailed t-test,

n = 3, t(4) = 4.199, P = 0.0137] (Fig. 7B and C). Again, the

viability of naı̈ve CD8 T cells was not affected by MMF

(Supplementary Fig. 9). Collectively these results provide a

potential mechanistic explanation for our immunophenotyp-

ing results from multiple sclerosis patients.

Discussion
FAEs are an effective oral multiple sclerosis therapeutic,

with a mechanism of action that is not completely

understood. Here, we propose a novel mechanism of immu-

nomodulation in multiple sclerosis by FAEs, which leverage

the epigenetic effect of a metabolite (i.e. fumaric acid) on

DNA methylation in CD4 and CD8 T cells to produce an

immunomodulatory effect in multiple sclerosis patients.

Based on our stringent epigenome-wide DNA methylation

analysis, FAE therapy specifically hypermethylates a gen-

omic locus in CD4 T cells of multiple sclerosis patients

that encodes for miR-21, a microRNA critical for Th17

differentiation, CCR6 production and Th17-mediated auto-

immunity (Murugaiyan et al., 2015). MIR-21 was found to

be specifically hypermethylated in Th17 cells of FAE-treated

patients after our decomposition analysis, thereby linking its

hypermethylation with the Th17 cell reduction that we

observed in FAE-treated patients with multiple sclerosis.

FAEs induced DNA hypermethylation at the MIR-21 pro-

moter of both CD4 and CD8 T cells in vitro and were

associated with decreased levels of miR-21 transcripts and

consequent upregulation of its target SMAD7 in developing

Th17 and Tc17 cells in vitro. Finally, FAEs were able to

Figure 6 FAE treatment reduced miR-21 and CCR6 expression and increased SMAD7 expression of CD4 T cells under Th17

polarizing conditions. Naı̈ve (CD45RO�CCR7+) CD4 T cells were isolated from human PBMCs by FACS and were stimulated with anti-CD3

and anti-CD28 coated beads and cultured either without polarization (Th0) or under Th17 polarizing conditions with or without 50 mM of MMF.

The expression of mature miR-21 transcripts (miR-21-5p and miR-21-3p) was measured by qPCR, which was first normalized to the geometric mean

of SNORD44, SNORD48 and RNU6 expression level and then to the average relative expression level of the Th0 condition from all human donors.

CCR6 and SMAD7 transcript levels were first normalized to the geometric mean of ACTB, B2M and HPRT1 expression level and then to the relative

expression level of the vehicle treated Th17 condition from each human donor. Protein expression was measured by flow cytometry. (A) MMF

resulted in the inhibition of upregulation of both miR-21-5p and miR-21-3p in Th17 polarizing conditions and kept their expression at Th0 levels. (B)

SMAD7, a previously-identified miR-21 target that is known to inhibit the TGF-beta signalling pathway, was upregulated by MMF treatment as

measured by qPCR and flow cytometry. (C) MMF reduced the expression of CCR6 measured by qPCR as well as the percentage of CCR6+ CD4 T

cells measured by flow cytometry. MMF = 50 mM of MMF; Veh = vehicle. Flow cytometry plots show a representative sample of either vehicle or

MMF treated CD4 T cells in blue and the fluorescence minus one (FMO) control in red, which was used for gating the positive population.
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reduce CCR6+ CD4 and CD8 T cells in patients with multi-

ple sclerosis and also inhibit CCR6 expression in developing

Th17 and Tc17 cells in vitro, thereby reducing the produc-

tion of potentially pathogenic brain-homing CD4 and CD8

T cells (Cao et al., 2015; Liang et al., 2015) (Fig. 8).

CCR6+ CD4 T cells have come to the forefront of mul-

tiple sclerosis research after Reboldi et al. (2009) demon-

strated that CCR6 is essential for Th17 cell entry in the

uninflamed CNS and initiation of EAE. CCR6 has also

been found to be required by Th17 cells to cooperate with

CD8+ T cells for infiltration into the CNS (Huber et al.,

2013). Moreover, myelin-reactive CD4 T cells from the

blood of patients with multiple sclerosis have been found

to be CCR6+ CD4 T cells (Cao et al., 2015). Finally,

CCR6+ CD4 T cells have been implicated in the pathogen-

esis of psoriasis (Lee and Hwang, 2012), another immune-

mediated disease for which FAEs are an effective treatment.

CCR6+ CD8 T cells include Tc17 cells, which have been

found to be CCR6+ and CCR4� (Kondo et al., 2009), the

subtype of CD8 T cells most affected by FAE in our study.

Tc17 cells are present in increased numbers in the CSF of

multiple sclerosis patients (Huber et al., 2013) and it has

been shown that they can render Th17 cells more encephali-

togenic during induction of EAE in a cell contact-dependent

manner (Huber et al., 2013; Liang et al., 2015). Finally, Tc17

cells have been found in inflamed tissues and peripheral blood

of many immune-mediated diseases, such as multiple sclerosis,

psoriasis, systemic lupus erythematosus, rheumatoid arthritis,

and inflammatory bowel disease (Liang et al., 2015).

miR-21 has been shown to be upregulated in PBMCs

from patients with multiple sclerosis, especially during the

acute relapse phase (Fenoglio et al., 2011), and in CNS-

infiltrating T cells in mouse models of multiple sclerosis

(Mycko et al., 2012), as well as in T cells from patients

with psoriasis (Meisgen et al., 2012). Since miR-21 expres-

sion is required for CCR6 production in T cells

(Murugaiyan et al., 2015), these observations further sup-

port our proposed mechanism of action of FAEs in patients

Figure 7 CD8 T cells treated with FAEs under Tc17 polarizing conditions also exhibited reduced miR-21 and CCR6 expression

and higher SMAD7 levels. Naı̈ve (CD45RO�CCR7+) CD8 T cells were isolated from human peripheral blood mononuclear cells by FACS and

were stimulated with anti-CD3 and anti-CD28 coated beads under Tc17 polarizing conditions with or without 50 mM of MMF for 3 days. The

expression of mature miR-21 transcripts (miR-21-5p and miR-21-3p) was measured by qPCR, which were first normalized to the geometric mean

of SNORD44, SNORD48 and RNU6 expression level and then to the relative expression level of the vehicle treated Tc17 condition from each

human donor. CCR6 and SMAD7 transcript levels were first normalized to the geometric mean of ACTB, B2M and HPRT1 expression level and then

to the relative expression level of the vehicle treated Tc17 condition from each human donor. Protein expression was measured by flow

cytometry. (A) MMF resulted in the downregulation primarily of miR-21-3p in CD8 T cells under Tc17 polarizing conditions. (B) MMF treatment

resulted in the upregulation of SMAD7 transcripts and increased the percentage of SMAD7+ CD8 T cells. (C) MMF treatment reduced the

expression of CCR6 transcripts in CD8 T cells as well as the percentage of CCR6+ CD8 T cells. MMF = 50 mM of MMF; Veh = vehicle. Flow

cytometry plots show a representative sample of either vehicle or MMF treated CD8 T cells in blue and the fluorescence minus one (FMO)

control in red, which was used for gating the positive population.
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with multiple sclerosis. Hypermethylation of the MIR-21

locus by FAEs could be a mechanism to prevent its upre-

gulation in encephalitogenic CD4 and CD8 T cells and

thereby contribute to remission and prevention of relapses

in patients with multiple sclerosis taking the drug. Of note,

some studies have observed downregulation of miR-21 in

relapsing-remitting multiple sclerosis patients compared to

healthy controls (Muñoz-Culla et al., 2016; Ruhrmann

et al., 2017); however, this contradiction could be the

result of cell-type proportion differences between multiple

sclerosis and healthy control samples, the use of steroids for

treatment of relapses or the initiation of other disease mod-

ifying therapies in these patients.

Interestingly, our DNA methylation analysis in multiple

sclerosis patients revealed a specific effect of FAE treatment

on the MIR-21 locus. Other loci important for Th17 func-

tion, such as IL17 or RORC, as well as promoters of master

cytokines, such as TNF, were not affected by FAEs, a prop-

erty that could potentially minimize the disruption of T cell

function and reduce its overall immunosuppressant effect.

Moreover, the specificity of the effect suggests that our ana-

lysis effectively controlled for potential naı̈ve/memory CD4 T

cell imbalances, as cellular heterogeneity in samples of DNA

methylation analyses is expected to lead to broad changes in

the average DNA methylation of the samples. Furthermore,

despite the fact that GA was able to reduce Th17 cells in

multiple sclerosis patients, it did not affect DNA methylation

at the MIR-21 locus. Therefore, our results demonstrate a

novel immunomodulatory effect of FAEs that is mediated via

a unique hypermethylating effect at the MIR-21 locus of

CD4 and CD8 T cells. Our results also suggest that FAEs

cannot modulate DNA methylation levels in already

polarized cells with unmethylated DNA, given the lack of

effect in memory CD4 T cells in vitro. However, FAEs could

specifically modulate DNA methylation levels during activa-

tion or polarization of naı̈ve CD4 and CD8 T cells with

hypermethylated DNA. Although this pattern of methylation

changes suggests an effect of FAEs on DNA demethylases

during T cell activation, more studies need to be done to

define the effect of FAEs on DNA methylases or

demethylases.

Our findings collectively suggest FAEs as epigenetic immu-

nomodulators of brain-homing CCR6+ CD4 and CD8 T

cells in multiple sclerosis, which separates them from other

multiple sclerosis therapeutics, such as GA. Our results also

suggest that the metabolic-epigenetic interplay in T cells

could be harnessed for therapeutic purposes, as FAEs

affect both T cell metabolism by inhibiting aerobic glycolysis

(Kornberg et al., 2018) and also influence their epigenetic

regulation. This metabolic-epigenetic interplay could also be

targeted in other immune-mediated diseases that are depend-

ent on miR-21 overexpression. Apart from multiple sclerosis

and psoriasis, miR-21 has been found to be overexpressed in

systemic lupus erythematosus, where its levels correlate with

disease activity (Stagakis et al., 2011). miR-21 has also been

implicated in the pathogenesis of delayed-type-hypersensitiv-

ity (Lu et al., 2011) and in mouse models of colitis (Shi

et al., 2013). Indeed, FAEs have already been successfully

used in mouse models of colitis (Casili et al., 2016), and case

reports of successful treatment of SLE exist in the literature

(Balak and Thio, 2011).

Since DNA methylation changes could be regarded a

somewhat stable epigenetic modification, our findings

raise the question of how permanent this epigenetic

Figure 8 FAE therapy modifies the metabolic-epigenetic interplay in multiple sclerosis to reduce pathogenic CCR6+ CD4 and

CD8 T cells. (A) CD4 T cells from treatment naı̈ve patients with multiple sclerosis exhibit low DNA methylation levels at the MIR-21 locus and

high expression of CCR6. CD8 T cells from treatment naı̈ve multiple sclerosis patients also exhibit high levels of CCR6. (B) FAE therapy

epigenetically modulates the MIR-21 locus in CD4 and CD8 T cells, which results in hypermethylation and downregulation of miR-21 expression in

FAE-treated Th17 and Tc17 cells. This in turn allows for the upregulation of SMAD7 in both CD4 and CD8 T cells, a miR-21-5p and miR-21-3p

target with inhibitory feedback on the TGF-b signalling pathway. Finally, FAEs reduce CCR6 expression and lower this potentially pathogenic brain-

homing CCR6+ CD4 and CD8 T cell population in FAE-treated multiple sclerosis patients.
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immunomodulation is. Do these epigenetically modified T-

cells revert to an autoimmune phenotype after discontinu-

ation of therapy or is the epigenetic manipulation of

microRNA expression with therapeutic metabolites a po-

tential long-lasting treatment of autoimmune disease?

Interestingly, a significantly delayed lymphocyte repopula-

tion has already been observed in multiple sclerosis patients

following discontinuation of FAEs (Khatri et al., 2017).

More research is needed to be done, however, to answer

these questions and further delineate the link between DNA

methylation changes in T cells and cellular metabolism.
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